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ABSTRACT

This report summarizes experimental research to investigate

the possibility of a physical upper limit on midship bending moments

being reached in regular waves of height significantly less than the

theoretical upper limit of stability forprogressiv~ wave$ (~~ = 1/7)”

The experiments included variation of ship type, of distribu-

tion of loading and of freeboard as model parameters. The ship types

investigated were a modern cargo vessel, a large tanker, and a mod-

ern destroyer. Each model was tested at various speeds in regular

head and following waves of several different lengths and of a wide

range of heights.

No significant upper limit of bending moment was found.

However, the study establishes more firmly the grossly linear de-

pendence of midship bending moment on wave height, even for ex-

treme wave heights which may be encountered in service. These

findings strengthened the case for determining design wave bend-

ing moments on the basis of statistical analyses of ocean waves

and/or resulting bending moments.
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INTRODUCTION

khowledge for design purposes of extreme
wave bending moments on ship hulls in irregu–
Iar storm seas is restricted to a relatively lim-
ited number of full scale ship observations,
Efforts are currently being made toward deter-
mining design wave bending moments on the
basis of statistical analyses of full scale and
mods 1 data, an approach which requ~res consid-
erable expenditure of t~me and funds.

A possible alternate approach was detailed
in Ref. 1. This approach involves the use of
models in vary steep tank waves to determine
if a physical upper hmlt on wave Ixndlng mo-
ments exists. An abbreviated p]lot study em-
ploying this approach was conducted, and the
results (reported in Ref. 1) indicated that llm-
iting kend~ng moments might h reached in reg-
ular waves of a height sigruflcant ly less than
the theoretical upper limlt of stability for pro-
gressive waves.

The present investigation was lnit]ated to
see if the indications cited In the pilot study
would apply more genera lly. The program in-
cluded a broad variation of wave lengths,
wave heights, and ship types, and Included in-
vestigations of the effects of radical altera-
tions of ireebaard and we~ght distr~butlons in
one ship type. A moderate variation of mode 1
speed In head and following waves was also
included in the program.

The methods used agd the results obtained
in this study are contained in Refs. 2 and 3,
This report constitutes a summary of the mate-
rial in those references.

MODELS AND TECHNIQUES

A relatively full account of test technique
is contained In Refs. 2 and 3. The general
methods followed those developed at the David-
SOn Laboratory and elsewhere over the last ten
years. All test work was conducted in DL
Tank No. 3 (300’ x 12’ x 6’) in which only the
head and following wave cases are possible.
The significant difference between the present
and the past experimental work was in the
steepne:-s of the waves employed.

Figure 1 illustrates the severity of the test
conditions. The pictures are selected frames
from two motion picture sequences. Each col-
umn of pictures is from the same sequence and
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FIG. 1. MARINER

d

SPEED: ~ Iixo’:s

(MODEL .2251 A-VI)
WAVE LENGTH: 1 .z5L -- WAVE HEIGHT/
LENGTH: 1/9 HEAD SEAS

shows the model at intervals of abcut one-fifth
the wave encounter cycle in waves of height
abut equal to one-ninth the wave length. Fig-
ure Z indicates schematically the tank test set–
up and the method of towing and restraining the
mode 1 to motion in a single plane . Figure 3 i 1-
lustrates the method of connecting the two
halves of the mode 1 with a moment balance.

The se Iection of particular ships to mode 1
was based on the philosophy that they must re-
present good current practice in design and be
of a type hkely to appear in quantity in the
future. Three investigations involving changes
in mode 1 parameters were carried out:

1. Variation of weight distribution in
type

2. Variation of freelmard in the same

one ship

ship type
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FIG. 2. SCHEMATIC OF TOWTNG APPAR4TUS .
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3. Two additional different
parison with the first

I
;

INSTRUMENTATION

ship types for com-

The frost ship type chosen as part of all three
investigations was the Mariner, Fig. 4, which
well represents current high-speed, dry-cargo
ship design. The second ship type was that of
a giant tanker, Fig, 5, representative of cur-
rent trends in bulk carrier design. The third
ship type chosen was a destroyer, Fig. 6.
Two extreme variations of weight distribution
were carried out on the Mariner model, and one
variation of freehard was also carried out on
this design, Fig. 7. Table I summarizes the
characteristics of all models tested, and fig-

IWAVE
●ROBE

.
_.>.,\,,.. . . .. . . ,:. , .-.

17---77

FIG . 4. MODEL DRAWING, BASIC MAFUNER
HULL - MODELS 2251A-~, 2251 A-V2, 2251 A-V3.

ures 8a and b show wsight distributions employ-
ed in the models.

