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This report is one of a group of Ship Structure Conm2ittee Reports
which describes the SL—T Instrumentation Progr am. This program, a jointly
funded undertaking of Sea—Land Service , Inc., the American Bureau of Shipping
and the Ship Structure Committee , represents an excellent example of coopera-
tion between private industry, classification society and government . The goal
of the progr am is to advance understanding of the performance of ships ’ hull
structures and the effectiveness of the analytical and experimental methods
used in their design. While the experiments and analyses of the program are
keyed to the SL—T Containership and a considerable body of the data will be
developed relating specifically to that ship, the conclusions of the program
will be completely general, and thus applicable to any surface ship structure.

The program includes measurement of hull stresses, accelerations and
environmental and operating dat a on the S. S. Sea—Lan d McLean , development and
installation of a microwave radar wavemeter for measuring the seaway encountere d
by the vessel , a wave tank model study and a theoretical hydrodynwnic analysis
which relate to the wave induced loads, a structural model study and a finite
element structural analysis which relate to the structural response, and
installation of long term stress recorders on each of the eight vessels of
the class. In addi tion , work is underway to develop the initial correlations
of the results of the several program elements.

Results of each of the program elements will be published as Ship
Structure Committee Reports and each of the reports relating to this program
will be Identi fied by an SL— designation along with the usual SSC— number. A
1 1st of all of the SL report s published to date is included on the back cover
of this report.

This report contains the structural model data and analyses of the
vessel. This report was funded by the American Bureau of Shipping in its
entirety but is included in the SL— . series for the sake of continuity.

W. M. BEN~~RT
Rear Admiral , U.S. Coast Guard
Chairman , Ship Structure Committee 

—.— -~~~~~~~~~~~~~~~~~~~~~~~
- --- . .,

~~~
-- -.— -- - --.—

~~~~— - , . - .~~~~~~



-~ 
—. — — p. — F

-

SHIP RESEARCH COMMITTEE
Maritime Transportation Research Board

Nationa l Academy of Sciences-National Research Council

The Ship Research Committee has technical cognizance of the interagency
Ship Struc ture Committee ’s rese arc h program :

PROF. J. E. GOLDBERG , Cha i rman, Professor Emeritus,, Purdue University
MR. D. P. COURTSAL , General Manager, Engrg. Works Division, DRAVO Corp .
MR. E. S. DILLON , Consultant , Silver Spring,, Md.
DEAN D. C. DRUCKER , College of Engineering, University of Illinois
MR. G. E. KAMPSCHAEFER , Jr., Manager, Technical Services, ARMCO Steel Corp.
PROF. 1. LANDWEBER , Inst. of Hydraulic Research, The University of Iowa
MR. 0. H. OAKLEY , Consultant, McLean, Virginia
MR. D. P. ROSEMAN, Chief Naval Architect, Hydronautics, Inc.

• DEAN R. D. STOUT, Graduate School, Lehigh University
MR. R. W . RUMKE, Executive Secretary, Ship Research Comnittee

• The Ship Design , Res ponse , and Load Criteria Advisory Group prepared the
project prospectus and ev aluated the proposals for this project:

MR. D. P. ROSEMAN , Cha i rman, Chief Naval Architect, Hyd.ronautics, Inc.
MR. M. D. BURKHART , Head , Marine Science Affairs , Dept. of Navy
DR. D. D. KANA , Manager , Structural Dynamics & Acoustics, S. W. Res. In8t.
MR. W. J. LANE , Structural Engineer, Bethlehem Steel Corp .
DR. M. K. OCHI, Research Scientist, Naval Ship Research & Dev. Center
PROF. W. 0. PILKEY , Department of Mechanics, Univer8ity of Virginia
PROF. J. C. SAMUELS , Dept. of Electrica l Engineering , Howard University
PROF. M. SHINOZUKA, Dept. of Civil Engineering, Columbia University
MR. H. S. TOWNSEND, Consultant, Westport, Conn.
PROF . G. A. WEMPNER , School of Engrg. .Science & Mechanics. Georgia Inst. of Technology

The SL-7 Program Advisory Comittee provided the liaison technical guidance ,
and reviewed the project reports with the investigator:

MR. R. C. STRASSER , Cha irman , Consultant, Newport News, Va.
MR. E. R. ASHEY , Asst. for Advanced Technology, Naval Ship Engrg. Center
PROF . J. E. GOLDBERG , Professor Emeritus, Purdue University
PROF. E. V. LEWIS , Director of Research, Webb Inst. of Naval Architecture
MR. J. H. ROBINSON , Staff Naval Architect, Naval Ship Rca. & Dcv. Center
MR. D. P. ROSEMAN , Chief Naval Architect, Hydronautics, Inc.
PROF . R. A YAGLE , Dept. of Naval Architecture, University of Michigan

— • — ~~~~~~~~~~ ~~~ -~~~ - -~~~—-.~ ~~~~~~~~~~~~~~~ ~~~~~ .~~~~~- —— -~~~~~~~~~ ~~~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~ 
,— .



——
~~~~~~~~~~~~~ 

-

~~~~~ 
I

1 :
SHIP STRUCTURE COMMITTEE PUBLICATIONS

These do~~ tents ar~ distrib~itgd b 1 the t~’ational Technical
Inform2tior. Ser9ice, Springfield, Va. 22151. Thcs.c dcc-
uments hz~e been announced in the Clcaringhouee journal
U.S. Government Research & De.t ’eloprae nt Reports (USGRDR )
under the indicated AD numbers.

SL-7 PUBLICATIONS TO DATE

SL-7-1, (SSC-238) - Design and Installation of a Ship Response Instrumentation
System Aboard the S.&-7 Class Containership S.S. SEA-LAND McLEAN by
R. A. Fain. 1974. AD 780090.

SL-7-2, (SSC-239) - Wave Loads in a Model of the SL-7 Containership Running at
Oblique Headings in Regular Waves by J. F. Dalzeil and M. J. Chiocco.
1974. AD 780065.

51-7-3 , (SSC-243 ) - Structural Analysis of SL-7 Containership Under Cciinbined
Loading of Vertical, Lateral and Torsional Moments Using Finite Element
Techniques by A. M. Elbatouti , D. Liu, and H. Y. Jan . 1974. AD-A002620

SL-7-4, (SSC-246) - Theoretical Estimates of Wave Loads on the SL-7 Container8hip
in Regular and Irregu lar Seas by P. Kaplan, T. P. Sargent, and J. Cilmi .
1974. AD-A004554 .

SL-7 -5, (SSC-257 ) - SL-? Instrumentation Program Background and Research Plan by• W . J. Siekierka , R. A. Johnson , and CDR C. S. Loosmore , USCG. 1976.
AD-A021337.

SL-7-6, (SSC-259) - Verification of the Rigid Viny l Modeling Techniques: The SL-?
Structure by J. L. Rodd . 1976. AD-A025717.

SL -7-7 , (SSC-263 ) - Static Structural Calibration of Ship Response Instrumentation
System Aboard the SEA-LAND McLEAN by R. R. Boentgen and J . W. Wheaton .
1976. AD-A031527.

SL-7-8 , (SSC-264) - First Season Results from Ship Response Instrwnentation Aboard
the SL-7 Class Containership S.S. SEA-LAND McLEAN in North Atlantic
Service by R. R. Boentgen , R. A. Fain , and J. W. Wheaton. 1976. 4&~ -A039752

SL-7-9, Second Season Results from S/2ip Re8ponse Instrumentation Aboard the SL-?
Class Containership S.S. Sea-Land McLean in North Atlantic Service by
J. W. Wheaton and R. R. Boentgen . 1976.

SL-7-1O , Third Season Results from Ship Response Instrumentation Aboard the SL-?
Class Containership S.S. Sea-Land McLean in, North Atlantic Service by• R. R. Boentgen . 1976.

SL-7-11, Structura l Tests of SL-? Ship Mode l by W. C. Webster and H. G. Payer.
1977. 

•

- ,



~~~~~~~~~~~~~~~~~~~~~~~ L±T ’
~ 

7•

3 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

SSC-26~~ I

L~~ LT~~~~1L_

~~~~~~~~~~~~~~~

- 
by

1~ / ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .- •~~ - --

W. C.(Websterl aM H.

1. University of California ,
Berkeley

2. Germanlscher Lloyd

1 ~~~~~~~

D D C
i~ / .“) .J ;‘j.T a \

• _ _ _ _

B C
~~

This document has been approved for  public release
and sale: its distribution is unlimited.

