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Sloshing loads due to random pitch motion 2

By Jan Mathisen, Research Engineer, Research Division,
Det norske Veritas

ihe results of model tests to determine sloshing loads due to random pitch motion are pre-
sented A relatively long tank model 1s considered, and loads are measured on a deck
ttansverse ond a transverse bulkhead A series of tests are performed with different pitch
excitations, representing o large varety of short-term sea states. The short-term results are

combined to give fong-term distnibutions for stoshing toads
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ihe detad steuctural design of the intersection between a longitudinal stiffener and a trans-

verse girder has been analysed by the finite element method. Stress concentration factors

are given for alternative designs together with practical design recommendations.

Hull response to hydrodynamic forces on bow flare . Jeh et (R 29

By Sverre Gran, Harald Olsen and Finn Tellsgéard,
Research Division, Det'norske Veritas

A simphfied model and procedure s employed to estimate hydrodynamic forces on a bow
with large flare, and the resulting vertical bending moment along a ship hull. The dynamic
amphfication due to hull flexibility 1s considered and the effect appears to be significant for
foads with the predicted magnitude and duration (I 2—2 sec.). It is suggested that the short
term distribution of loads and stresses due to bow flare impact can be described by Weibull
probability distributions.

The influence of ship speed and sea state on the loads and responses are investigated to
some extent, and it 1s concluded that the influence of ship specd is relatively much stronger

at severe sea states
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Sloshing loads due to random pitch motion

fan Mathisen, Research Engineer, Hesearch Division,
Det norske Veritas

Abstract

The results of model tests to determine sloshing loads due to random
piteh motion are presented. \ relatively long tank model is considered,
and loads are measured on a dech transverse and a transverse bulk-
head. A series of tests are pertormed with different piteh excitations,
representing a large variety of short-term sea states, The short-term
results are combined to give long-term distributions for sloshing loads.

1. Introduction
\ prevequusite for the efficient design of ship strue-
tures s an aceurate Knowledge of the loads to which
the structures will be exposed. One type of structu-
ral load as caused by hquid sloshing in partially-
Oilled tanks, Satistactory analytic methods for the
calculiation of sloshing loads are not available; slosh-
g s therefore mainly anvestigated by means of
model tests. Det norske Verttas has recently acqui-
red a ship motion simulator with six degrees of free-
dom, with a view to obtimmng better data concerning
sloshing loads. Ths paper desceribes some of the
first model tests pertormed using the simulator in
random motion

The primary objective of these tests was to obtain
long-term sloshing loads on a deck transverse and
onoa transverse bulkhead inoa relatively long oil
carco tank, under random pitch exeitation. Secon-
diny objectives were to investizate techniques for
motion excitation and for the analysis of test data

2. Model tests
2.1 Tank Models Fig 20 Tank model mounted on ship motion simu
The basic tank model was intended to represent an lator
otl cargo centre tank, situated amidships, with
length equal to one-fitth of the ship length. The ship
was considered to be transversely  framed, with
moulded depth one-tenth of the ship length. A sec

Table 1. Tank arrangements
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» ¢ deck transverses in each tank

No stringers present on the hulkheads

I lo,m tion through the basie tank model s shown in tig 1,
Wi SEENGEL TN |SSSSTY| ST RN SR I Moand i 2 oshows the tank mounted on the shap

i
motion simulator
The tank was constructed with interchangeable
clements, allowing ditferent arrancsements of anter

2m

Frg 1 Longitudmal section through basic tank  nal structire: The arrangements used i the prosent |
model (tank H). Dimensions are i model  tests arve indieated in Table 1 I addition, a velative
scale Iy short tank was meluded for comparison m a few
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tests Further detan!s of the models arve given an

T Model Seahinge
The experiments wore designed for Froude and geo-
metric scaling Froude secaling was necessary to
allow tor tree sinrface effects. Other effects were
neglected; viz. viscosity, « -.n'l' e tension, lguid com-
pressimhity, covitation and tank clasticity.
Assuming a shap length of 250 m, the tull seale
tank lenath (for tanks 5, 6, T) was 50 m, and the
rwometrie seale was 1 25, The time scale is the
square root of the geometrie scale; i.e. 15,

23 Fidhing Height
The vesults presented herein were all obtained with
the tanks 75 ¢, full (h D=075), Previous harmonic

tests bad shown that this fillingg height save the
niost servere leads on oo deck transverse and trans-

verse buaikhead. This filiing (hy & 0.375, tanks 5,
6, T) corvesponds quite well to the filling (h' ¢

051 ¢ retically calendated to sive maximum sur-
face eclevation in an open rectangular tank 2/, For
the it tank (tank No. 2), however, the theoreti-
cal heigzht-to-length ratio indicates that a lower
filhing depth (h D = 0.43) would he likely to give

greater sloshing loads.

2.4 Pitch Excitation
Excitation was applied to the tanks in the form of
piteh motion only. The centre of rotation was located
in the centre of the tanks. Other forms of motion
were not expected to produce sigmficant sloshing
loads on the structural components under considera-
tion.

The excitation was required to represent random
ship pitching under different sea states. A wide

(0 of sea states was chosen to roughly cover the

states hikely to be encountered in a ship lifetime
SiX average apparent wave periods were selected,
cach with 1!::-:-.~ significant wave heights, giving a
total of on ditfferent sea states. Pitch spectra
weore celeulated for cach sea state using DnV ocom-
puter programs (3, 4. The caleulations were based
the Sories 50 hull form, with block coetficient
0.8, as being representative of typical tankers. Zero
shup speed and head seas were considered to prevail
un for eonditions of extreme pitching.
The =ship motion simulator was used to give the
tank the appropriate pitch motion. It can simulate
ptteh angles with amplitudes up to 10°. A short
deseription of the simulator may be found in 5/
The long term distribution of piteh angle (fig. 3)
mdicates that a maximum pitch angle of 107 is
ample for ships over 200 m in length.

on

A piteh time history must be supplied to the simu-
lator, for the gencration of command signals to the
hydraulic eylinders controthng the platform motion,
o tindicatos the two teehniques used to supply
the motion lustory. The analogne mode was chosen
for the present tests because this is conventent when
only one degree of freedom is required. Six band
pass filters were designed to correspotdd to the piteh

ST g = 00

SERIES 60
€g=0.8 |

ALL HEADINGS

INCLUDED

—

200

o
‘)

e
30 L {m) 420

Fig. 3. Long term distribution of pitch n.nulo
based on North Atlantic wave statistics

spectra for the various wave periods. The cahbrated
potentiometer (fig. 4) was used to adjust the priteh

amphitude  with  respect

heiroht.

to the significant wave

Ifig. 5 shows a comparison hetween a caleulated
pitch spectrum and the speetrum produced by one ot
the filters. The filters were designed to give the same
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spectral width and period of peak pitch intensity.
Table 2 pives a comparison of calculated and simu-

lated  speetral p'u“umt«rs The  simulated  pitch
poctra were considered to be suitable for the pre-

toxperiments, but better agreement with analytic
spectra could have been obtained by using move

sophisticated analogue filters, or with digital simu-

lation

Table 2. Comparison of calculated and
simulated pitch spectra

CALCULATED
TV/L | TWe/L | T, \/ L. ¢
0 2.05 2.74 2.60 0.34
1 233 3.03 2,76 0.37
2 1.8t 261 216 0.32
3 1.47 2.36 2.19 0.29
1 1.28 2.13 2.02 0.28
L O L1 1.83 1.83 0.26
FILTER NO. SIMULATED
: RENENS VI e Ml e S b G
0 270 2.35 0.62
1 2.92 2.27 0.70
2 2.49 2.14 0.65
3 2.35 2.08 0.60
1 2.11 1.87 0.54
5 1.95 1.72 0.49

The variance (¢2) of the pitch angle was measured
for cach of the 18 excitation conditions. Pitch angle
maxima are Rayleigh-distributed in the short term;
Le. for a constant sea state:

I 20 @8
. 2 25 po P
P(O<X) 1 exp (- X7/I%) (2)

The most probable largest pitch angles (()M) dur-
ing cach test (one hour) could then be found (table
3).

Table 3 Excitation levels for simulated pitch

spectra.

1

| Level 1 lxul |l\|‘ 8
} $ 5
Filter L { Unt ol
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b : : :
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Fii: 6 shows the short term response parameter

asoa function of wave period, ealeulated
with computer program NVA06 6 . For a chosen
Bip length (L 200 m),  the significant wave

for piteh

10 .
2 I r I
S ANALYTIC, TVg/T = 205
. SIMULATED, FILTER O
i .
81 v ‘

Fig.5 simulated

Comparison of analytic and
pitch spectra

heights (Hl/S) corresponding to the simulated pitch
time histories were then caleulated:
Hy 3 40/[VBE/(H, 3/L)]-L (3

Significant wave heights are given in Table 4. A
few of these wave heights are unrealistic, but the
corresponding piteh conditions may give realistic
values of wave height for other ship lengths.