TEST PROGW

A pre Iiminary test indicated that fine cover-
age of all speeds in head and following waves
was unnecess~y. In addition, the magnitudes
of the tow forces invo Ived when the first mode 1
was towed at high speed in extreme head waves
indicated that the highest practical Fro ude
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FIG. 6. MODEL DRAWING , MODEL 2130-
IXSTROYER.

\

!0

LwJ
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FIG. 8a and b. WEIGHT DISTRIBUTIONS.
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fi>minalModel Scale

Length oh 20 Stations.inches

bar. inches
Draft Inches

D:splarcment , Pounds. F.W.
~,/q

Cb

c~

L/: L/i~)*. Esisr

Lc3, 7 Station Lemgth E“sm X

Oyradlus, $ Station Length

Natural ?1 tehing Period, ScC.

Natural Heaving Period, Se=.

Natural Prequeney or Vibration, CPS

R“eeboards: Aft, Inches
Fwd, lrrhes

V. C.G. , inches

Hfi= H2D5, F@ SE?’ION

Weight, lbs.

LCG Fwd X , lrrhen

VCG, lnchea

K_ . $ Station knKth/2

WelEht. lbs.

LffiAft M , inches

VG, inches

K~, $ Siation Lengthft2
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TABLE 1. MODEL CH.ARACTEHSTICS .

2251 A-’V’-1

?&rl ner

rlsslm
>2C. O

1:1OL

60, c0

8.76

3.20

38.1

2.72

0.61

0.98

1110 .,

1.h2 Art

24.3

0.70

0.75

16.5

2.30
JI.05

3,3b

17.9

12.10

3.32

26, g

20.2

12.32

3.37

25.5

Mar5ner

Cargo h
570.0

1:104

60.01

fi.76
3.20

38.1

2.72

0.61

O.*

14C
1.45 N’t

15,9

0.60

0.75

17.2

2.3o
0.05

3.14

17.9
6.o4
3.U6
211,8

20,2

6,93

2.85

21.8

Mariner

car&o-mks
5?0.0

1:104

60.00

8.76

3.20

38.1

2.72

0.61

140

1.*S Art

30+3

O.sc

O,m

14.1

2.3o
4.05

3,36

17.9

15.88

3.43

28.2

20.2

15.72

3.30

32.0

17.9
12.10

3.34
26.8

20.2

12.33

3.44

25.5

~
Gla./t
Ta>Kcr

WS1$R
E95. o

1:179

60.00

8.85

3.26

52.0

2.70

C.BO

0.99

172

0.32 FwC

22.7

0.70

0.80

13.7

1.%
2.52

2.62

26.6

1~.46

2.6o

23.2

25, k
11.59
2.65
25.2

:] 7(,

De=Trcye:

Dezi&r.

3E?, c

~:L7,~>

65. j
7.30
2,32 ?wL?
2.6& Aft

25.1

.?.92

0.55

62

3.:3 Art

23.4

0.60

0.65

10.7

1.37
3.4k

1.23

11.2

12.08

1.o6

23.9

13.9

14.56

1.37

25.6

numkr would not be in excess of O. 13. The of moment, motion and wave amplitudes . The
pre Lminary test also indicated that the situa-
tion where the model was drifting helplessly
astern under the influence of extreme waves
was a practical case worth investigating . There
resulted a standard test program for all six
models. This program is summarized in Tables
H and 111. It may he noted from the tables that
each model was tested in five speed-heading
combinations in waves of five or six different
lengths. As full as possible a coverage of
wave heights was attempted. In all, approxi-
mately 1100 test runs were made, and out of
these about 600 runs were selected for analysis.

DATA REDUCTION

Each run resulted in an oscillograph record
of midship bending moment, pitch, heave and
wave elevation. Because of the steepness of
the waves, only a nominal regularity was ex-
hibited in the tiaces and it was necessary to
average the maximum and minimum excursions
of a numker of cycles to arrive at an estimate

averaged measurements were suitably non-
dimensional zed and grouped according to
model, heading, speed and wave length (shut
120 groups in all). A mean curve was fitted to
each set of test pints representing the varia-
tion of moment or motion with wave steepness.
Figure 9 and Table IV are sample pages for one
test- qroup from Ref. Z . All fitted curves were
terminated before representing an unreasonable
extrapolation of data.

It was found in the initial stages of the
analysis that the moments measured at zero
speed in head and following seas were nearly
enough the same that analysis of the zero-
speed following-sea case could be deferred.
An analysis of the transient kehavior of the
moment measuring system was performed and
it was oancluded that the amplitudes of moment
indicated on the remrds would include little,
if any, of the effect of sudden impact.