U. S. Coast Guard Headquarters
Wa shington , D.C.

1977
I~

.

- ~~~
--~“



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L
ABSTRA CT

—
~~~
‘ A steel structural 1:50 model test program has been conducted

for the 942—ft., 3.3—knots, SL-7 Containership. This report describes devel-

opment of the model , through the test program and then to the test results.

The principal stresses measured were longitudinal norma l stresses and shear

stresses. The model was l oaded by means of calibrated steel weights and

precision pulleys . The vertical and lateral bending responses corresponded

closely to elementary beam theory ; the vertical shear amidships pattern

appeared to have the correct shape for the known boundary conditions at the

keel and deck edges; and the torsional responses indicated that the bow and

stern sections and machinery box offered considerable warping restraint. A

finite element analysis of the model and ship midship sections indicated that

nearly the same torsional response was observed for each.
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Section I. INTRODUCTION

Modern containerships are constructed with extremely
large hatch openings in the main deck so that the containers
can be loaded into the ship directly with an overhead crane .
The tendency recently has also been to increase the speed
of these ships , thereby resulting in very fine hull forms.
The combination of these two features leads to a hull which
is much more flexible in torsion than ordinary break-bulk
cargo ships and tankers , since the ability of the open main
deck to carry shear loadings is virtually nil. Probably one
of the most significant examples of the state-of-the-art in
containership design is the Sea-Land containership SL-7.
The principal features of this design are

Length between perpendiculars 880’-8”
Length overall 9~~2’-0”Beam l05’ — 6”
Depth 6’4 ’ — O ”
Design Draft 30’ -O”
Service Speed 33 knots

This report details a structural model test program on
this ship. The purposes of this study were many . First ,
since it would not be possible to provide a large amount of
instrumentation on board the full scale ship and since the
seaway loadings of the ship are not known in any real detail ,
a structural model could provide a more comprehensive view
of the structural deflections and stresses for various compo-
nent loadings than the real ship data. Second , even though
the structure of the ship is amenable to analysis by finite
element techniques , no comparisons are available of torsional
response calculations with those of a typical ship structure .
It is hoped that the structural model data will provide suf-
ficient information with which to check and validate the
finit e element calculations , or to determine which effects
need to be included in order to model accurately the
structural mechanics. Thir d , the effect of warping res-
traint afforded by closed sections of the hull on torsional
response is not clearly known for hull forms with a signi-
ficant amount of shape , such as this ship. The test program
has been designed to investigate this specific point.

The following sections outline the development of the
model , the instrumentation , the test program and procedures ,
and , finally, the test results arrived at in this study.
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II. Development of the Model

Introduction

In the development of the actual model , the model scale
was of primary concern . From the point of view of eas e of
construction and amount of structural detail , the larger the
model the better. However , large models are expensive and
require very large loadings in order to produce significant
stress levels. A study was conducted to consider all of
these factors and a model scale of 1:50 was decided upon .
This corresponds to a model length of l8’-lO” (overall).

In order to construct a scale model so that it will
have exactly the same structural response as the full scale
ship , it is necessary to:

a. construct the model from the same material as the
ship , using the exact ship geometry .

b. scale the thickness of the material by the scale
ratio. For instance, this would mean that the
model plating thickness would be one-fiftieth of
the prototype plating thickness.

c. include all of the structural components (including
all bracke ts , plates , rolled section, etc.)

d. duplicate in scale all of the welds.

Clearly it is not feasible to achieve this perfect
scaling . Constructing the model from the same material
is feasible ; reduc ing the plating thick ness by a ratio as
small as 1:50 is also feasible , but it is not feasible to
scale the welding . Further , plating cannot be obtained
commercially to an accuracy better than +0.001” . Consider-
ing that there are literally thousands o~ pieces in the
structure of this ship, it is also clearly impossible to
construct a model including all of these pieces except at
an extraordinary expense. Further , since many of the
small er pieces are only a few inches in full size , they
would have to be tiny indeed in the model scale.
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As a result of these practical considerations , one
is forced to retreat from the concept of perfect model-
ling . This retreat must also be made along several
fronts. First it is necessary to increase tho thickness
of the structural components to reasonable commercial
sizes; second , to greatly reduce the number of parts;
and third , to simplify the complicated three-dimensional
form of the ship hull. The following sections detail
the rational steps used to perform these simplifications .

Scaling Laws

An examination of available steel plates and
feasible welding techniques led to the selection of a
plating thickness three times that required by exact
scaling . Thus if

n length of the model Lm
L length of the prototype Lp

and

n thickness of plate in the model tm
t thickness of plate in the ship tp

the values of n = 1 and n were selected.L t 50

In order for the shape of deformation of the model
to be the same as that of the prototype under loading , i.e.,
true scale displacements , the loads had to be scaled such
that the strains in the model equaled those in the prctotype .

n
~ 

strain in the model 1
strain in the prototype

The strains of the model (or prototype) can arise from
several different loading situations. These are discussed
below .
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a. Axial load . The strain arising from a given
axial force F acting on an area A is given by

F
C

Consequently ,

= (c ) mQ~~J 
=

(c ) pr o to type

where

,~ = F m
F Fp

= Em
E

= Am
A Ap

In order for n
~ 

to be unity, the force must be scaled by
the fac tor

= 
~E~A

For a distorted scale model discussed above n
A

flLnt

and f i nal ly

~E~ L~~t

b.  Bending . The bending s t rain is related to the applied
moment M by using elementary beam theory .

c Mr
El

where r is the distance from the neutral ax is
I is the section moment of inertia
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Consequently

n = n nc M r

~E~I

where n rvnr

Im
‘p

In order for n C to be unity , the moment must be scaled by
the factor

‘
~ E’~ I=

For the distorted scale model n1 ! n~ ~t 
and nr HL

The approximation requires that the ship have thin plating
with respect to overall dimensions such as beam or depth ,
a situation certainly met here. Thus

- - 
‘~M = 

~E~L~ t

c. Shear. The shear strain is related to the local value
of shear , Q, by (elementary beam theory ).

I Qm(~~

where

rn(s) = 1
S ztds the moment of the section abou t the neut ral Faxis from a point of zero shear stress up to the poin t on

the section periphery at s. G is the shear modulus.

Thus 
~Q~ m

Y 
—

For the strains to be the same , n 1. FGr3 the distorted
scale model n n 2 n and , as be~ore fl .1- n n and tl ,’is

m L t L t
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d. Torsion. For similarity of deflected shape , the
total angle of twist ,4~, must be the same at corresponding
points for model and prototype . Thus , if L~ is a distance
to a particular section (say , aft of the bow) on the
model and L0 is the distance for the corresponding section
for the prototype , then

=

Consider the total twist angle at an adjacent section
located at Lm + ~Lm in the model and the correspondingadjacent section on the prototype L + ~L . Then if the
angles of these sections are also e~ ual , ~

- 

~~Lm
) 

= 

-

‘~Lp ~L m.

If ~ L m+O~ and since we are dealing with corresponding
sections ALp-’- O also , then

where

d4
0 ~t , the angle of twist per unit length and

finally , for the distorted scale model

~ =~~m. L..
0 0~ ‘

~L

Torsional deflections arise from both free torsion
and from warping e f f e c t s .  These will  be considered
separately .

1. Free Torsion

Almost all of the free torsional rigidity arises from
the tube—like parts of the ship ’s section since the
contribution from the single walled regions (St. Venant
torsion) is negligible. The relation between O and torque ,
TF ,can be expressed as
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TF~~~~~-.~0 =
4G E A.

1.

where

t is the local plating thickness. ~ means that a
line integral is to be performed about all tubes ,
presumed in this case to be separate cells. The analysis
of adjacent cells is more complicated , but since the
result is the same , the analysis is not presented here .

is the enclosed area of each of the separate cells.

T n i-i n 2
i-i F m 0 G AWhence T F = —

Fp

where n
0 =~~~

Gm
= Gp

2

2 (EA.)
fl =

= 
(~ ds/t)m

( # d a / t ) p
For the distorted scale model 

~A
2 nL and n1 nL/nt.

Using these results and the previous result nQ 11
~ L ’ then

~TF = ‘
~G ~~~~~

2 .  Warping Torsion

The relation between 0 and the torqu TW, carried by
a structure due to restraint against warping can be written
as

TW
dx 2
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where C1 is called the warping rigidity and is define d as
m 8

C1 El (I rds)2tds,
0 o

where r is the distance from the neutral axis , as before .
It follows from the previous argument that for equal
total angles of twist

(~~dx 
= fl ..,2 = 1/n ~

~ dx 2Jp
also

(C i)m — n= (Ci)p 
—

(f m (J .s r d S) 2 t dB) m
fl
q 

= 

(f m (l B rda )z tde )p

For the distorted scale model , nq 4n~ and , l~hus ,

~ TW = (T~ )p 
= fld 2 0 = 

~E ~t~~ LH-
e. Buckling . The compressive , in-plane force at which
buckling occurs in a fla t  plate buckling is given by:

a b

where

b is the plate width

K is a constant depend ing on the plate aspect ratio
and edge boundary conditions. (the same for model and
prototype)

Et 3
D = , the f l exura l  r i g id i t y ,

12 (1_ ~~~~2)
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thus

— (Fe) m 
—

. 