Table 4. Significant wave heights (L = 250 m)

EXCITATION _ , o
LEVEL 1 2 3
FILTER NO. Hy m) nl z(m) Hy jm)
0 H.5H0 10.9 16.4
1 9.33 10.6 1H 0
2 H.1H 10.3 155
3 6.47 13.0 19.5
1 8.35H 16.6 25.0
5 12,7 204 381
Lo PN . = . e i S i e sinioietiitl]
2.5 Model Instrumentation
One transvere bulkhead and one deck transverse

woere cach attached to the tank by means of 4 foree

transducers. Necessary scaling of the tank was
accomplished by mwmeans  of  tlexible  rubber  dia-
phragms. This arvangement allowed the measure




ment of total foree (19 and moment (M) on thes
two structural memboers (i 1)

Fig. © shows the arrm

remoent used to vecord the
responses. Sinee only b channels were avalable on
the analogue tape recorder, the moment on the bulk
head was onutted Previous harmome  tests had
shown the foree to be fauldy evenly distributed on
the bulkhead, thus allowaing the cstimation of mo
ment from  force

W'
H,, /L
20
15
104
054 HEAD SEAS
SERIES 60,
Cy=0.8
| | |
Ui N s i = ; oo
1 2 o
T Vgt

Fig 6 Short term response, pitch

3. Data reduction

3.1 Digitisation

\ typical test record is shown in fig. 8, and fig. 9
shows a cquicker view of force on the deck trans-
verse. The duration of this force is about 120 se-
cond in model scale

Somewhat ditferent procedures were necessary to
analyse slowly varying responses such as piteh, and

impulsive  responses such as foree on the deck
transverse. The inttial sampling and  digitisation
took place in DnV's datalab. The dataflow is shown
in fig. 100 The peak detector was used to detect the
peak values of responses of very short duration. Its
principle of operation is illustrated in fig. 11, The
comparator level s pre-set to avord the registration
of false ]N.l‘\':‘- due to nose. When the mput exceeds
the comparator level the following peak is held

. >

FORCE PITCH FROM
TRANSDUCERS FEED BACK

T

BOFORS
MEASUREMENT
BRIDGE

TS

SUMMING
AMPLIF IE R J
FILTER &
AMPLIFIER
S EEEE e st
—““*‘——0

‘—
T © Y

ANALOG
TAPE
RECORDER

big 7 Recording response.

\/V\/\W\/\/\/\/\’\/\/ 0

W ©
*—-v--——v—w‘—rmrw Q)

~19s ( MODEL SCALE )

Fig 8 Typical test record
1 Pitch angle
D borce on deck transverse

3 Moment on deck transverse

4 Force on transverse bulkhead

After a short delay a pacer pulse s separately trans
mitted to the computer, commandimg the digitisa
tion of the peak value

Nortceaion Maritionie Researnd!
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= 095 s ( MODEL SCALE ) -
big @ Force on deck transverse
o T TR e L R
| — E ANALOG )
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b el
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L — o | | DISTRIBUTIONS

Fig 10 Response analysis

Peak values for foree and moment on the deck
transverse were digitised together, as they occured
practically simultancously. The peak detector was
alio used for force on the transverse buikhead, but
not for piteh angle, which was digitised at evenly
spaced  time The digitised values were
stored on magnetic tape.

instants

"

3.7 Short-term Analy sis
A program set known as - SAMPAN G was used for
the analysis of the digitised data on o UNTVAC 1110
computer. Demultiplexing of data was performed by
V620 T, R S
according to spectfied divectives

while carvied out
Spectral
analysis An ex
perimental probabihity distribution for foree or mo

progrm
analysi
was apphed to the piteh records

correst Mavitone Research

st

INPUT

COMP LEVEL

'\‘/\ \JJ“\'\ v '/"_ \,‘\A\,J\' V\/\',“\‘\ s

OUTFUT A/
AL

oy

s
PACER
PULSE
TIME ;
PEAK DETECTOR
Fig 11 Peak detector

ment was constructed from cach set of peak values.
The probabilities were related to the number of
pitch eveles (N) in each test,

N t I, (3]
Number of responses recorded above level Xo= n
OG- >X) n/N (5

Program NV166 9 was incorporated in NV621 n
order to fit Weibull distributions to the experimental
prohability distributions. The Weibull distribution is
written:

O >X) exp (- (X/AM) (6)

Program NVAGE uses a least squarves technique to
find values of the slope parameter (M) and the scale
parameter (AL In some cases, NVAGE did not yield
satisfactory results and the Weibull distribution was
fitted manually.

3.3 Long term distribution

Long-term distvibutions of the sloshing load Qy r
were obtaied by combining the short-ferm distribu-
tion Qg1 with allowance for their probability of
oceurrence.

. m

OI 7 >X)= ¥

il

Q.\"l'i( « >X| T, H 13 )~I’(Hl‘3l )-pel) 0
The probabihity of oceurvence of cach short-term

dstribution was obtained frome the probability of




vecurrenee of the sea states (L ”l/“) producing the
teh exartation These probabiliti®s were deternined
the North Atlantie 10
I'he experimentally dotermimed  short-term
bull distributions used in the
and the long-term probabilities of exceedance Qg )
s of slosh load
function was

I
from wave statisties for

Wa
Wil above summation,
were caleulated for a series of valu
(N, Fanally, a Wabull
fitted to the caleulated distribution

distribution

4. Results

1.1 Short-tenim Results for Deck Transverse
Shart-term distributions for foree on the
verse are plotted on Warbull probabibity paperan figs
12 and 13. It that
bilities are well represented by the fitted siraight

deek trans

can be seen the observed nroba

lines. Fig., 12 illastrates the effect of variation in the
excitation level, while fig. 13 shows the variation
0 995489 y——7——— -
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SA'.’ll(

2)

losds ot m means

WOl
and

SONIe Cises,

parameters  were from
short tank
Inspeetion of the tables shows that the
(A) the excitation level in
creases. The same tendencey genervally appears for the
(M), hecause the probability of an
the deck

parameter mercedases as

slope parametar
increases with
vithics ot
in several cases Th

mpact against transverse

the exceitation level
HE|
dile Lo mnacceuracics

However, very lmge
M ooceur excitation level 1

18

may

HR

HR

HR

- 15 MIN
RETURN
PERICD

(L=250m)

0 50000
03 200
Fig 12 Short-term distribution, Force on deck transverse, tank 6.
0 99999 1 T : Bl ‘
o s |
o tgag L. EXCIE LBVEL 3 { i Ll 0
FILTER . | F 7 .
| | % 7 - 6 HR
0 999004 & — } } i
O e 1 ’ A L1 kR
) i A ».
0 99000 A t : | 15 MIN
|1 :
PUEE) i 1 ‘ APPROX
! ! RE TURN
0 90000 4 | I : PERTOD
] | (L =250m)
0 800004 — ¢ ¢
0 70000 o et
' 0 600004 + ¢
|
0 50000 1
03 04065 200
Fia 13 Short term distribution, Force on deck transverse, tank 6

Norwegtan Maritinee Researeh

N Qlvase




able & Short-term Weibhull parameters
. ¥ 4
Force on deck transverse F/(rb dl-)

| Oole i A [ [ & ] : |
\ * ¢ ! - s ' !
LU 3 (Y A 7, MoA W \ .
CENE i
} LA ; |
| X § 2l L isih | 00ZE [0085S [ 000800 0 4
1 ) = | LW w e osex | 0537 o0 lo22 aonn
| | | 0S13 fonag [tosy fosat [ 1320 osu2 | 0050 0858
r ' \ r . . + v . - 4
1 Q306 | 118N 0293 | 1207 oS 0ass | |
1 2 0178 | 0708 antl 72 |DF20 0L 0 KN
auin o a3 1 123s 1o san loszs  'osss
s £50 Lo e Lanes oo [0ahs (002 0 i
3 | o680 540 1o 8 T D86 T
| i | A PR L the Ot L 2an 08ts "o T3 rony
IS . + + 1 - ¢ . - —1
E T ORI 250 10358 528 L 0009 [0 A58 [ 00 [0 41D
i ' ? il yaad 0S5 ta T3l 0T 0882 10310 (0TI
| } § [ DT R laast 1L ATx tonss 192 (0738
S I s PR R Ss - —— —
' | e oo ‘ Pl (usss oo
i 1 y2 ' i 5 Bt Losss 10wg0 o sae fagna
| X ' V y ! nS L0 1L Asd 0 A2
{ i ' 0l IR ST S
5 . ! S e SRR L]
| 3 I rarotossg Hyag > Iy s
i i i pe

Interpolated

Short-term Weibull parameters.