In order to compress the data, summary

.-
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TABLE 11. TEST PROGRAM MARINER MODEL AND vARIATIONS .

●

Model 2z51A.v2 Hull as Designed
I,cargo,’ Mavcd Amidships

I Speed
Wave Length /klodel kngtb “

Fleadmg c~ags~. .50 .i5 1.00 1.25 i.50 1. ;3

1800 Zero 5* 5* ( 5* 5* 4*
,, Forward 4 5

*
5 4

,, Driftinz 6 b * ,5 4
~o

Zero 5 5 5
!,

Forward 5 5 5 6 4
Hull as Designed

Model 225 lA-V1 Model 225iB Radical Increase m Freeboard
Design Weight Distribution Design Weight Distribution

Wave Length/ Model Length
Speed Wave Length/Model Length

Speed
Hedchng Classif. .50 .75 1.00 1.25 1.50 1.75 Headng Claus if. .50 . 75 1.00 1.25 1.50 1.7
lbl)o Zero 4 6* 7* 8* 8V 3* 1800 Zero ● 5* 5* 5* 4*

,, Forward 4 b 5* 5 b ,, Forward 4 5 5* 5 4
,, J3rlftinK 415 5*5 _4 ‘1 riftinp

b
-~

4 5 5* b 4
0

7*?O 4

‘h

—&_l-_ —. .–Q,?_ kero 5 5 5
,! Forward 4 I–7 5[5 4 ,, urwarti 3 5 5

I Hull as Des, gneci
Model .Z251A-V3

“Car Ko ‘z Moved to Ends I
Wave Length/ Model Length

Speed
Heading Classif. .50 .75 l.oq 1.25 1.50 1.75

180: Zero A*.; -::...
~,* 5* ~:

,, _4_!.L -...5* 5 4,1 Driftin E 4 5 ~+ 5 4

A_. —._ ._Zero 5 5. .—
!, Jorward 5 5

TABLE III. TEST PROGRAM GIANT TANKER AND
DESTROYER MODELS .

Model 2251D GIANT TAN3UCR

I I
I

Wave Length/Model Length
I Speed , , , , , I

Headm - Clas sif. .50 .75 1, 00 1.25 1.50 1.75

80 0 Zero 4 5* 6* b* 6* 4*

Forward 4 4 5
* 5 4

,, 5*
~riftin~ 4 5 5 4

0° Zero 5 5 5
,, Forward 5 5 5

Model 2130 DESTROYER
I

I Wave Lcn Eth/Model Length I
Speed

l-]He tins cla~sifc .50 .75 ,1.00 1.25 1.50 1-75
1800 %rg –.—_ 1. 4*,JL I 5*15*14*

,! JFgrw_azd _.4_ 5 5* 5 4
,, Driftin~ .+_. ._5 J*_ .2 4
c)-–” “- z;;-- ‘- 5 5 5—— —- — .—. ----

,, Forward 5 5 5

a. Numberfi m the blocks indicate the number of good
rune c.btalned in order to cover the range of wave
height. Blank* ind, cate no run& attempted.

b. *indicates a motion picture record of the model
in the highest wave.

a.

b.

Numbers in the blocks indicate the number of
,goori runs obtained in order to cover the range

of wave heights. Blanks indicate no runs
attempted

*
Indicatefi a motmn picture record of the model
in the highest wave

plots of the famed hnes for moments and mo-
tions for each model, heading and speed were
prepared. Figure 10 is a typical bending mo-
ment vs. wave steepness PIot, one of 24 such
plots appearing ~n Refs. 2 and 3. All kending
amplitudes are referred to the midship moment
exlstlng In the model afloat in calm water; that
is, wave bending moments only’. The scale on
the right of Flg . 10 lS compensated for the stlll-
water moment for 1llustratlve purposes.

A. Differences Between Models

While not a primary object]ve, a measure of
the var~ation In bending moments from model to
model was obtained and exhlblted ]n the form
of cross plots, examples of which are shown in
Figs. 11 and 12. (Moments for SPeClfl C SteeP-
nesses plotted on a base of wave length. ) One
finding In the analysis of differences between
mode 1s was that a particularly important mode 1
variable is the average moment of model weight
abcut amidships. This influences wave kend -
ing moments because It appears to be the major
model var]able In the component of moment pro-
duced by pitch and heave accelerations. The

-.-. ,.“ —m,--. —,.. .-...= - .— .. . . . . ... . .. ——..- . . . . . . . . .