____

~~~~~~~~~~ (Fo) p 
-

where n — = 
(E / ( 1 - p 2 ) ) m

~~

‘ 

(E/ ( 1-i.i 2 ) ) p

b
= M

For a scale model 
~b “L and thus

3n-. VI
= E _

Summary of Scaling

In summary , for the distorted scale model ,

Forces (criterion)

nF nEnlLnt
~ 

(axial strain)

(shear strain)

~E~ t
’
~ L 

(critical buckling force)

Moments

nM 
~ E~ L~ t 

(bending strain )

n n n2 n ( free torsion s t ra in)
TF G L t

~TW 
~E ~t

”
~L 

(warp ing strain)

If the model is loaded with forces which are equal to
(n EnLn

~~
) t imes those forces which act on the prototype ,

.- - , --

~

--
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then the2model momen ts which arise from these forces
are (nEnLn~~

) times those acting on the prototype .
The above summary shows tha t if 

~E 
nG then the model

will develop the same strains from these primary loadings
as would exist on the prototype. For simple elastic
materials

E
G = 2 (1+~ )

where ji is Poisson ’ s ratio . Therefore n E nc as long as
~i is the same for both model and prototype . Poisson ’ s
ratio for most s t ructural  materials  (s teel , aluminum , et c . )
is little different from 0.3. Some plastics have different
Poisson ’ s rat ios.

When the critical buckling force criterion is
examined , the loadi ngs whi ch yield the same strains for
both prototype and model do not yield the same scaled
buckling force unless n

~~
=n . In other wor ds , only for an

undistorted scale model wi~~l the buckl ing be properly
modeled.  In par t icular, if n t > n y then the scaled force for
buckling on the model will be reThtively larger than for
the prototype . Theref ore if a loading exis ts  for which th e
prototype exhibits buckling effects , the corresponding
buckling may not occur in the distorted scale model. Care
must be taken , therefore , to limit the loadings of a dis-
torted model to those which woul d not lead to buckl ing  in
the prototype.

Selection of Material

A wide range of materials was available for use in
the structural model. Foremost amongst these were steel ,
aluminum , plexiglar s , brass , PVC (polyvinyl chloride).
All of these mater:als were given careful consideration
for the SL-7 model.

In addition various castable plastics of the resin
and epoxy types were also investigated. The final selection
of a material depended on many factors , as discussed below .
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Plastic Materials: All of the plastic materials considered
had one very attractive property, that of a very low
modulus of elasticity. Typically the plastic materials
hadav alue of E~ 5xl05 which is 1/60 that of steel. This
implies that the model loadings required to obtain compar-
able strains in model and prototype can be quite moderate.
Unfortunately, all of the plastics considered exhibited
qualities which were undesirable. These were creep (non-
elastic stretching under load ), extreme sensitivity to
environment (temperature and humidity) and questionable
joining techniques. For these reasons , all of the plastics
were not considered further.

Metals: The selection from amongst the various metals
available was made primarily on two bases: fabrication and
commercially available thicknesses. Brass was considered
briefly but was considered too expensive . Also , brass can
best be joined by brazing. The problem of brazing a model
with over 500 pieces seened insurmountable. Aluminum appeared
to be a prime candidate since it was readily available.
Further , aluminum has a modulus of elasticity one-third that
of steel , an advantage in the loading of the model. In order
to uncover any problem areas , a 1:50 scale midship section
(between adjacent bulkheads) was constructed. Unfortunately,
this model showed large welding-induced distortion of the
plates (that is, large relative to the plate thickness).
Further , exploraticn of this welding problem indicated that
it was virtually impossible to avoid this distortion when
thin plating is used. It was also determined that the
non-linear stress-strain characteristics of aluminum could
lead to difficulties in interpreting the data. In conclu-
sion, steel was selected since it was easily welded , and
supplied in a large variety of gages. Hot-rolled steel was
chosen since cold-rolled steel is not as isotropic and also
not available in as wide a selection of gauges. The dis-
advantage of steel is that its mod ulus of elasticity is
high and the resulting loads required became quite large.

After some experimentation with shipyard welding techniques ,
it was determined that it was possible to join plates
thicker than 16 gage (0.0598”).
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Scantlings The model was designed with a geometric scale
ratio of 1:50. The plate thicknesses were increased most
in the scale ratio of 3:1. The tables below give the
distortions of the major components.

Bottom plating: Model : .0598”(l.519 mm) Ship : 35 mm
.O598~ 25.4 1Ratio: ~

Distorted scale: .~2. ____

23 ‘1
Inner bottom plating : Model : .0598” (1.5l9 mm) Ship:’ 32 mm

.0598.25.4 1Ratio: 32 = 21.1

Distorted scale: ~~ — 2 .37
21.1 

— 

1
Side plating: Model : .0598”(l.519 mm) Ship: 20.5 mm

R t~ 
.0598•25.4 1a io. 

20.5 13.5

Distorted scale : 50 3.7
13.5 T

Torsion box between decks :

Main deck : Model: .120”(3.O5 mm ) Ship: 50 mm

Ratio : .120 2~~,A

Distorted scale: 50 
= 

3.05
16.4 1 -

Second deck £ sides : Model: .120”(3.05 mm) Ship: ‘42 mm

Ratio: 1.20 25.4 
= 

3.

Distorted scale: 
13.8 

= 
62

Transverse torsion box between decks ;

Main deck: Model : .0598”(l.5l9 mm ) Ship : 15 mm

.0598.25.4 1Ratio : 15 = 9.88
Distorted scale: 50 

— 
5.06

9~ 88 1

_ _ _  

4
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Second deck , bulkheads: Model: .0598”(l.519 mm) Ship : 12.5mm

.O598~25.4 — 1
Ratio . 

12.5 
— 

8.23

Distorted scale: 50 
= 

6.08

The following conclusions were made when lookin g at the
scale distortions of the plate thicknesses.

1. The torsional stiffness of the torsion box between decks
was relatively stiffer on the model than on the ship .

2. The torsional s t i f f ne s s  at the transverse torsion box
was relatively stiffer on the model than on the ship.

3. The torsional stiffness of the double bottom was
relatively stiffer on the ship than on the model .

4 .  Since the distortion was not const ant over the cross
section , the ship and the model did not necessari ly have
the same relative position of the center of shear . 
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Structural Details of the Model

It was of course impossible to include all of the
structural details of the ship in a 1:50 scale model . In
fact the number of component pieces was reduced by several
orders of magnitude . This meant that all of the brackets
and small details , and many of the stiffeners , longitudinals ,
etc. were eliminated. Since these latter elements were
part of the primary structure of the model and as such could
not be elijs’inated altogether , they were lumped together in
some reasonable fashion.

Another important consideration in building the small-
scale model was the shape of the hull itself. Ship hulls
are of a complex shape with a wealth of double-curved plates.
On the model scale these shapes are particulary difficult
to reproduce , since it was not possible to break the hull
surface into as many pieces as used in the full—scale ship.
Thus a simplification of the hull form was also requir ed
for the model.

Reduced scale drawings of the ship model are shown in
Figures 1 through 11. The simplification of both the hull
form and the number of pieces were made in accor d with the
type of measurements that were to be made . Where the
response of a localized section of the ship was required ,

that portion was modeled in great detail. The simpli-
fications appropriate for investigation of buckling character-
istics would be different from those used for primary bend ing
response. For these particular model tests, the point of
view was adopted that primary torsional responses was of
the major interest. Late in the development of the model ,
a desire was expressed for modelling transverse and vertical
primary bending responses , insofar as they would not affect
the torsional response of the model.

The torsional response of a ship or model is a very
complicated process involving several phenomena . These
include : free torsion of the individual elements (such as
the twisting of longitudinal stiffeners); torsion of closed ,
tube-like elements; and the effects of warping restraint
offered by the shell of the hull and deep transverse bulk-
heads. Current analytical techniques were not sufficiently

ft -
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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well developed to determine the comb ined e f fec t  of these
responses , and thus the finite-element method (FEM)
was used. Finite element calculations described in
Appendix A were performed on various critical subsections
of the hull to determine the proper lumping of parameters.

It was also decided to om it the raised forecast le
deck , since the closed forward section of the ship already
provided nearly perf ect warping res traint .

a. Midship Section

Figure 12 shows the midship section of the SL-7. The
inner bottom has a center vertical keel , several side girders
and a multitude of longitudinals. The sides of the ship
are transver sely framed with a series of heavy longitudinal
girders and deep web frames. Just below the deck , at the
sides there is a heavy tube-like structure (presumably to
enhance the torsional rigidity). This tube contains many
closely spaced longitudinal deep girders . The purpose of
these members appears to be for providing sufficient section
modulus for vertical bending .

Reduction of the elements used included consideration of the
following :

1. Innerbottom structure . Clearly, on the 1:50 model
it would be impossible to duplicate the myriad of small
longitudinal stiffeners . These stiffeners are primarily
for local strength of the inner bottom and have a very small
contribution to the torsional stiffness of the ship . A
calculation of the total area of the longitudinals available
for axial stresses compared to that of the inner bottom or
bottom shell was only about 7-8%. Another consideration
is that of the floors . For the most part floors provide
local strength to the bottom plating and interact very lit tle
with the overall structural response of the ship . As a
result these stiffeners were neglected . A more difficult
consideration is that of the longitudinal side girders .
Thes e gir ders break up the inner bottom into a number of
joined torque tubes . However, practical considerations
of model co nstr uction obviated the possibility of includ ing
all of these g irders . It was felt that a lumping of the
side girders into one girder , port and starboard , and the
re tent ion  of th e center vertical keel represented the
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maximum acceptable complexity for const ruct ion.  In order
to test the effect of this lump ing, two different models
were tested in torsion using FEM : one model with all side
girders , and one with only 2 side girders . Sketches of the
structure are shown below .
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Figures 13 and l’4 show the mesh , the boundary conditions
and the applied loads. The same loading and the same
boundary conditions were applied on both structures , -yielding the following def lect ions along th e fr ee end ,
Figur e 15.

_______ two side g irders