Moment on deck transverse M/ b dl3)
T T .
saon ! 5 | 5 ! 1|
25 [ M i M| A Moya i Mo
2 S ; = l — — ]
2070 00017 0516 | i |

X 0110 106

2] 0103 106751
O 2% 0TS

| 0N 0547 |

st pae e e ) e P

0ATR| 0205, 0731 0097 [ 0548 | 0073
Donan 0sth 0T% 1000 0331 1067200205 0678
{ e B il Bt ol m el Rl - 1
0130 1940 D150 4050 | 0011 Y029 0 814!
VIO O84T | 0210 | 0628 | 0128 | to122 ul.,-;x.i'
DT A6 D 6L aloan | 3 N B3
' i $- £ “Gebial =2 3. 4 ]
1 [ 925%* 1%40 | 0033 0751 [0018 |0 0048 (081
i a2 b 2 1000 0450 | G868 [0 135 10697 [ 01 {0678
'L NG TO20 1050 1010 (0500 (O T34 [ 0480 0T
= ' v DORZ 0604 | 0 0183 (0024 0468 | 0058 10.752
£ 1 2 i nadd o 1080 0270 068K {03220 0804
| s L a3 ;] 1 1200 L0K4e 08401 05TD 0 TOT
¥ | S - - L. e il St ool 28 4
b D eass foses [oos7 (062t To105 0765
5 f 2 : W 0805 [ 0ak 00T (0287 070k | 0400 0700 |
\ i
l L_ 3 Lo "o ‘4‘\.'1 ‘1 189 ;n'l.l‘,LLHVv‘,lll l” :!jn ln'v'.r; lu\mn‘

* Interpolated
Table 7. Short-term Weibull Parameters.
Loads on tank 2 (short tank)
Excitation level 3.

FILTER

LOAD A M A M

| FORCE ON
DECK TRANSVERSE
F
Tb dl 2

MOMENT ON
DECK TRANSVERSE

0.227

0.185 1.620 0.180 1470

FO!:

Lowds on the deck transverse in the short tank
were about one-tenth of the loads in the other tanks.
It was ditficult to draw conclusions concerning the
ntitdes for tanks 5, 6 and 7. However,
wis clear; namely that 11 bottom
(tank 6) gzave greater forces than 7
bottom transverses (tank 5). At probability of ex-
cecdance, Q 10 3. the forces on the deck trans-
verse were, on average, 6 ¢¢ greater at excitation
level 2, and 13 ¢, greater at excitation level 3. This
seems to indicate that very closely spaced bottom
transverses provide less effective damping of slosh-
ing

one  tendency

transverses

1.2 Modification ot Tank 5

As the experiments progressed, some uncertainty
concerning the effect on the sloshing loads of
leakage between the deck transverse and tank top.
The rubber sealing lip employed was somewhat long
and flexibie transverse was therefore
moditied as shown in fig. 14 and the tests repeated
for tank 5 The results thus obtained are referred to
as Tank 5 MOD». Results for tank 5 and tank 5
MOD. were compured at probability levels Q =]U'2,
1073, and 10 4, for excitation levels 2 and 3. Negligible
ditferences were found at exeitation level 2, while
about 20 ¢, inecrease was found at level 3 for force
and moment on the deck transverse. The difference
increased as the probability of exceedance (Q) fell.
It was deduced that the rubber seal allowed signi-
ficant leakage when the sloshing loads were high.
Weibull exponents corrected for this effect are given
in Table 8.

Arase

The deck

TANK _TOP
}  RUBBER SEAL

20 mm

_DECK TRANSVERSE

ORIGINAL

ANK_TOP

1
——
Lol
25mm STEEL
J STIFFENING

“\
N MODIFIED

Fig 14 Section through deck transverse (model
scale)




Feble s Corrected short-term Weibull expo

nent force and moment on deck

transverse

— e = e
¥ M
MORCE e | [MOMENT
b2 b "1‘
Sammmn
TANK 6 7 6 7
e — — e |
FILTER| EXCIT M M M A
LEVEL
0 3 0,770 OTH3 1 0686 0.706
1 3 0.7H4 D601 | 06161 0621
2 3 0020 1 0617 | 0.648 | 0.600
3 3 0776 1 06850 1 0667 1 0651
4 2 (AN ! 0771 | 0.761 | 0.645
| 5 | 3 [os12]0093 06800794 |

4.3 Short-term Results tor Transverse Bulkhead

Shertterm distributions for force on the transvoerse
bulihewd are plotted on Weilbull probability paper
in & s % oand 168 The effect of variation of excita-
tion level s shown an fig. 15, while fig. 16 shows the
very slicht varation with  excitation  spectrum.
About 1000 slosh foads were used in the determina-
tion of cach pair of short-term Weibull parameters,
giving quite good accuracy. Tests at excitation level
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Fig 15 Short-term distnibetion, force on trans
verse bulkhead tank 6
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Fig. 16 Short-term distribution, Force on trans-
verse bulkhead tank 6.

Table 9. Short-term Weibull parameters.
Force on bulkhead F/(yb D)

TANK 5 MOD

[ I 6 A
FILTER| EXCIT [ A M ’ A ! SO IO (T
l | LEVEL l e SR S
i 17 Tooser 3416 0064|2043 | 0055|2790 |
l 0 i > | 00498 2363 0.114 !_‘ 563 i [ARARKY | Il
| | 3 {0123 ‘x.‘n:)ln\lu 2016 | 0136 | |
i I 1 mnl-* 1407 | 0064712043 f 0051 {2700
| 1 3 P O100 21771 0114 ‘i“'m-‘ 2461 |
| | 0145 | 2135 ] 0352 | 0132 [2251 )
s ‘ 1 + . . i —, 4
{ | 1 COOR0 24161 0onE 12043 [ 0068 (2
! SIS L0105 [2145] 0102 {2143 | 0106 |2
i | 0134 {2283 ] 0147 2117 ] 0150 |
1 0059 [ 2554 ] 0066 (2167 0058 (2720
3 2 0108 | 2513|0110 | 2060 [ 0106 | 26190
g 0142 |2070] 0155 [2443 ] 0154 (2510 !
fhats o = NS PO S S 0 R
1 0071 {2600 [ 0074 {2323 | 0066
4 2 0005 [2002] 0121 [2317 [ 0114
3 0126 [1.760 | 0.157 [2089 | 0156
1 Q057 [2.119 | 0.082 0.067
5 2 0101 [ 2054 | 0117 0117
3 0131 | 2037 | 0153 0182

* Interpolated.

1 were omitted in a few cascs, and Weilbull parva-
meters were interpolated  from adjacent  results
Complete results ave given in Table 9, and in Table
T for the short tank (No. 2). Note that the slope
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pneter (3D has values close to 2.0. This corves- a

to the Rayleizh distribution function which to
envvally npplies to wave-induced loads that vary Q
with excitation L

Short-term results weve compared at pronability

of exceedance, Q = 1073, Bulkhead forces in the sho ¢ the
tank (N0 2) were ahout 16 of the forces in the level 1, indicates that the present long term distribu-
other tanks, however, a lower filling level would  tions for
vy 7ive greater loads in the short tank (cf are of low accuracy.

inz the number of hottom transverses
from 7 (Tank 5 MOD.) to 11 (Tank 6) gave an in-
crease in force of 25 ¢, at excitation level 1, @ 77

hotten transverses (Tank ) reduced the
» for all excitation levels

a

13 Long-term Distributions ticls
th.

Lons-term distributions of sloshing loads !
for Tunk > MOD. Figs. 17 and 15 ¢
loads on the deck transverse. Note that the
the ¢ ves, indicated by the Weilbull paramet

small. This parameter is important when cons

calotate

10 8 How Ver, 1 N =

Fig

1

oy
an

) =0
) .

wy of 34, in the determination of M will lead
inaccuracy in the load at probability level,
1.0, then 3 97 error in the
ermination of M will give only 8 ¢ error in the
fat Q =18 Theabove reasoning, together with
inaccurate short-term distributions at excitation

19 ¢ives the long-term distribution for force
a4t~ on the transverse bulkhead. This result is not con-
level 2 and 8 7. at level 3. Halving the heicht of the sidered to suffer from the same inaccuracies as the

Forces S €, loads an the deck transverse.
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Fig 13 Long-term distribution, moment ¢n deck transverse, L = 250 m

foree and moment on the deck transverse

term distributions presented in this ar-
ip length of 250 m. However,
rm experimental results could equally

-ol] have heen used for aother ship lengths.
I3 ’

1 e, a ship of 250 m length has been
the accuracy of the results. If M = 0.3, then an in- considered, with an amidships centre tank of 50 m




lenuth. The ship was assumed to sail a total of 2
yvoars under North Atlantic weather conditions with
“the tank 5 ¢ full, corresponding to a probebility
level of about Q 10’7

The long-term load distributions wore based on an
average piteh period of 11,1 see. Using tiis period,
the number of pitch cyeles (N) in two years were
found:

e i

- Q-1/N=10%P ()

The dimensionless loads were extracted from the
Waibull distributions at this probability of excee-
dance:

2
F/(ybd 1 )=123

Dok transverse : (10)
M, (']htll) - 5.69 b

o 2 .