. . .
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MODEL Z2<IA-UI TEST GROUP 1.1122125
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FIG. 9. SAMPLE TEST RESULTS.

net bending moment is considered to be the
algebraic sum of the integrated hydrod~amlc
pressures on the hull (here termed “hydrodyna-
mic moments”) and the internal reactions resul-
ting from the acceleration of the model. The
signs of these components are opposite and
thus if the hydrodynamic moment remains con-
stant, a greater mass acceleration moment may
result in a smaller net bending moment. The
test results supported the hypothesis that
hydrodynamic moments were roughly cnnstant
since wave bending moments decreased as
weight was concentrated more towards the enck
of the model. (Unfortunately, such action ad-
versely affected the seakindliness of the mo-
del. ) Conversely, when weight was moved to-
ward amidships, moments increased (and sea-
kindLiness was improved). Figure 12 shows
the net bending moments and the derived
“hydrodynamic” moments for the four Mariner-

MODEL 2251 A- Vl, hIARINFR, PARENT

MODEL HEADING: l&c~, HEAD SEAS

APPROX. MOOEL SPEEO : vl~- 0,0

L/7
+

.Dol, _
L/lo

+
- ,001

.001, - *

:
.0012 -

I 50

,0010 ,’

*- .OoOn- L/20

$TA1 IL I —- ,.00

,000s -

—0
,000, –

,Wz -

0

,oOOr -

.W04 -
2

.Oooa – I
.001

Boo, -

<

,0010

,Oolt

,0014

.001,

+
HOG—

- .002

1 1 I 1 I 1 1

+

FIG. i O. SAMPLE FAIRED LTNE SUMMARY.

type variations. It demonstrates by virtue of
the “collapse” of the hydrodynamic moments
that the primary source of the differences lE -
tween net moments measured in the weight dis-
tribution investigation was the mass accelera-
tion moment.

Some difference in moments was observed
when freetiard was increased. Sagging mo-
ments were observed to increase with an m-
increase in freeknard.

It was observed that bending moments for
the three basic ship types increased ahcut in
order of fullness. Very large wave hogging
moments were experienced by the Tanker mo -
del.
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TABLE IV. SAMPLE TEST RESULT TABULATION.

B. Trends of Bendinq Moments With Wave
Steepness.

Since it was very difflcuh to generalize

1

criterion was calculated for all test conditions
abaut trends of moment with wave steepness on and the results were grouped as follows:
the basis of the 24 plots similar to Fig. 10, a

i

Class (++) 7> +.15
numerical criterion defining the shape of the
fitted lines was derived. A graphical illustra- Class (+) +.15 >y> +.05

tion of this criterion is show in Fig . 13. The
families of curves plotted illustrate the shape

Class (0) +.05 >y>-. o5

of the curves for various values of the criterion Class ( - ) -.05 >y>-.l5

Y. Because the criterion was dependent on the Class ( -- ) -.15>y
form of the equation fitted to the te~t Wints,
families of curves are shown for the two most

wide ly different equations used. The y
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EXAMPLES: NUMERICAL CL&SSIFICA-
FITTED CURVES .

These groups can he interpreted as follows:

1. Class (++) and (+): No limiting knding
moment indicated by data.

i?. Class (0): Data Indicates onIy small
de patiLure from straight line.

3. Class ( - ): Data indicates limiting mo-
ment above a steepness of 1/9.

4. Class ( -- ): Data indicates Limiting
moment below wave steepne 55 of 1/9.

Tabulated results of the classification of trends
are shown in Tables V, VI, and VII. The pri-
mary conclusions of the study were drawn from
these tables.

It was noted that the magnitudes of moments
were abaut the same for all the speed condi-
tions except head-sea forward-speed, and that
the highest moments occurred in the longest
waves. Thus for speed corlciitlo~s other than
head-se= forward-speed, it was necessarY to
have Class (--) in almost all of the blocks per-
taining to the longer waves for a model In order
to conclude that a hmiting moment was to be
expected In wave steepnesses less than 1/9.
This was true in only one case, that of the de-
stroyer hogging moments. In all other cases
such Limits es exist are indicated for w-eve
steepnesses of ]/9 and much higher.

It was felt that the head-sea forward-speed
case could be ehminated for practical reasons
so that the trends in this case were not consid-
ered in the formulation of conch slons. EIow-
ever, if the trends for this speed case had been
considered where moment magnitudes exceeded
those obtained in the other speed cases, no
essent~al differences in the conclusions would
have resulted except that the lower limlt for
destroyer hogging moments might not have been
cited.