~~~~~~~+ + + a 1 1 sid~~~ ird~~s

C Figure 15. Response Of Bottom Structure

It is interesting to note that the numerical difference in
the resu 1 ts are very small. The two points outside the
straight ‘m e  of nodal points 25 and 85 seemed to be caused
by the use of spar-elements because no forces in the vertical
direction can be transmitted between elements at this point .
However , the shear flow due to torsion of the structure is
transmitted as it shoul d be , and no noticeable error will
occur if this disturbance is neglected .

Both structures were not restrained from warping .
However , the importance of warping is re la t ive ly
small because the section is a closed tube .

I
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From these calculations it can be concluded that the effect
of lumping side girders together is very little. There-
fore it is justified to make these simplifications on the
model .

2. Side Structure. The side structure consists of the
hull side s t i f fened  by a grid of frame s (regular and deep
web) in the vertical direction and a set of three horizontal
f l a t s .  These f la t s  are , in fact , deep long itudinal stringers.
As far as both kinds of frames are concerned their major
function is to provide local s t i f f ne s s  of the shell plating .
They are not important as far  as the primary structural
response of the hull is concerned and were therefore not
included in the model. The situation with the longitudinal
stringers is different. They are primary structural elements
and must be accounted for. These stringers were too closely
spaced for ease in model construc tion and it was decided
to replace them with only one stringer. One of these
stringers is continuous with a deck within the machinery
box and it was felt that it was important to preserve this
cont inui ty .  Straps were placed on four sides of the long-
itudinal box beams . Their purpose was to ref lec t  the deep
stringers inside of the box , so that the section modulus of
the ship for both vertical and horizontal bend ing is correct
to the same scale as torsion. As a prefabricated tube of
rectangular cross-section was used to model the longitudinal
torsion boxes , it was not possible to f i t  them with interior
stiffening . The stringers do , of course , carry warping
stresses in torsion too .

The finite element calculations of a midship section described
in Appendix A indicate that the structural res pons es of the
ship and model are almost identical.

b. Bulkhead Structure.

In addition to the midship sec tion studies , a separate
FEM study of a typ ical transverse bulkhead was made , since
it was impossible to model the myriad of stiffeners which
exist  in the real bulkhead . A crucial comparison appeared
to be the warping restraint of fe red  by a modi f ied  bulkhead
model. The computations are described in Appendix A , p.
A-3l.

Deflection and Shear stress d i s t r ibu t ion  resu l t s  show that
it is justified to assume lumping the stiffener s on the
bulkhead together , and that that assumpt ion wil l  not change
the response significantly.
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Construction of the Model

The model was constructed from hot-rolled steel plates
of the dimensions given in a previous section . Although
cold-rolled steel would have been preferable , part icularly
with regard to the surface finish(thus easing the applic-
ation of the strain gages) it was not possible to obtain
this steel in the range of sizes required . Even though
the model was designed to hav e a plate thickness three
times tha t r equired for absolute stru ctural scaling , the
plates were rather thin and required special care in
construction. Of par ticular impor tance was the weld metal
deposited . With one exception , all longitudinal wel ds were
made intermittent so that the effect of this weld metal
is min imized , part icularly wi th regard to primary bend ing
stresses.  The exception is the longitudinal  welds j oining
the hul l  pla ting whi ch were made continuous , since it was
fel t tha t it would be d i f f i c u l t  to get satisf actory
intermittent butt welds and that these curved plates
might tend to separate under loading . Special care was
taken to minimize the added weld metal along these seams .

Figures 16 through 2 2 show the model in various
stages of the construction.

The Test Frame A test frame which straddles the model and
provides the loading to the model was designed and
constructed . The frame was constructed out of heavy H-beam
sections and welded together. A reduced scale drawing of
it is shown in Figure 23. Mounted on this frame were a
series of “Unistrut ” channel sections which were used to
attach the pulleys for the loading system and anchors for
the ends of the ropes used in loading .

The test frame rested firmly on the concrete floor of
the test facility and was carefully leveled .

The Deflection Reference It was desired to measure the
deflections of the model as well as the strains at various
locations on the ship. This requirement led to special
problems since the technique of loading (described in a
subsequent section) would not necessarily lead to the same
vertical or horizontal position of the model before and
after loading . It was decided therefore to mount the
measuring reference to the ship itself. A very stiff
rectangular aluminum torque tube was designed -~nd constructed
which was supported at the bow and stern of the model.
The support at the bow was a single ball joint mounted at the
ship ’s centerline (see Figure 2’4). The vertical support at
the stern was provided by two casters riding on flat
horizontal plates mounted on the model. The transverse 
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support was provided by an automotive-type Hotchkiss link
arm , provided with two ball joints. One end of this long
link was mounted to the model , the other to the torque
tube (see Figure 25).

As a result , the references for the displacement
measurement were the transverse line connecting the two
flat plates at the stern (that is , the deck at the stern)
and a straight line connecting the ship centerline at the
deck at the stern and that at the deck at the bow . A series
of displacement gages were placed at the deck edge at
several longitudinal locations along the model and attached
to the torque tube . These gages measured the horizontal
and vertical displacements of the deck edges.
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Section III : TEST SETUP AND PROCEDURES

Introduction

In order to subject the structural model to a reason-
able set of loads and accurately determine its response ,
it was necessary to control all aspects of this process
extremely carefully if meaningful results were to be obtained
at all. The following sections describe in detail the
measurement techniques and the loading procedure , including
the precautions which were taken to eliminate extraneous
loads and strain s ignals .

Strain Gages

A series of strain gages were placed on various sections
of the ship so that several different types of responses
could be measured and categorized. Figure 27 shows a
profile of the ship and the locations of the gages. These
locations were:

a. Frame 10. A series of strain gages were applied
on the port side of the ship just forward of the aft-most
hatch opening, and two additional gages were applied on the
deck just aft of the hatch opening . The gages forward of
the hatch were located so that the effect of the warping
restraint of the stern could be measured . Four gages were
applied to the torsion box at the main deck and additional
gages were placed on the side shell and near the keel . One
of the gages on the torsion box and two on the side shell
were rosettes. The gages on the deck aft of the hatch
opening were placed so that the gross effects of any stress
concentration due to the hatch could be determined .

b . Hatch corner at Frame 62. In this location the
hatch size changes (smaller width aft than forward). The
corner of the hatch was instrumented to determine the effects
of stress concentration and also the warping stresses
developed in the transverse box-longitudinal box inter-
section.