Transverse bulkhead  F/@ybD™)=0.348 &2

Pressures corvesponding to the deck transverse

loads are shown in fig. 20. These pressures are very
lar e, A reduction in the time spent with 75 ¢, full
tank couul reduce them considerably. Some reduc-
tion should also be expected when allowance is made
for motion with six degrees of freedom. The short
duration (about 1/4 see. in full scale) should be
taken into account when applying these pressures to
the deck transverse.

The bulkhead force corresponds to a uniform
pressure of 8.8 T/m?. A specific weight (y) of 1 T'm?
was assumed for liguid in the tank when calculating
these pressures.

Extreme sloshing loads were also estimated from
the short term results. Fig. 3 indicates a pitch angle

of T4 at Q10 8 zero ship specd, At Q 10 7

soeven-cighths of this value are obtained; e, a pitch
CApplyimg the Rayleigh distribution for
piteli angle, with flter 2 and excitation level 3,
showed this angle to be the most probable Largest
in 274 piteh eycles, or 2hout 1 hour. The probability
of excecdance was thus:

-2.44

angle of 6.5

Q- 1724 =10 (13)

Sloshing loads were extracted from the short-term
distributions for filter 2 and excitation level 3 at this
prohability level.

S
l-'/‘('yhd';) = 994
Deck transverse

M/('yhd:)—- 5.31
Transverze hulkhead l"‘/(yhl)z) = 0.286

These dimensionless loads are less than the largest
Yoads recorded in the model tests, so that extrapola-
tion of the short-term distributions has not been
necesszary to obtain them. Corresponding pressures
on the deck transverse are shown in fig. 20. The
Yulkhead force corresponds to a uniform pressure
of T.1 T m”’. Mean pressures based on the short-term
results are about 20 <7 less than obtained from tne
lonu-term results.

5. Conclusion

Madel tests have been carried out to measure slosh-
ine loads on a deck transverse and transverse buik-
Lead ina 75 ¢, full cargo tank, under pitch excita-
tion. The tests were, in general, successful, but of
ton shaort duration at the '~west pitch excitation
level. This resulted in inaccurate short-term distri-
hutions for loads on the deck transverse at this

-8 : - 20 YEARS
:g i TANK S MQ‘D;— 11 veaR
o] I bl - 1 MONTH
M= 0831 - 1 WEEK
-4 1 : i - 1 DAY
l
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Fig. 19 Long-term distribution, fores on transverse bulkhead, L

250 m
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DURAT ION

25m = 1/4 sec

24 T/m2 30 T/m?

FROM LONG TERM DISTRIBUTION
—————— FROM SHORT TERM DISTRISUTION
T =124 sec

’

Fig 20 Most probable largest load on deck
transverse in 2 years (Q = 10°. 6 = 65)
L =250 m, /L = 20", h/D = 0.75,
TANK 5 MOD

excitation level. The Weibull distribution function
cave 1 cood fit to the observed load distributions.

Comparison of the dimensionless short-term re-
sults for various tank configurations gave the fol-
lowing results:

(1) Loads on the deck transverse in the short tank

(¢ 1.25 m) were about one-tenth of the loads
in the long tanks (€ = 2 m). The short tank
represents current designs with tank length

bt 110 of the ship length, while the long
tank illustrates the effect of the trend towards
longer tanks.

(1) IPorces on the transverse bulkhead in the short
tonk were about one-sixth of the forces in the
long tank. The force on the transverse bulkhead
in the long tank corresponds to about 70 ¢4 of
the static force when the tank is full.

(1) 11 hottom transverses resulted in greater slosh-
ing loads than 7 bottom transverses.

(1v) High bottom transverses (d,/€¢= 0.1) gave
creater forees on the hulkhead than low bottom
transverses (du/\' 0.05).

Lons term distributions of sloshing loads have
hoen ecaleulated for one tank configuration and a
ship length of 250 m. The method presented appeavs
to have produced reasonable long-term distributions,
both for the ampulsive. loads on the deck trans-

H3=155m, t= 1 hr

verse, and for the slower-varying force on the trans-
verse bulkhead. However, inaccuracies in the short-
term distributions for loads on the deck transverse
at low excitation are expected to have produced
significant inaccuracies in the corresponding long-
term distributions. This inaccuracy does not apply
to force on the hulkhead.
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Notation

A Waihall seale parameter

b tank hreadth

CR o block coefficient

d(, depth of bottom transverse

\’| depth of deck transverse

D tank depth ¢ = ship depth)

E short-term Rayleigh parameter

P fre ey
t requency (HL)

I force (on deck transverse or bulkhead)
l"n dimensionless Froude number for ship speed

g acceleration due to gravity
h tank Oilhing hewht
H ‘nificant wave heivht
p 3 Sinnmficant wave hegh
i summation index

(Y tank length

L shiap length

m number of short-term sea states
M moment on deck transverse

M Werhull slope parameter

n number of sloshing loads exceeding level X

N number of piteh eyeles
P probahility of occurrence
P prohabihity that load level will not he excecded

Q probability of exceedance
suffix ST indicates short-term
suthix LT indicates long-term
s spacing of hottom transverses
§° malised piteh vanance intensity
t time (duration of test in seconds)
I average apparent wave period
p I tod corresponding to peak of piteh spectrum
1 pitch cevo-up-crossing period
randomly chosen sloshing load

\ sloshimg load level

Y specific werght of hquid in tank
o~ variance of pitch angle

0 piteh angle

N most probable largest piteh angle

¢ spectral width
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Abstract

The detail structural design of the intersection between a longtitudi-
mal stiffener and a transverse girder has been analysed by the finite
clement method. Stress concentration factors are given for alternative
designs together with practical design recommendations.

Introduction

The design of the intersection of a longitudinal and
A transverse s usually regavded as a detanl design
problem, and until recently has not received too
much attention by the classiication societies. Fach
yard has to some extent tollowed its own standard
Various desagns of different qualities have been
veed Only a few of them have been subject to ex
tensive investigations 1

The purpose of the work described here was to
evalnate the various destgns in order to arrive at
some audelines for choosing a good standard de
nign

Danuige statisties from tankers show that up to
SO ot cracks that had to bhe vepaived occuriad at
the connecthion between a longitudinal stftener and
a transverse givder fig, 1 2/,




Fig 1. Typical Damages {5/

Another

eresting fact 1s that the frequency of

damages is much higher for tanke tor dry
cargo ships although the maxim tress
—

" FuLL ENe £
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T T L LY
o
4

Fig 2 Two loading conditions (incl w
that may cause yielding 1n o long tudin

girder connection

The maximum values of the pressure difterence
froom outside and inside respectively give stresses of

approximately the same magnitude. If now the
tess concentration factor s large enom

zh to give
2 for one of the loading cases, the other case
piay cause reverse vielding (hysteresis). Reversed
viciding of this type leads to fatigue fracture after
relatively few eyeles (1000 10000)
fatizue

low  eyele

o Tk, o Tk o
SR ——

tevel s practically the same in both, This may be

due o the alternating load on the longitudinal /‘gir-
der connections for tankers, fig. 2.

1 EMPTY FULL A EMPTY |
dyn 5

Meothod of analysis

The tfimte clement program (ISODOW) which s
used for this analysis s deseribed i /3/ whieie ailso
a histing of the program is given.

Compatible,  quadrlateral isoparametrie, hnear
straen hinte elements with 16 degrees of freedom
I were used throughout in the investigation, in
order to obtain the best possible accuracy with a
mintmum of effort. It is practical to distinguish the
force transterred from each stitfener, P, from the
overall shear foree, Q, in the girder, fig. 3.
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a) Girder.

b)Y Uniform load.

te

¢) Shear force diagram.

Fig. 3. Definition of the local load P from longitu-

dinal and the total shear force Q in the

At an early stage in the work a coarse element
mesh, fig. 4 b, covering the greater part of a girder
length was used to find the overall stress distribu-

tion, fig. 6, and the stiffness reduection, fig.

girder with cutouts.

a) Conforming isoparametric

——

lincar strain clement

with 16 degrees of freedom [)).

,of a

TS S S SR KNEN

NN

Q

h) Elenient mesh.

Fig 4. FEM Model used to give the overall stress

distribution and the stiffness reduction of
a qirder with cutouts
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The reduction an hending stittness of the virder

due to the cutouts is neghaible. The shear stiffness,

however, s considerably reduced  The teduction of
shem than the per

stittness s haschier
ace reduction i the shear area nught ndeeate

by 53

constderably

Cod

Fig 5 Reduction i effective shear area Agas a

function of cutout ratio

The shear and bending stress distributions in sec-
tion A and B, fig. 6, gave good correlation with the
experimental results obtained by Gibzstein /17, fig. 7.

A B A 1 0
1IN = g i3 P A
i \ | f
| : | ‘~
| o il k.
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Fig 6 Stress distributions obtamed by the fimite
element analysis
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big. 7. Similar results from photoelastic analysis

portormed by M Gibestein /1/

I'he coarse mesh model in fig. 4 b was used to
obtain the most reabistic loading and boundary con-
ditions, fig. 8, tor the tiner mesh detail models in
figs. 9 -12.