The practical basis of these conclusions
hinges on the trend of the moments measured in
the most severe wave lengths. Lmiting trends
displayed in other wave lengths may have little
practical significance. In order to he 1P confirm
the conclusions obtained, a fresh start on the
analysis was mad? without bsneflt of fitted
hnes or numerical manipulation. Every test
p~int obtained in any wave condition and at
all of the four speeds was pIotted on a single
chart for each model. (Figs. 14 to 19). The
only differentiation htween points which was
made was ~tween those for the impractical
head-sea forward-speed case (sohd circles)
and those for all other speeds (open cmcles).

Envelopes to the scatter of Wlnts were
drawn UP to a wave steepness of 0.10, exclud-
ing the paints for the head-sea forward-speed
case. The e nve lopes were terminated at h/1 =
0.10 &cause the long wave lengths which con-
tribute many of the highest moments are not
well represented beyond this point. These en-
velopes were superimposed in Flg. 20. It can
be seen that with the exception of the destroy-
er hogging moments, the @nveloPes of all mo–
ments measured at practical sPee~s In all mo-
dels imply no limit at a wave steepness less
than 1/9 and most imply no Iimlt k low the
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TABLE V. CLASSIFICATION OF TRENDS WITH WAVE STEEPNESS OF
WEIGHT DISTRIBUTION INVESTIGATION.
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theoret~cal limlt of stability (1/7).

It is interesting to compare these results
with those of Ref. 4.. The experime nta 1 work
of Ref. 4 was quite different from that reported
herein in that it dealt with irregular mode 1 seas.
It was similar in two impartant respetis:

1. The mode 1 utilized was the same destroyer
model used herein.

z. The severity of the irregular waves of Ref.
4 was comparable to the severity of the

re9ular waves of this study.

As in the present results, those of Ref. 4 imply
that midskup bending moment ranges are rough-
ly proportional to wave steepness over a very
large range of steepness. (No distinction
could be made in Ref. 4 between hogging and
sagging moment trends). It is therefore con-
sidered likely that the trends of bending mo-
ment with wave steepness shown herein appro-
ximate those expected for significant kending
moment amplitudes in random seas of increas-

ing severity.

CONCLUSIONS

1. It appears on the basis of these studies
that design wave bending moments are es sen-
tially propoflional to wave heights which actu-
ally may b encountered.

2. The present study, by establishing more
firmly the grossly linear dependence of moments
on wave heights over a considerable range of
wave severity, has strengthened the case for
determining design moments on the basis of sta-
tistical analyses of sea waves and/or the re-
sulting moments.

3. Within practical operational and design
limits for ships at either end of the cargo carry-
ing spectrum, no significant limit on midship
wave bending moments in head or following
waves is to b expected as wave steepness is
increased up to a value of almut 1/9. The same
result is obtained for the sagging moments ex-
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TABLE VI. GLWSIFICATION OF TRENDS WITH WAVE STEEPNESS OF MOMENT AND MOTIONS.
FREEBOARD INVESTIGATION .

Hydro. }iydro.

P]tch Heave sd~ HO g

I I I I \

1--(UI

,++1,-. . 4 4 t--–t-
jo- 1 !+ + I
1+:+.

““‘-I. 0.—-—

-:-; 0,

,0.0

p=rienced by the nava 1 type but not for the hog-
ging moments; in which case an uPPer wave
hogging moment limit is suggested at a wave
steepness of almut 1/9.

RECOMMENDATIONS

The present study involved itself only with
midslmp knding moments for reasons of eco-
nomy, even though it was known that under cer-
tain conditions higher wave bending moments

● may develop elsewhere along the ship length.
It is considered of importance to ascertain if
the conclusions of this study pertaining to com-

& mercial ship types also hold for moments all
along the length of the ship. If similar conclu-
sions can b drawn for moments elsewhere
along the length of the ship, no fu!ther develop-
ment of this type of experiment would be recom-
mended.
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TABLE VII . CLASSIFICATION OF TRENDS WITH WAVE STEEPNESS OF MOMENT AND MOTIONS.
SHIP TYPE INVESTIGATION .
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NOMENCLATURE

B Maximum mode 1 beam

9 Acceleration due to gravity

H Draft

h Wave height

A Wave length

h/A Wave steepness

L Model length on 20 stations

LBP Length between perpendiculars

LCG Longitudinal center of gravity

EFA Average midship kending moment
due to acceleration of model mass

IIM Part of IiFA in phase with measured

knding moments
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