_ _ _ _ _
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c. Section Between frames 78 and 96 (5. ’-~” fwd. of
frame 78 on the model). This section is at the center of
the three full width hatches aft of the machinery box and
was chosen because it is a typical aft section. A series
of gages were placed around the main deck torsion box , as
well as on the side shell , near the bilge , and near the
keel. The gages were placed only on the port side.
Rosettes were used for most of the gages.

d. Frame 11+2. The section just forward of frame l’42
(2” forward on the model) was completely gaged , port and
starboard . The major purpose of this instrumentation was
to determine the effects of the warping restraint offered
by the machinery box on the open sections forward of the
box and to determine any gross stress concentrations due to
the dramatic change in geometry at this location . Both
port and starboard sides were fully instrumented with
several of the gages being rosettes.

e. Hatch corner at Frame 178. This hatch corner is
typical of the forward hatches and was instrumented primarily
to determine the stress distributions at the intersection
of the longitudinal and transverse boxes. Of fundamental
interest was the warping restraint offered by the transverse
box .

f .  Section Between frame 178 and l9~~. This section
is almost exactly amid ships and was , by far, the most
instrumented section of the ship. Strain gages were placed
port and starboard , internally and externally. Many of
these gages were rosettes so that the complete state of
strain could be determined. Gages were placed around the
torsion boxes and in the inner bottom in order to determine
the free torsion response of these closed tubes.

g. Hatch corner at Frame 226. At this section the
hatch size changes and the corner was instrumented in the
same way as the hatch at frame 62 (see b . above.)

h. Frame 290. This section was instrumented to deter-
mine the warping res t ra int  of the bow section in a f ashi on
similar to the section at frame 10 (see a. above).

L4L
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The strain gages used in these experiments were of
the foil type (Micrc-Measurements #250 BG single component
gages , and #250 RA and #125 RS rosette gages). These
gages were selected to have a coefficient of thermal
expansion the same as the steel plating used on the model.
The gages were bonded to the model using Eastman 910
adhesive , after the steel surface was carefully cleaned
and etched. The overall sire of each of the active
elements of the 250 RA and 250 BG gages was ½” x ¼” and - -

that of the 125 RA was ¼” x 1/8” . This means that the
larger gages covered an area approximately 2’ x 1’ , full F

scale , and the smaller gages 1’ x ½’ , full scale. It is
clear , therefore , that these gages are too large to
detect the fine scale variations in stress one might be
likely to encounter around a stress concentration.

Figure 28 shows a schematic of the electrical hook-up
of each of the strain gages. The gages were. set in a
bridge configuration and a constant value of 6 volts was 

- -,
applied to the bridge. Measurement of the voltage across
the bridge is indicative of the value of resistance (and
thus strain) of the gage. The three completing resistors
for the strain gage bridge were specially selected , precision ,
wire-wound resistors . The resistors directly connected to
each of the strain gages were chosen to have the same
temperature coefficient of resistivity as the strain gages.
These resistors were placed next to one another in an insulated
box .

As a result of the selection of strain gage type and
resistor characteristics , the measurement system was
nominally temperature compensated. However , temperature
problems did arise for a variety of reasons. First , the
completing resistors for the strain gages (see Figure 28)
were located in junction boxes below the model. In other
words at a different physical location than the strain gage
on the model. Whenever significant temperature variations
occurred in the room in which the model was kept , it was
reasonable to assume that the gages and completing resistors
were also at a different temperature . Thus , in this
situation false strain readings can occur.

A second and equally important result of temperature
variations within the room is the development of thermal
stresses in the whole ship structure itself. The matching

~Ii

- . . . - .
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Figure 2 8 . Schematic of Strain Gage Bridge
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of the gage and the steel coef f i c ients of linear expansion
only assures that no false strains will be read if the
whole model undergoes a change in temperature . However ,
thermal gradients along the model will , in general , lead
to significant internal thermal stresses (and therefore
strains). This pattern will be superimposed on the strain
pattern induced by the loads. There is no known way of
sorting out the resulting strain readings short of measuring
the actual gradients on the model and computing the thermal
strains resulting . This process would indeed be as com-
plicated as computing the structural response of the model
and would , in fact , obviate the need for a model in the
first place .

Two details of the model arrangement made these two
uncompensated thermal effects of paramount importance.
The model itself was placed in a room which was not uniform ly
heated. This was the result of the geometry of the room
and the placement of the forced hot-air heaters . Of equal
importance was that owing to the model’s being constructed
of rather heavy gage steel , feasible loadings of the model
resul ted in very small s t ra ins .  During a typical test the
maximum strains observed were in the order of 100 micro-
strain . This is an order of magnitude below the value one
might like to achieve during structural model tests.
Temperature induced errors of the order of 10 to 20 micro-
strain were unacceptable in these tests , whereas they would
have been entirely acceptable for more normal structural
model tests .

After  several at tempts were made to alleviate this
serious problem of measurement accuracy ,  only one solution
seemed forthcoming. This solution was to test only on
cloudy or foggy days which were warm enough so that little,
if any, heat was required in the building. On these days ,
the air temperature varied by only a few degrees during the
day and no significant rad iate heat load ing of the model
existed . The latter condition was a problem on cloudless
days , since the southwest wall of the steel bu i ld ing  in
which the model was housed could get quite warm in the
af ternoon sun . Wai t ing  for “ good” days to test  caused a
very s ign i f i can t  delay in the test schedule .
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Measurement Instruments

The voltage supplied to the strain gage bridge was
typically 6V D.C. Higher voltages were attempted (in
order to improve the size of the bridge unbalance) but
had to be discarded since they led to problems of heat-
ing of the gages. The voltage was supplied by a very
heavily stabilized laboratory power supply. This supply
was zener diode controlled and produced an output which
varied less than 1 millivolt throughout any experiment
(an error of less than 0.02%). The leads from the center
of each gage-completing resistor pair was led to a Honeywell
crossbar scanner. This device permitted automatic ,
successive scanning of all of the gages. The relays used
in the scanner had extremely low resistivity , gold-plating
contacts. Throughout the experiments there was no indic-
ation of any difficulty resulting from the scanner
operation.

The voltage d i f f e r e n c e  across the center  of the b r idge
was measured by a NLS digital voltmeter , capable of
resolving one microvolt. In order to obtain this accuracy,
it was necessary to use the built-in high-frequency filter
(with a one-second time constant). Scanning therefore took
place at the rate of about one gage every 6 to 8 seconds.
The digital voltmeter was also attached to a teletype term-
inal through a special serializer. Thus , all of the
measurements were printed out and punched out on paper
tape for permanent reference.

Figure 29 shows the instrumentation in adding the
scanner (lower instrument in rack), digital voltmeter
(upper instrument), serializer (middle instrument) and
teletype terminal.
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Data Reduction

The strain gauge measurements were reduced by a
standard digital comput er program written explici ty for
the pu rpose by the Civil Engineering Department of the
University of California. The microvolt readings
inserted into this program were always obtained by subS-
stracting the values read for the strain gauges when no
load was applied from those read after the load was applied.

The assumption involved here is one of linearity.
Before the loads are applied , the model is not in a state
of zero stress. Manufacturing of the model by welding (the
model was not annealed) certainly introduced some stresses.
The support of the model at both ends leads to a bending
moment amidships due to the model’ s weight , and this
implies an additional stress distribution of the model.
What is assumed is that the changes in the stress pattern
due to the loading is the same as what would occur if the
model were originally at zero stress. For an ordinary
structure this is true , as long as non-linear problems
such as buckling or large initial deformations did not exist.
The scaling of the model (the plat ing thickness three times
the geometric scaled thickness) all but precludes any of
these non-linear e f f e c t s .  However , the response of the real
ship under similar loadings (scaled up to full size) may
perform diff erently, since it is relatively more prone to
buckling.

In conclusion, the assumption of linearity is probably
correct for the model , but difficulty may be encountered
in interpret ing these results for the full scale ship,
particularly for the very high load cases. In any event ,
the measured data will demonstrate that linearity is a
good assumption for the model.
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The Displacement Measurements

Measuremen ts of both the horizontal and vertical
motions of the deck edge were made by an array of
precision dial gauges located at intervals along the
length of the model. These gauges were attached to the
aluminum reference frame previously described. Since
this frame remained aligned between the centerline of the
model at the bow and at the stern the gauges read the
deflections relative to this line .

The Loading Arms and Model Attachments

It was necessary to load the model at a finite number
of locations rather than to apply distributed loads , as
would occur in the real ship. As a result, it was decided
to provide these loading locations at bulkheads , since
this would best provide for a good distribution of the load
around the girth of the model.

Further , the addition of brackets at the bulkheads
would least interfere with the structural response of the
model , since the model (and ship) have gr eat transverse
stiffness at these points anyway . The purpose of the
loading bars was to introduce discrete vertical , longitudinal ,
and twisting loads into the model . In order to introduce
a torsional moment into the model two attachment points were
required. It was attempted to provide these attachments
as far apart as possible so that the local forces would
not be excessive .