The largest stresses in the givder or the connec-
tion are caused by the overall shear force in the
givder or by the force transferred from the longi-
tudinal, or by their combination.

The relative significance of these loads varies
along the girder.

In order to make the vesults applicable in more
ceneral cases, these two loadingg cases were treated

separately
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¢) Tupteal stress distributions near the upper

corner of the

Fig. 8 Boundary conditions and loading cases

The stress concentration tactor in the upper cor-
ner of the cutout, fig. 9, is found as a function of
the corner radius. Results are shown in fig. 13,

Special attention was paid to regions with large
strain gradients, where the mesh had to be fine.
With small modifications the element model could be
used with different parameter values. Other types
of longitudinal/girder connections required separate
finite clement meshes, fig. 10, 11, 12, with breadths
cqual to the longitudinal spacing and with one half
on each side of the cutout. This is necessary when
analysing asymmetrical eutouts. The dimensions of
the caleulation maodel correspond to a transverse
weh in the hottom of a 100150 000 dwt tanker.

longitudinal.

In the finite element calculations it was assumed
that the lug web connection would remain in plane
during loading (a two-dimensional FEM model was
used). In a real structure, however, due to the lug/
weh configuration, there will be out-of-plane bend-
tag, giving rise to local bending stresses.

Plate bending will reduce the stiffness. A reduc-
tion in the in-plane (membrane) stresses will take
place in areas with high in-plane stresses. On the
contrary, bending stresses will be superimposed on
the memhrane stresses. These effects were investi-
gated by three-dimenstonal FEM, fig. 14, and by
experimental stress analysis 8’0 The results show
that two-dimensional FEEM yields vesults very much
in accordance with the experimentai data as regards

17
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Fig 9 Boundary condition. load and finite element mesh

I T
S
1 i !
| | |
|
B
| ‘ ‘
ek =
o
| | [
; | (
i :
! |
|
! |
i i
I
\
\ |
. 4 |
W e e
\\ '\ { \
L LS
. e
PC=R
S et
i '."):—:,‘ .( }
s N
|| \
Fig 10 Fig 1 Fig. 12




k |
155 $
Qa r
‘ t 1
1
! 10 Ly
‘ 2b
| ~
| e — +>
0.5 1o &
| b
!
? A B c
| e e
i a/H @72 0,4 0 0,4 02 0,4
K 2.9 Jal 3+ 5 4.2 4.8 4.85
Fig. 13. The corner radius should preterably be
larger than a quarter of the cutout width
The stress distribution is not very sensi-
tive to the height of the cutout as long as
this value is less than half the qirder
height.
the average (membrane) stresses of the plate. " dations for the longitudinal/girder connection. The
However, local bending stresses may give a signi designer should, however, be aware of the fact that
ficant contribution. This is shown in fig. 15 for the  local hending may be superimposed on the ealenlated
one-sided lug and fig. 16 for the ug/web connection.  vesults given herein, and consider this when desip-

This doss not alter the qualitative conclusions  ning the welded joints
obtained in this report regarding design recommen

19
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Fig 14 Three-dimensional FEM model /9/ of lug/
web connection using solid eight-nodal
<brick. elements /4/ Boundary condi-
tions were taken from the two-dimansio-

nal analysis
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Experimental

——d 1 ~dimensiony FEM
Fig 165 Equvalent (von Mises) stresses in lug I WHCSIRENTIONG Y
and weh close to the stiffenor for an

asymmetrical lug/web connection, from

ref. /8] The load 1s applied vertcally
through the loagitudinal

20

heaa




Fig 16 Eguivalent (von Mises) stresses in lug
and web close to the upper corner of the
lug,'web joint, from ref. /8/. The load is
applied verticailly through the longitudi-
nal

Results

The conclusions are based on a systematic investiga-
tion of various types of connections.

The performance of the connection has heen quan-
tifted by introducing two - stress concentration fac-
tors o, " .Il“ik -

0 A
kp represents the stress concentration near the
cutout caused by the force P introduced through the
longitudinal. K | represents a relationsship between

the maximum shear stress and the nominal shear
stress in the girder caused by the total shear force

The list of symbols is given below. Tables 1-3
contain results in condensed form.

Explanation of tables

The factors kp and K5 are not stress concentration
factors in the etrict sense. But they still contain
information about the «stress concentrations for a
force P transmitted from the longitudinal and for
t‘

the girder shear foree Q respectively

21
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the force transferred from longitudinal
to the girder

the web thickness of the girder

T/Q/H -t

the shear stress

the overall shear force

the web height of the girder

the web height of the vertical stiffener
the force transferred through the lug(s)

the force transferred through the verti-
cal stiffener

maximum allowable equivalent stress
(Henek von NMises)
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A\ vertweal stittener conneetian, tys 1, may he an
troduced tor two teasons:
1) The lugs alone cannot transtor the toree P
1) To reduce danger of haekhng and vibration ol
mrder,
The size and location of such an element s impor
tant. The amm should he a smoath stress distnibution
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sos than an asy ametrical one C f {
I \ |
\
'Rl 5
| | < j
: | ) | {
A targe entout breadth results i relatively lare | IL \ ( | \
honding stresses an the Iag near to the lonamtudingl L 1 1 J " .
) \ ( N\
\
v Y. | |
ALY Pl ( -e \
S } ~ ,l
| | ( (
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In two-sided I connections the over all shear I !
force an the girder wall cause the highest stresses | |
helow the fug fixation point., 1 1*
ST
®
In a4 one-sided Tuyg connection the maximum stres
ses will alwavs appear above the lug
A i
18 «: ' "|
i -
N ~d‘-' be -
The st concentration factor s very sensitive 5 S
to the corner radins an the cutout when the height
of the entout g less than half of web height, fig. 13 - -7
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Cutouts in web plating in order to get sufficient
throughtlow area should preferably be located as
separate cutouts between cutouts for longitudinals,
andaf possible at the middle of the girder span.

Wiien the force to be trausferred from the longi-
tu'na! to the givder exceeds the force-carrying
capacity of the two lugs alone a common solution
hoas heen to locate a vertical stiffener at the web
plate and connect this stiffener to the longitudinal.
Tras connection must, however, be very well designed
in order to avoid cracks at the weld between the
longitudinal and the vertical stiffener.

It is important that the vertical force is evenly

towcity relative to the web plate.

If the vertical stittener is placed there in ovder
to contribute to force transmission only, it may be of
moderate length (e.g. 3 times its own height).

distributed to the longitudinal ie. minimum excen-'

<
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Hull responses to hydredynamic forces on bow

by

Sverre Gran, Harald Qlsen and Finn Tellsgdrd,
Research Division, Det norske Veritas

Abstract

A simplitied model

flare

and procedure is employed to estimate hydrodyna-

mic facces on a bow with large flare, and the resulting vertical bending

moment along a ship hull,

I'he dynamic amplitfication due to hull

tiexibility is considered and the effect appears to be significant for

loads with the predicted magnitude and douration (1.2

S

-2 It is

see).

soested that the short term distribution of loads and stresses due to

bow flare impact can be described by Weibull probability distributions.
The influence of ship speed and sea state on the loads and respounses
are iovestigated to some extent, and it is concluded that the influence

of <hip speed is relatively much stronger

1.
Several tast cargo ships have in recent years ex-
perienced cevere buckling damages in deck (and also
bottomy plating, apparvently due to unexpectedly
high longitudinal stresses A few measurements
an a sister of one seriously damaged ship, 27, indi-
eated that rather high, but short lasting stress peaks
occurred under certain conditions. It was concluded
that they related to immersion of the strongly flared

Introduction

how, a process which has carlier been studicd to
some extent, c.g. /3/. The hydrodynamic forces

created under such immersion have, however, so far
been of little concern to the ship designer.
for this may be that previous combinations of fore-
hady hull shape, ship speed, hull stiffness ete. have
heen such that the unfavourable forees and responses
were avorded,

With the present paper it s intended toalhisteate
some of the fundamental features the
hydrody namic joads and corresponding e ‘-;"'!‘.

res ‘(.‘.H &

hut!

The reason’

4

at severe sea states,

ses created hy how fia The impo
of some design and ship operation parameters wifl ln
discussed.

Some of the analytical models that are employed
herein are considerably idealized. Hopefully this wall
provide a better insight into the various aspects of
the problem, and it is believed that the most signifi-
cant features of the involved physical phenomena
have been retained.

e imnmersion

2. Hydrodynamic forces on flared bow

The commonly nsed strip theory is based upon linear
relationship between the ship motions, the wave sar
face displacements and the forces acting upon the
hull, This assumption is viokdtted when the non-wall

sidedness of the ship's sides becomes pronounced, as
in (he ea of stronety fhared BPow fare
te thus o kind of load wheve a linear 1

o vections,

Wy “un
Lores SN




pottion techn onot apphcable In o

provede an understanding of how the hadrod.e

b flare forees can be estimated, we shall consisd
the twosdimensional problem of a solid body tene

Protires o water surface with an inttial hich (i
veloeity \'U Sve fig. 1. At a later stage th RO AN
B8
e —y

‘\_;_ (:\4\;0

i 1 The simplibied two-dimensional prabiem

veloeity is Vosuch that V<OV, and from the conser

vation law of momentum the following o o
ohtained
MV, (MM V (1)

M nass of sohid body, and
M hydradynamic (or added) mass
and 2! oxternal forces such as gravity and heovancy
ave negtected, As the penetration proceeds, the gv
e try of the submerged portion of the body changes
and X7 is therefore not o constant in time, The im
pect foree at any instant 1s given hy

\ dV AL dv Y dM (v
! imp St dt

which shows that the force is determined by the
instanteous value of M7 and its time derivative From
thns cquation it should be evident that a satistactory
method to determine M7 is essential

The penetration of the water surface by a sohd
body creates a fluid motion throughout the volume
of water. If the water is assumed to be mcompres.
sihle and non-viscous, and the flutd motion to be
twosdimenstonal and initially at rest, this motion a«
a potential Mow deseribed by a veloeity petential ¢

The Kinetie energy of water generated by the solhud
body may be written:

L I\ FL1C 07 pds _', [(pded-nds (3

\ s
where
5 denstty of flud
Soctty of the ad particle
) h
Y o= f m cartesian 2 S10
( R, Sy cartesian 2 dimensional
coordinates)
\ volume of the part of the tlnd bounded by §
S boundary of the part of the fluid considered
n oater nonmal umit vector to the atea S
The we o mivessibhility of the water and Gauss
{ rem ! « o when the surface integral as
ohtained. The area of mtegration, fig. 1, consists of
the free wator suttace, the wetted part of the solid
hody aud = aucirele of anfinite radius. Along the

senncirele and the free water surtace it is assumed
that @ 0 The last simphitication implies that the
eftect of paled-up water (spray) is not taken into
avceount.

The detimtion of the added mass from kinetic
eneray considerations is given hy:

l"l
M ,"‘_’[" ; {f: [ povd - ndS )
2 ¥ s

whore S reduced to the wetted part of the solid
Sies aowell known mathematical pro-
cvertheless an anafytical solution for
avery sl number of cases. One of these cases 1s
the sobdd Tody stuiped as a cireular eylinder, and by
; dormal mapping ths special solution
may Do oaprdied to a vartety of different forms.

Ve inniersion of the sohid body will continuously
oo the added mass and at s thevefore important to
that this approach is based upon a quasi-
consaderation, te the water tlow at cach
Jven to beadentical with steady state flow.

tter program which caleulates impact for-
ap s torehody s developed and the method
wsed s the same as outlined above. The conformal
Cuse of in the program is a two-para-
meter verston called Lewis' transformations /4
which s cspecally efficient to transtform a civele to

shiphihe sections

= RELATIVE MOTION
AMPLITUDE

}

——— -

SR p—-——




I order to compensate for the effect of pricd-up
vater, o cortection hased on the theoretical treat

ment of the woedge impact problem 37 s included in
the computer program,

2.1 Deterministic Load Model
IFor application to the ship's forebody the computa-
tions are based upon the following idea:

A reference system s fixed to the hull.

Only head waves are considered and from this
veterence system each station along the bow will
feel a wave  passing with a velocity equal to the
sum of the ship specd Vg and the actual wave cele-
rity, C, see fig. 2 above. The amplitude of the  wave
will in gencral not he the surface wave amplitude
but rather the vertical relative motion RM incorpo-
rating the heave and pitch motions of the how.

For practical purposes we shall in the following
employ the vertical rvelative motion at the forward
perpendicutar. This implies that the vaviation of the
relative motion amplitude along the forebody is dis-
regarded. For further simplification this rvelative
motion wave is approximated by a - triangular
wave ..

A consequence of this approximation is that the
vertical relative veloeity 1s a constant in time pro-
portional to the corresponding vertical relative mo-
tion, and this implics that the vertical relative velo-
city is overestimated during the later stage of the
bow immersion process when the transfer of momen-
tum hetween ship and sea has become large enough
to cause a reduction in this velocity.

When the triangle wave» propagates along the
hull it may give rise to hydrodynamic loads on the
how. These loads are estimated by means of a kind
of strip theory. The ship's forebody is divided into
strips which are all parallel and tried to be so
arranced that the - step effect: is minimized. (This

step effect i1s a three-dimensional effect which
results from inevitable discontinuities at the junc-
tion hetween two-dimensional strips). In this paper
the vertical impact forces are required and the strips
arc therefore taken to be vertical, sce fig. 3. The bow

N

Fig. 3. Division of a ship's forebody into vertical
strips

impact foree and average pressure ave caleatage d
cach strip by means of the method deseribed i the
previous paagraph. The forees are then s o
cive the resultant vertical load on the forcbody =t o
specificd number of points in tine, I-'n::.!l_':A the
amphtude and duration of the load are estiratod
when this is approximated with a half-sine funeton,
which is a convenient form for the purpose of cal-
culating the resulting stresses (Appendix Ao T
results in a force of short duration (approx. 12 2
see ) and of significant magnitude in most condi-
tions

In the previous paragraph the non-linezr f.
of the hydrodynamic loads due to bhow flare
mentioned. We now assume that the hydre
impulse, beyond that obtained by hnear theory,
sitch that its effect upon the ship motions is
aible. This implies that relative motions as ©ound
by linear theory are applied in conjunction witl th

above impact theory.

This assumption combined with the

yorotes

wave  approximation leads to a probable over;:
diction of the loads in accordance with maodel tosts
i results from our computer nrogram ave

to
been compared.

2.2 An idealized stochastic deseription of loads in
random head waves

As described in the preceding section, the hye
dynamic force imposed upon a strip is governcd by
the vertical relative motion and the vertical relative
veloeity. In a stationary state of (irregular) waves,
the time functions of these two are random variables
which can be defined by a variance vs, frequency
(&) spectrum, f1g. 4, and their single ampliti ies

SPECTRAL
DENSITY
F =032
T =6 sec
10 Te= 2/ we
PER{QD OF
WAVE ENC

Fig. 4. Response spectra for relative motion and
velocity.

M and RV have a probability of excecdance des
cribed by the well-known Rayleigh distribution. Fos
TN this distribution reads:

Novv s Wawitioe B oo oaein




Q(RM =1) =exp ( ; )

RA (%) RM P I\ (6

where: Employing the method explained in paragraph 2.1
A e e : . ' St the vertical bow foree by | corresponding to a given
ol 2Z0) s the prohability that RM shall excesd padr (RML L RV ) can be caleulated. Since this foree
the value r. will increase monatonously with increasing RM (and

l"R‘\l is_half the variance of the time signal R\t readily deduced that the probability of ex-

BMt), 1o half the area under the res ceedanee for the bow force is:
ponse spectrum for RM(t)

QeFy )= Q(RM) = Q(RV,) (7
We consider now for simplicity incoming waves
from ahead only, producing time variations of rela-
tive motion and velocity which are idealized as This relutionsnp provides a possibility to establish
follows the probability distribution of Fy as follows: |
For several levels of bow immersion, i.e. for seve-
The time variation of the ideahzed relative mo- ) ,‘ ¢ ‘ : e e : , I
; . ; ral values of KM, the corresponding magnitude of
tion consists of triangular cycles with a unique B e T 5hal . By :
wied. This period is taken to be equal ta the W5 BB, A0y HroDaitits e
l“lf 1 r' gt ¢ T. ‘f\ ; ) b .l t ‘; individual levels of RM is obtained from eq. (H),
rinad ol encounter Wi rOrresp as 3 . - L aye -
| pe A A "' HREL P ARRUSN (CORTEopit: O 1 which in view of eq. (7) yields the probability for
| peak of the relative motion response spectrum, see ) : y ’ : . :
I t ' exceeding the corresponding forces EFy-
| ig, 4.
The time variation of the idealized relative velo-
city is periodic with the same period T'p as the 3. Hull responses to bow flare forces
reintive ”"'t:”"‘ ""{““‘{“‘“"“ of this assumption hydrodynamic force acting on the hull entrance
is obtained by considering actual response spect- iy cause an acceleration of the ship and a distri-
ri‘)' ) S L ) ) bution of bending moments along the hull. The
The ”f"p]m“"'? ]“\_I and RV as 'd""‘l”',"} follow t‘h' simplest approach is to consider the hull as rigid
Rayleigh dr"t“h”tm" for the actual EM and RV ;4 with uniform mass distribution. However, ex-
peaks, eq. . perience has shown that impulsive forces of the pre-
The simplification that RM and RV have cqual sent nature ave often accompanied by hull vibration.
periods, which are also invariant in a given sea sta-  The somewhat more complicated approach taking
te, leads to a fixed relationship between correspond-  hull deformations into account may therefore some-
ing pairs of amplitudes RM and RV: times be required. The present section presents some
*10” 05 10 20 40 80 RM/L 3
oggggg L % ]l' FL 1 23 11 1 IS N (S 15T N 1 1 1 3
0.99950 o {
0.93900 e !
] 0
0.99000 A BE S
| : |
4 : i :
0.90000 - T Fra
| | \\/
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l Fig. 5 Elucidation of the procedure employed to

derive the bow force probability distribu-
tion.
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alternative ways of estimating the bonding mani nts

and accelerations

5.1 Rigid, unitorm hull
1f the ship is considered perfectly rigid, the heave
and pitch motion caused by the vertical bow faree

will be determined by

(M4 MIZ(0) - Fy (8)
1o =F, L2 (9)
where

A = ship mass

A = added mass of water

Z  =vertical ucceleration at centre of grani
supposed to be located amidships

I = vertical how force, function of time
vertical moment of inertia of the sh:
added mass of water = (M + M) L