The locations at which the loading arms were attached
were :

Bulkhead at frame 30 (mounted on deck)
Bulkhead at frame 78 (mounted on bot tom)
Bulkhead at frame 112 (mounted on bottom)
Bulkhead at frame 160 (mounted on bot tom)
Bulkhead at frame 210 (mounted on bottom)
Bulkhead at frame 2’4 2 (mounted on deck)
Bulkhead at frame 27’-t (mounted on deck)
Bulkhead at frame 311 (mounted on deck)

4
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From the configuration of the test frame and from the
test plan , mounting the loading bars on the ship bottom
was preferable. This location provided the opportunity for
a 2:1 purchase in the pulley system for both up and down
forces , whereas mounting on the deck permitted a 2:1
purchase only for the down forces. Further , it was desired
to load the model in transverse bending as well as
vertical bending . In order to avoid introducing unwanted
torsional moments in the model due to these transverse
forces , it was desired to provide all of transverse loads
in one plane , at the baseline of the ship . Loading bars
along the bottom could then be used for both horizontal
and vertical forces. However , near the bow and stern ,
the bottom was so narrow that it was not possible to
locate the bars there . In these locations the bars had
to be mounted on the deck. Also , at these locations ,
additional brackets were welded to the hull at the bottom
for supplying transverse loads when these were desired ,
through the use of additional loading structure .

Great care was taken to assure that the distance between
the model centerline and that of the load attachment was
the same port and starboard . In this way, when torsional
moments were applied to the loading bar (by means of an
up force on one side of the bar and an equal down force on
the other side), no net vertical forces were simultaneously
introduced into the structure .

The bars themselves were manufactured from “unistruts ” ,
commercial deep channel sections . A detailed view of the
loading bars can be seen in Figure 30.

The attachment of the bars to the model was by means
of simple bolts. The holes in both the loading bar
brackets and model-mounted brackets were purposely drilled
somewhat oversized and the bolts were not tightened very
securely. This procedure assured that the loads were
introduced in a statically deterministic fashion , with no
locked in loads .
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In the case of the largest bending moments applied to
the ship, the loads on the two center loading bars were
so large that an appreciable twist of these bars occurred .
In the special situation, a structure between these two
loading bars was added which prevented their individual
twis t ing. Sinc e the at tachments  to the model were some-
what loose , this intervening structure caused no re-
distribution of the loads .

The Loading Method

A series of weights for loading of the model were
manufactured  from ordinary hot-rol led steel. These weights
were disks approximately 13 inches in diameter  with a
slot cut in them for the support. Disks of three thicknesses
were manufactured : 0.25” , 0.50” , and 1.00” . These disks
were to have the nominal weights of 5, 10 , and 20 pounds ,
respectively.  However , since the disks were cut (using an
acetylene torch) from the raw steel plate , variations did
occur . Each weight was carefully weighed to within 0.01
lb. and the exact weight was stamped onto the disk edge .
In this way a combination of disks could be carefully
selected to obtain any given weight. A total of 6000
pounds of disks were manufactured and certified in this way .

The loads were applied to the model through a nylon
rope which ran over a series of pul leys , some attached to
the test frame itself , others to the loading arms . One
end of the nylon rope was attaches to a weight pan , in
which the steel disks were stacked. The pulley system was
arranged so that no more than a 2:1 mechanical advantage
was achieved. It was feared that any larger purchase would
lead to intolerable friction losses within the pulley
system . All of the pulleys were precision type with either
ball or aircraft-type needle bearings. Figure 30 shows the
pulley arrangement , weight pans , and loading bars near the
bow of the model. The two loading bars on the left have
a 1:1 purchase; that on the right has the loading bar
below the model with a purchase of 2:1. A separate pulley
arrangement was made for up forces than for down forces at
each loading arm .
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For any given loading the weights  were selected and
stacked in front of the appropriate pan. The loading of the
model was performed as quickly and as evenly as possible
to avoid any local overstressing . That is, a few weights
were added to each pan all around the model and this procedure
was continued until all the loads were applied . As an
extra precaution , the model was vibrated to eliminate any
residual pulley friction. Figure 31 shows the model j u s t
prior to a test with all of the weights set out .

Model Support

When a ship floats in the water , it is in stable
equilibrium with regard to vertical motions . That is , the
weight of the ship is exactly counterbalanced by the
vertical hydrostatic force distribution , and no external
forces are required to maintain this position. It is
difficul t, or even impossible , to duplicate this arrange-
ment in the model scale. First , since the plating thick-
nesses are not scaled in the same proportion as the overall
dimensions of the ship, the ship is too heavy for immersion
into water . The use of other liquids , such as mercury ,
bromine , etc. would be too dangerous . Second , it is
difficult to work with electronic equipment such as strain
gauges in any kind of wet environment .

It was decided , therefore, to simulate the model
floating without requiring support from a liquid . The model
was attached to the test frame by three load cells ,
manufactured in the same way as one manufacturers a tensile
test specimen. One of the two stern cells can be seen
clearly in Figure 25 and the bottom of the bow cell can be
seen in Figure 21+ . The applied loadings to the model
were calculated so that they would reflect the floating
condition. That is , so that they would require no wet
vertical force or moment for equilibrium . Before the model
was loaded , the stresses in the load cells reflected the
three forces necessary to support the model . After loading ,
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if the~e three forces remained the same , then this implied
that the loading did correspond to a realistic seaway
loading system : that is , one which does not require
external loads for equilibrium . Further , since the initial
loadings were specif ically chosen to ref l ect the floating
situation , confirmation of this by means of these load cells
demoRstrates that the weights used were correctly selected
and that the pulley friction had been effectively eliminated .

In about twenty of the early tests (before ~E an ing ful
data were obtained) this check was performed and the
loadings confirmed . During the later tests , efforts were
made to develop the maximum structural response of the model
and , in order to do this , it was necessary to provide a
simple support of the ship bow and stern . The load cells
were not of sufficient capacity for this purpose and were
thus not attached . These end reactions were calculated
from statics instead . Clearly, our earlier experiments
demonstrated that no difficulties were encountered with the
pulleys . Accordingly , the only checks performed for these
tests were double-checking of the weights.

The Test Procedure

Before any particular test was performed , the type of
loading was analyzed and the exact weights to be used at
each loading station determined. The appropriate weights
were assembled near each weight pan. The electronic power
supplies and meter were left running for at least 21+ hours
before each test so that no problems with a lack of steady
state heating of the strain gauges occurred .