= pitch acceleration

0!
'

ship length

-
n

The vertical acceleration at a distance x from
amidships during the force action is

Zo=2+xo=(1+ox/DE/(M+A) (1)

The bending moment at a point X' is fou
2 t

summing up the moment contributions fron

force and the forces of inertia from the bow to the
point X'

L2 -
M, (N)=(L/2-X)F - TmZ(x) (x-x)dx LY
X

M, (1) = vertical bending moment at x =\’

m = ship and fluid mass per unit length = (M + M)/L
Introducing 1 1 (11) gives the ben mo-
me ot
B ‘ L N P
Myt§)=5(1 +2§ - a¢° 82} F L (12)

where £= x'/L. A plot of the function M (§) FL1s givenin
Fie Al as the curve obtained for the hull with infinite

natural frequency.
Maximum hending moment is:

My max =0.148 FyL for=x/L=0.167 (13)

The huoyaney forees and the corresponding acce-
leration component do not contribute to the bending
moement when the ship is approximately uniform.

A2 Flexible huall
The bendimg moment of the ship induced by bow
fhare forees may alio e studicd in terms of normal

a3

1

mades This method covers the vigid hall on by

lotting the natural fregueneics apianonch infindg e, bt
offers also thic |‘v-'»n1)-|ll|_\ to stedy the effect of thox-
inhity an the bending moments

The vartical motion of the ship may in goeneral b

written
Z(E.0=2q, (0 Y;&) (11
Fhe mode shape functions Vi are chosen to be

dimenstonless and with unit value in the bow. The
coordinate g therefore deseribes the bow displace-

ment in moetres

The 1index 1 can be chosen as the number of nades
of the mode. i 0andi 1 thus describe the heave
crd pitch modes respectively. However, since the
Pendine moment will now be deduced from the de-
formations, these two modes may be omitted, b
they do not contribute to the deformation. The
cummation will thus be taken overi = 2,3, £, - - - N,

wresponding to the 2 node, 3 node

caus

N node

ieformation of the ship as described by the
Liferontial equations of the normal coordinates.

q .‘Gl:h { wi’qi=l~'v(t)/rl (15)
where

a; = damping factor of mode i

w; = arcular natural frequency ot mode i

I, =inertia coefficient of mode i.

\When the how force and ship deformation is zero
up to time t 0, which may always be realized, a
ceneral solution of this equation is the convolution

| t e
qip ()= 'i-‘, f e @t 1) sinw;i (1-7) Fy (7) d7 (16) -4

Now the vertical bending moment of the hull at a
location x = &L is expressed by the normal mode
representation through
My (§.0=EL L? D

v (s gt o () E“'

§ B &G L g0

=2 Wili Qg2 0
where EI is the vertical bending stiffness module at
the location x = £ L. This expression is vahd for an
arbitrary vertical bow force process and also for an
arbitravy distribution of mass and elasticity along
the hull. One has to determine the shape of the na-
tural modes, the natural frequencies and mass coef-
ficients, which is a standard problem with many
tools for solution. In addition one has to find rele-
vant values for the damping coetflicients in the cases
when the solution is sensitive to damping.

sinw; (1-7) by (M d7

2.2 Fleaible vnitorm holl, semisinusoidal focee
™ oorder to study the influence of flexability, damp

Noriceqgran STartlive Research




b) INSTANTANEOUS BENDING MOMENT

al FORCE CYCLE

‘ -4 0 0i6 07
98
0¢
09 0.C8
03
10
' 004
1
12
0

DIMENSIONLESS SAGG. MOM. M, /FL

6 @65 1=
TIME

emisinusoidal force of duration 1.255 1s
shown in a) In b) s displayed the bending
moment profile along the hull at difterent
timeas during the force cycle

(Uriform hull)

ing cle on bow flare forces, it is convenient to
investigate a particular ship force model where the
bowline moment is obtained as an analytic ¢xpres-

sion

For this purpose a uniform ship will be studied.
Unitarm ships have been thoroughly investigated by
previous authors, for instance by Bishop etal. 6,7/,
derrvation of the bending moment 1n this case
is given o Appendix A

Among other parameters, the bending moment
ind! I by the bow flare force will depend on the
flosabihiry of the hull and the damping of the normal
vit rations. As o measure of flexibility or stiffness,
woe o miay use the natural frequency of the 2-node
vibration, =@y 27 | As a measure of damp-
i, the damping ratio X = a/ w will be used, and this
quantity will be assumed equal for all modes,

For this part of the investigation a real case will
be considered where the main parameter values are:

Duration of how force 1.25s
Two node mode natural period 08 s
Two node mode frequencey 1.25 HZ
Damping ratio 0.02

The beneding moment is given dimensionless with
respect to (foree amphitude x ship length).

Tiee distribution of bending moment along tie hull
durin: the foree eyele is displayed in fig, 6. It is
obecrvod that the bending moment contains an im-
pulse component which propagates hackwards along
the bl during the force action The maximum bhend-
g monent isoseen approximately to coincide with

0.20 A 06
0.16 5,

0.12

2-NODE FREQUENCY 125Hz
DAMPING RATIO 0.02

~ 07
/05

the maximum force. The largest bending moment

value is 0 108 and is experienced at about & = 0.1,
These values correspond to a bhending moment of
0.148 at ¢ 0167 in (13 which was derived for a

perfectly vigid hull It as thus scen that the flexibi-
Ity cives an amplification of 34 < of the maximum
bending moment in this case

To study a rather more closely how response depends
an r‘x;_;x\li.:_\', the midship bending moment is plotted
against the 2-nede freguency in fig, 7. It 1s observed
that for the present force the influence would be
nechgible at o natural freaneney of 2 Hz, This vesult

Bortar

indicates the rule that if a bow force has s

duration than 2 1, natural 2-node periods, the tlexi-
hility should be taken into account.

The response curve in fi 7 s indicated for some
alternative values of the damping ratio. The actual
values of the damping ratio for real ships are known
to lie between O and 000, See for instance /8. In this
range it is concluded from the figure that the bend-
ing moment is only slightly dependent on the damp-
ing.

To investigate the transient vibrations induced by
the bow foree, fig. S8 has been preparved. This figure
shows the midship bending moment induced by the
how flave force of duration 120 s It appears that
the amplitude of the transient vibration is only
ahout 1,10 ot the response within the foree action
period. In this vespect the bow Torcees studied herve
arc of a quite different nature from the slamming
foree and whipping response

SRR
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Fig. 8 Time vanation of midship bending moment

4. Application to fast cargo ship in various

sea states
The previously mentioned computer program has
been employed to calculate loads and bending mo-
ments on a ship which was seriously damaged some
vears ago. One of the most striking qualities of the
ship is the small stem angle (~ 47.57) giving rise to
tremendous vertical impact forces. The ship had
further an extreme bow flare and a relatively l\igfil
maximum speed (~ 21 knots). '

Fig. O shows the body plan and table 1 gives the
relevant ghip data.

The main objective of this application is not to
present quantitatively reliable resnlts for this parti-
cular ship, but to indicate how various parameters
such as sea stade and ship speed may influcnee the

resulting wave-induced bending moments and stres-
ses, and how these moments and stresses vary along
the hull, The influence of bow flare shape is not con-
Wered but an indication of the importance ot this
feature 1s given in appendix B.
The foremost quarter length of the ship
divided into 11 vertical strips of equal length.
The relation between vertieal relative motion RM
and vertical relative velocity RV for «triangular
waves was given in eq. 6. These relations were
determined for five conditions consisting of two
ship speeds combined with three sea states by means
of a comparison of the response spectra of RM and
RV. The wave period corresponding to the common
peak value T, was then used in eq. 6 (see fig. 1).
Jetween 5 and 12 values of M (and RV) were
uced as input to the computer program, cach vahie
of R miving one value of vertical impact foree 17
’ \Y
for constant ship speed and sea state.

was

L1 Calenbated longitudinal stresses in deek

Three sea stades were seleeted to demonstrate th




antivence of ditferent wave heights and wave periods
on this Kiedd of loads and responses
These sea states were chosen from three reason-
Pheovalues of sigmibicant wave height H oy sudjeet
to the convhition that the chavacteristic wave stoep
ness number s should he 120, where

Hy/3

R CIx)
g =1
!