The first step in the actual test process involved the
reading of all of the dial gauges and s t rain gauges in
their initial state. This took about 30 minutes. The
weights were applied to the model in a distributed fashion
(as described above). When all of the weights were on the
weigh t pans , the model was vigorously vibrated to eliminate ,
as much as possible , any eff ects of static fr ict ion in the
pul leys . A f t e r  about 10 minutes  was allowed for the model
to relax , the next step was performed . The second step
in~ olve d a reading of a l l  of the d ial and stra in gauges
for the loaded model. Following this (usually performed
twice to guard against any reading error), the weights were
removed and the first step, above , was repeated . Rereading
the dial and strain gauges provided an indication of
significant drifts of the instrumentation or , more likely.
significant therma l effects occurring during the test. 

~~~~~~
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The data reduction of the strain gauges was done by
taking the di f ference between the average loaded readings
and the average unloaded readings . This process eliminates
linear time drifts of the readings. Further , whenever the
di f ference betwe en the two load ed readings of any one
gauge (taken before and after the application of the load)
was larger than 20 percent of the average measured
difference due to loading , the point was thrown out .
That is, it was required that the non-repeatibility of the
gauge zero be no more than one-fifth of the net gauge
reading .

No similar problems occurred f or the dial gauges and
thus no such procedure was required for them .

- - - -
-- __________
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Section IV. TEST PROGRAM

Introduction

The purposes of the test program were many . Of course ,
it was desired to characterize the structural response of
the ship under a variety of diff erent loading cond itions .
However , before such test results can be relied upon ,
sufficient tests must be performed to demonstrate that
the model is constructed properly, that the strain gauges
are working, and that the data reduction program is
working . At one point or another during the early testing
of the model each of these possible pitfall s was uncov ered
and corrected . The overwhelming difficulty was the thermal
stress problem mentioned in the previous section. This ,
too , was overcome.

The model test program was then divided into two major
parts: a demonstration phase and a combined loading phase.
During the demonstration phase , the model was subjected to
a series of simple loadings , such as vertical bending ,
wherein the structural response could be quite well
characterized in advance. In the case of vertical bend i r.g
it is reasonable to assume that Navier theory will apply.
The combined loading phase concentrated on typical combin-
ations of expected loadings wherein no simpl e known solu ti~~nwould be adequate; for example , a combination of h o r i z o n t a l
bending and torsion.

The demonstration phase also concentrated on another
feature of the basic assumptions , that of linearity. It
was necessary to assume linear structural responses t n

develop the model and to reduce the strain gauge reading-s .
As a result , a series of tests incorporating similar loading
distributions but with differing magnitudes and signs were
conducted to demonstrate the li nearity of the response .
Any non-linearity would indicate buckling , or more likely
in this case , large initial deformations of the structure
due to welding .

_________________________________________________ — ____________ 
j
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A major part of the emphasis of the combined loading
phase was to develop a picture of the response of the
structure to antisymmetric loadings , i.e., torsion and
horizontal bending . In the full—scale ship, if stresses
are measured at the same locations port and starboard , it
is possible to separate the effects of vertical bending
from those due to the combined action of horizontal bending
and torsion by a symmetry argument . There is no practical
way of taking full-scale measured raw data and separating
the individual contributions of the last two effects. Of
particular importance for this container  ship is  the
torsional response and the effect of warping restraints
afforded by the bow , stern , machinery box , and t h e  many
transverse deck box beams. At sea one obtains only combin e c~
horizontal bending and torsion and , as a result , ~.t is
impossible to answer the question of torsional response
directly from the at-sea measurements . The tests here
in”olved separate loadings of the model under torsion alone
anJ horizontal bending alone , as well as tests combining
these loadings. An additional test series including all
three loadings , lateral and hor izonta l  bending as wel l  as
torsion , was performed.

Finally, an additional set of tests was conduciej in
which the ship was subjected to a torsional loading compar-
able to the dockside trials.

The Test Program

The test program was the following :

i. Demonstration Phase

a. Vertical Bending
b. Lateral Bending
c . Large Midship Shear
d . Torsion

ii . Combined Load ings

a. Lateral Bending and Torsion
b .  Longitudinal Bending , Lateral Bending , and Torsion

i i i.  Dock side Torsion Trial
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At least two tests of each of these combinations were
performed by reversing the sign of the loads. In addition ,
several tests were performed using half of the required
loads (both signs) so that linearity could be tested . The
individual results of each of these tests were submitted
to ABS as they were performed and the data reduced .
Accordingly, these individual run data will not be presented
here. The data of similar runs have been combined into
comparable data and these are presented in Appendix B.
The subsequent section will discuss these results in detail.
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Section V. THE TEST RESULTS

Introduction

The test results in Appendix B are combined into
f ive d iff erent groups :

1. Vertical Bending
2. Lateral Bending
3. Large Midship Shear
1+ . Torsion
5. Combined Lateral Bending and Torsion

For each of these groups that data is presented in a
similar fashion. First , the model scale loading actually
used in each individual test is presented. This includes
the weights used , the mechanical advantage of the pulley
system employed , and the net force on the model. The
loading is integrated to show the shear and bending moment
distribution , or for the case of torsion , the torsion
moment distribution. Following this is a- series of
sectional views of the model at each of the measuring
stations on which the various stresses are plotted. The
principal stresses measured were longitudinal normal stresses
an~ sihear stresses. The plots are arranged so that if the
mo~ el responses were absol ute ly l inear and if no readi ng
errors were encountered , all the points would fall on top
of one another. Finally , the measured vertical and horizontal
deck edge deflections are presented both in tabular and
graphical form .

Vertical Bending

A series of tests of the vertical bending response of
the model were performed . In these tests the model was
simply supported at the ends so that very large midships
bending moments could be developed. It was discovered after
the tests were performed that the vertical bending moment
distributions for the model were almost , but not exactly,
similar. As a result , the data presented here has been
normalized in a special way. The measured stresses were
divided by the local bending moment at each station . If
Navier bending applies , then this ratio would be constant

--
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and equal to the inverse of the section modulus at each
location. That is , the resulting values should be equal
to y/ I  where y is the distance from the neutral axis of
the station to the point in question and I is the moment
of inertia of that station. The three tests that were
performed are:

Label Max . Bending Moment(B.M .) Sense

(— )  Large B. M. 325 ,725 in/lb. hogging

C- ) ½Large B.M . 170 ,1+80 in/lb. hogging

( + )  ½ Large B . M .  170 , 1+80 i n / lb .  sagging

In examining the bulk of data one sees that most of the
- 

- 
points lie on top of one another or nearly so , indicating
good linearity and repeatable measurements .  The fo l lowing
are worthy of special note.

1. Section 2 inches forward of Frame 10. The resul ts  for
this section show an almost linear variat ion of longi tudinal
stress with depth , indicating a nearly perfect e1emen~~rybeam theory dis t r ibut ion.  C-f par t icular  in teres t  is tha t
the two gauges located about one inch aft of Frame 10, that
is , af t  of the hatch ope ning , indicate a stress level
almost twice that  in the box beam j u s t  forward of the hatch .
Further , the inboard gauge indicated yet a fu r ther  increase
over the outboard gauge , presumab ly indicativ€ of a stress
concentration around the hatch opening i t s e l f .

2 .  Section 2 inches forward of Frame 11+2.  This section was
instrumented both port and starboard so that the effects
of symmetry could be noted . In both port and starboard
sides there is a slight bending of the line connecting the
longitudinal stress point in the neighborhood of the main
deck. There is also an increase in stress across the
deck edge box beam . It is felt that both of these effects
are a reflection of shear lag effects caused by the drastic
change in section occurring here , that is , because of the
change from the closod machinery box to the open hatch .
The stresses on the bottom are relatively constant , but with
an apparent dip in the center, again presumably due to shear
lag effects.



~1

-66-

3~~’ Section between Frames 178 and 191+. This section is
the midships section and was the most highly instrumented
section. The longitudinal stress distribution is almost
linear along both sides , but the distribution is not as
symmetric as that of 2 .  above . In part icular, the roset te
on the starboard bottom bilge (gauges 87 , 88 , 89 )  appea red
to lead to a much lower longi tu dinal stress reading . This
gauge was replaced no less than f ive  t mes in an attempt
-to improve readings in this area , but to no avail . It
must be corcluded that some manufacturing defect exists in
this neighborhood , although none was apparent . The stress
distribution on the bGttom of the model on the starboard
side  shows the lower stress pattern behavior . The port
side does appear to behave as one would expect for Navier
bending . The measured stresses on the tank top also
appear reasonable on the average . It is not known why
the stress near the center l ine is about 20 percent less
than that near the edge .

1+ . Section 1 inch aft of Frame 290. This section clearly
demon. - crates Navier bending .

In conclusion , one can see that the data are very
repeatable and consistent . With the exception of a small
area on the starboard amidships bottom , the stress pat tern
is very nearly that predicted by elementary beam theo~ y.

Lateral Bending

A series of tests were run in which the lateral bending
response of the model was tested . In these tests the ends
of the model were free , so that no end restraints were
necessary . Two tests were performed , in one of which the
bending moment deformed the midship section to port
(relative to a line between the bow and the stern) and in
the other the midship section was bent to starboard . The
model is much larger in beam than it is in depth , and as
a r e su lt  the stresses measured were qui te  small .  Fur ther ,
since the loads were applied at the base line , (the loading
hcies were all located within 1/32” of the base line) some
t orsion was introduced because the shear centers of the open
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sections were below this line and those of the machinery
were above this line . In order to put the stresses on a
comparable basis , the stresses for the lateral bending
moment were changed in sign. If the readings were
exactly repeatable, then the points would fal l  on top of
one another. The following sections are of special interest.

1. Section 2 inches forward of Frame 11+2. The longitudinal
stresses show fairly good symmetry and repeatabili ty
considering the very low magnitude of strains . Again
elementary beam bending theory seems to be a reasonable
approximation of the situation with nearly constant stresses
in the sides and a linear variation of stress in the bot tom.

2. Section between Frames 178 and 191+. Elementary beam
bending theory appears to be exhibited here , but the discrep-
ancy on the starboard bottom still persists . The shear
stress distribution also is close to that predicted by
beam theory , but these stresses were so low that it is not
possible to draw many conclusions from them .

3. The deck edge deflections . The horizontal displacements
of the deck edge appeared to be reasonable , if somewhat
small. The vertical deflections were vanishingly small.

Large Mi dship Shear

Both the vertical and horizontal bending loadings
discussed above did not lead to large shear stresses within
the structure . In order to validate the shear response of
the model , a loading was developed which yielded a very
large vertical shear amidships. The loading was performed
twice , once with the opposite sign of shear to the other .
The result ing stresses were plotted by reversing the sign
of one run so that the stresses woul d be comparable .

In this case, the end of the model was simply supported
so that a larger midship shear could be obtained . The end
reactions due to these supports were calculated by statics.
Exc ept at m idships, a very substantial bending moment also
occurred , so that at other stations a substantial Navier
bending pattern could be observed .
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At the midship station (between Frames 178 and 191+)
the longitudinal stresses are very small all around the
periphery . This is an indication of the small bending
moment in this region. Since this is a symmetrical
load ing, the shear stress distribution should likewise be
symmetrical . Further, the shear stress should become
zero at the top of each side and also at the centerline
at the bottom , again, from symmetry. For the most part
all of these conditions are met . An exception is the
starboard bottom which has positive shear stresses when ,
from symmetry, it should have negative stresses. This is
the same region which produced incorrect results in the
other simple loadings.

As expected , the model deflected very li ttle in the
horizontal direction , but did deform with an “S” shape
curve in the vertical direction as expected .

Tors ion

A series of four experiments were performed in which
the model was loaded in pure torsion. The loading was
performed so that the ends of the model were free of load
and it was unnecessary to provide any end supports. Two
of the tests used a distribution which yielded a maximum
torque of 93 ,000 in/lbs. amidships (one test of this was
a clockwise moment, the other test was a counterclockwise
moment). The remaini ng two tes ts used distributions simil ar
to the previous distributions , but with a maximum torque
exactly half that of the previous two cases. The results
of these four cases should correspond exactly if one
accounts for the signs and factors of two. This arithmetic
has been performed in a way such that the data points
presented in Appendix B should fall on top of one another ,
if the tests and electronics were perfectly repeatable.

The following aspects of the presented data are worthy
of note:

1. Section 2 inches forward of Frame 10. Although the dis-
tribution of loads leaves this section free of load , there
are small but not negligible longitudinal stresses here .
These stresses in the side shell and in the torsion box
indicate that the stern section (itself a clos ed box) is
off ering a considerable amount of warp ing restra int to the
twisting of the forward part of the ship, which is under load .
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2. Section 5.1+ inches forward of Frame 78. This section
is roughly in the center of the three full width hatches
aft of the machinery section. The gauges indicate a
significant shear stress around the section , which one
would expect in this situation.

3. Section 2 inches forward of Frame 142. At this section ,
the longitudinal stresses in the side shell are linearly
distributed with depth , indicat ing s igni f icant  bending of
the shell. This means that the machinery box is affording
a considerable amount of warping res traint . Also , the
long itudinal stresses in the torsion box at the deck edge
are very large. The stress pattern in this box indicates
a significant amount of transverse bending of the box ,
further indication of the warping restraint offered by the
machinery box. The overall response of this section is
nearly antisymmetric , as it should be.

1+ . Section between Frames 178 and 194. Here the longitudinal
stress pattern is rather less linear in the sfle shell , in-
dicating a somewhat reduced effect of warping restraint .
The antisymmetry is nearly preserved again , however , the
outboard bottom gauge again yields stresses not in keeping
with the rest of the stress pattern . The shear stress
pattern indicates that both the side shell and the clos ed
tubes are participating nearly equally in response to the
loading .

5. Section 1 inch aft of Frame 290. The response of this
section is similar to that of Station 10 near the stern .
There is no torsional load in this area , but the linear
distribution of longitudinal stress indicates that the closed
box section is offering a large warping restraint . Notice
also that the stresses in the deck edge torsion box are
large and vary in sign between the deck at side and the hatch.
This indicates a very strong transverse bend ing of the box
in this area and evidence that the warp ing restraint of the
bow includes not only the side shell but the torsion box
as well.

The deck edge deflections under this loading give a
good picture of the overall hull response. The vertical
deflections show that mos t of the twist of the hull occ urs
in the forward section of the ship, that is , between the
machinery box and the bow . This is not surprising since
the applied torques are highest here and there is a long
run of open hatch sections . The horizontal deflections a~ so
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show this , but one must remember that the reference line
lies between the centerline of the stern and the bow .
Relative to this line , the horizontal deflections appear
to be an “5” curve . The fact that both the vertical and
horizontal deflections do not appear to go to zero at the
stern is merely an indication that the reference line is
at an angle to the local direction of the ship centerline
at the stern . Clearly , the deflections show that the
section of fu l l  width hatches forward of the machinery
box have the least torsional s t i f f n e s s .

Lateral Bending and Torsion

In order to develop a composite picture of this type
of combined loading , five separate tests were performed .
In all of the tests , the distribution of lateral bending
and torsion loads remained the same in shape and magnitude .
Two of the tests were conducted under the same conditions
of lateral bending and torsion. One test was conducted in
which the signs of both the lateral bending and torsion
were reversed.

The remaining two tests included a vertical bending
distribution superimposed on the lateral bending and
torsion distribution. The first of these tests used one
sign for lateral bending and torsion ; the other used the
opposite sign for these distributions. Thus , the difference
between these runs eliminates (if the response is linear)
the effect of the vertical bending distribution . The results
of all of these tests are presented in Appendix B in a
compatible form , as before .

The results for the stress distribution appears nearly
the same as for the case of torsion alone , since the
magnitude of stresses introduced by the lateral bending - 4

are , in general , much smaller than those introduced by the
torsional loading .



—7- -
~~~~ 