Two s speeds were considered, the highest one

to about 20 ¢, above the maxurnum

cOry sy
1 of the

spoeed o wtnal ship.

The ifterent conditions ave specified and histed in
tahl

[SK\ STATE AND
SHIP SPEED i
Becaniusbanun IS § T S & 5 Ty g
= & & n
CONDITION
A\'!'
1 018 15 19
2 018 15 32
3 036 20 19
1 036 2.2 32
5 055 27 10

Fable 2 Considered conditions of ship speed
and sea state

Note that max. ship speed is omitted for the worst
seistate, sinee it would represent a too unvealistie
case.

The mosimum values of the bending moments
alon: the hull as given in eq. 17 are shown in fig
10 for the five conditions. The values given are the
me st pretable largest values in a time period of
about 1 hour. In order to indicate the variation of

‘P His
—_— 9."\
— &mn
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N

Fig 10 Most probable largest bending moment
amplitudes during one hour, at different
positions atong the hull
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Fig 1l Probabdiity distribution of vertical bend-

ing moment at about L/3 aft of F.P.

>

the bending moment for different probability levels
fi.. 11 is preparved, where the method of least
squares = employed to fit the computed values to
straight lines.

On the hasis of the calculated bending moments
and actual sectional moduli the bending stress distri-
bution in deck was computed and the results are
Civen in figs. 12 and 130 Again the probability level
used corresponds to one exceedance per hour.

iz, 12 reveals that maximum stresses should
occur hetween 1.8 and L4 from F.P., which is in
agreenment with the damage picture of the actual
ship. It also indicates that the computed stress level,
althouy this should be considered only as an order
of masnitude, is rather high.

Actually, it is several times higher than the ordi-
nary w bending stresses in the considered sea
states; d it might be high enough to produce
bhuckling and even vielding of longitudinal strength

clements in the deck.
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Fig 12 Most probable largest longitudinal stress

in deck during ona houwt
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Fig 13 Most probable largest longtitudinal stress
in deck (during one hour) at L/6 aft of
FP ( wherceo o ). Influence of sea

max -
state and ship speed.

4.2 Intlhoence of ship speed and sea state
It should he
affects the |
o Maximum amplitudes of stress in deck for the
ds are therefore shown in fig. 13 as a
tion of sigmficant wave height Hl/j'
effect of a speed reduction under heavy sea
vonditions in order to prevent high stresses in deck

vident that the ship specd strongly
s impact forees and associated stres-

<hi

D Spee

The

considerable
i

s
12 also shows that for a given ship speed the
stresses will imercase progressively with increasing
eicnificant wave height. At ”l 3 < 3m the stresses
ave relatively moderate. This nonlinear behaviour is
easily understood in view of the strong influence of
how flare slope :]!‘ which increases with distance
5 i
from terplane) velative
(FxRVIx H l,.}: ). as discussed in Appendix B

the wa ind  the velocity

1.2 Nature ot statistical short term distribution of
stresses produced by bow impacts

By means of the method of least squares a straight
line was fitted to the calculated bending moments of
cach condition on the Weibull preb. paper. This re-
sulted in a fairly good approximation (fig. 14) and
the results may therefore be expressed by means of
a Weibull distribution, i.e.
QMy =X) Zexp (- (X/A™) (19)
where the parameters A and m are displayed i:n
Table 3 for the various conditions.

When these parameters are determined it is pos-
sible to estimate the most probable largest bending
monent during N responses by setting Q = 1/N and
thus obtain:

(COMPUTED VALLES!

000 R MS-CURVE &L
|
Qs g
1 |
1 |
- UM T e et W 52 £ [ IR e e T g B . 1 S e —~<l
«1c" G5 1 S J ™ -
aL
1. 14 The fitted straight line compared to the
computed vaiues
COND. NO. A m
3 0.00037 [ART)]
2 0.000-44 004
& 0.0027 .85
' 0002 Q.77
) 0.0048 0.86
Table 3. Parameters of We:bull distribution fitted

i

to computed short term distributions of

hending moment

1/m
MY max = AUnN) XM

This equation is valid provided that the sca state
may be considered as a stationary wave systom, ie.
as long as the short term parameters A and m are
constant.

It wiil be noticed that the exponent m is found to
be ~ 0.85 on the average, while m = 1.0 would give
in exponential distribution. This

¢ a direct proportionality between the bhow im-
pact force (k) and RV would, since RV is Ray-
leigh-distributed, result in an exponential distribu-
tion for l"v.

s reasonable,

S

5. Conclusions
(1) Both full-scale measurements and calculations
indicate that stresses due to bow flare impact
can attain considerable magnitude in the entive
forebody. Maximum stress occurs about L6 aft
of fwd. perpendicular.

Hull flexibility must be included for proper
evaluation of stress responses to bow flare
forces. Caleulations show that a dynamic ampli-
tication takes place when the foree duration
matches the natural periods of the hull,
Increasing wave steepness, ship speed and ver-
tical relative veloeity at bow will tend to in-
the stress responses strongly, The in

(ii)

(i)

crease




thuence of ship speed s relatively much stron-
sor at severe sea states

(iv)y The how flare impact foree increases approxi-
mately in proportion to the slope of the ship's
side (slope of flare).

(v) It appears that the short term distribution of
loads and stresses due to bow flare impact can
reasonably well be described by Weibull proba-
bihty distributions.

Appendix A: Response of uniform, flexible hull
exposed to semisinusoidal force

In the case of a uniform, flexible hull, the deforma-

tion maodes are the same as for transversal vibra-

ticrs of o slender, uniform bar free at both ends, viz.

= -
cos 2N umh,)l\;
e e NI R G
2cos §; L/2 2eosh B L/2
"'Il('\) = (:\.1)
sinJ3; x sinh3; x
2 i : .
e ik = =305

0B L2  ing; L2

m
Bi =51 Qi-1) i=2,3,4,-

N:zgleeting the buoyancy contribution to the res-
toring torces, one ohtains the eigen frequencies as

w;? = EI L ;% /(M+M) (A2)
where (M 4+ M) is the total mass of the ship and
«l mass of water.

The inertia coefficlents '!‘l are

Ti=(M+M) [ (E)dE

~
T ) L o] 5
Lcuszﬁl B2 cosh*f; 1/2
(A.3)
(\H\l'.r’—;'—.” . 5 l,' - ti=3.5,7
fsin® 3; L72 sinh= g L/2_|

which is approximately equal to (M4 M") 4 for all

As a bow force convenient for the analytic study,
a semisinusoidal forcee is chosen, viz.

F, (1) :’ Fy sin £t 0<t<ltp=m/Q2 (A.4)
0 otherwise

The force is displayed in fig. 6a.

A similar force applied to piano string excitation
has been used by Lord Rayleigh 9/

When the expressions (A1) through (A.4) are
intvoduced into (17) and the integral is solved, one
arrvives at the bending moment on the dimensionless
form:

M, . o5’ "
.. }; > e - (1 D)
FL =2 LI(E) D|2 li(”

In this expression the quantities l).’ in the domi-
notors are the impendance-like espressions

D;? = a@;* 4+ 20 (w? +5P) +(w;? =2 (AB)

Herve the two first terms ave mainly determined by
the damping which is in general small. The last term
thus indicates that the bow impact force may give
rise to very large bending moments if the force
duration matches ane of the natural half-periods.

The time dependent functions F, (t) in (A.5) ave
defined in the time interval when the force is acting,
as

Fi(t)=(w? -~ % +a%)sin Rt - 2a; Reos Nt
(1\.4)
3 [T > 5 - .
¢ £ Hw;” §2- a;”)sin wit -2a w,; coswy J

0 <<t <m/2

This expression shows that the bending nioment
consists of une contribution (the two first terms) .
which follows the bow force with a certain time lag,
and one contribution made up of transient, natural
vibrations. ‘
In the time after the force has disappeared, the
time function is
(A.8)

3 a;t )
Byt) =& ‘}al S2(e s cos (gt - Tw;/§2) Fcosw;t)
) J

sin (e t — 7w/ 82) +sin @y t)]

7/A<t <o

which is only a sequence of natural vibrations.
The position dependent functions gi(si in (A.D)
are defined as

coshf; L& cosf; LE
4 i:2‘4.()"‘
cosh; L/2  cosfj L/2

s tr) 49
115 B2 T, sinh3; L¢ sinf3; L&
i — e {2357
sinhG; L/2 sin§; L/2

These functions have the property that their sum
converges towards the bending moment distribntion
for a rigid bar obtained in (3.5), that is

oo
b Si(5)=l. (1428 - 482 —8§3) (A.10) :
This can he concluded from the fact that perfect '

rigidity is obtained by letting the cigen frequencies
wjapproach infinity in the equations (A.5) through
(A.8) which leads to (A.10).

Appendix B: A simple model for investigation of
blow flare effects

With reference to § 2 the conservation of momentum
principle iimplies that

M Vg = (M) VY (BD)

such that the bow impact r““""l.nnp may he written
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