7-- _ _ _ _ _

r 
-~~ - 

~~~~~~~~~~~~~ 7

-71-

Section V I .  SUMMARY AND CONCLUSIONS

This study included several facets: a model develop-
ment , model construction , arid an extensive test program .
A summary of the important highlights and conclusions
follows.

The Model

1. It is possible to develop a satisfactory , relatively
small scale structural model , but it is necessary to have
the plating thickness larger than scale. The model developed
here had a plating thickness approximately three times
thicker than scale. Due to the availabiltiy of standard
sizes of steel plate , some elements were thicker than desired ,
others were thinner.

2. It was not possible to include all of the structural
complexity in the model . All of the secondary structure
(brackets, stanchions , etc.) was nr~itted and much of the
primary structure was greatly simplified .

3. A finite element analysis of the model and ship midship
sections indicated that nearly the same torsional response
was observed for both . No analysis was performed for either
vertical or hc izontal bending .

1+. Peculiar stress measurements consistently occurred on
the starboard side of the midship section (halfway between
Frames 178 and 194). No irregularities in the model could
be observed in this location . In spite of repeated changes
in strain gauges , the peculiar results persisted . One must
conclude that some internal irregularity must exist in the
unexposed portion of the double bottom structure in this
region.
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The Measuring Instrumentation

1. The strain gauges used provided nominal temperature
compensation. However , due to the combined e f f ec t s  of small
measured strains and large thermal gradients in the test
facility ,  unacceptable large thermal stresses were observed
during either hot or cold days . As a result , the tests
were performed only on those cloudy or rainy days in which
the heaters were not on and the outside temperature varied
only slightly.

2. Individual gauge readings were rejected if the drift
(presumably d~~ to thermal effects) was greater than 20
percent of the gauge reading due to load . The repeatibility
and linearity of the retained readings was exceptionally
good .

3. The deflection measurements were made by precision ,
mechanical dial gauges. No difficulty was encountered with
this system .

The Loadiflg

1. The model was loaded by means of calibrated steel weights
and precision pulleys . The purchase of the pulleys was
limited to 2:1.

2. The loading was performed through loading bars which
were attached by brackets to the model at several bulkheads.
The selected bulkheads were at least one hatch length away
from any strain measuring station .

The Results

1. Tests of vertical bending yielded results which show that
the model responds closely to elementary beam theory . There
is some evidence of stress concentration on those sections in
which the hull structure changes dramatically, for instance ,
just forward of the machinery box .

~~1
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2.  Tests of horizontal bending show that Navier bending
occurs for this loading as well. However , because the
ship is very stiff transvers ely, the resultant stresses
were quite small and not as well defined as for vertical
bending .

3. Tests involving a very large vertical shear amidships
developed a shear stress pattern in this area large enough
to measure accurately. This pattern appeared to have the
correct shape and meet the known boundary conditions at the
keel and at the deck edges.

1+. The response of the ship to pure torsion demonstrated
several things :

a. Both the bow and stern sections offer a considerable
warping restraint .

b. The machinery box is a particularly effective
warping restraint.

c. Transverse bending of the deck edge torsion box
yields very large stresses on the hatch side of this
box just forward of the machinery box . This is a
further evidence of the warping restraint offered
by the machinery box. Similar large bending stresses
were observed in the deck edge torsion box just aft
of the forecastle.
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APPENDIX A

EVALUATION OF MODEL DESIGN BY FINITE ELEMENT METHODS (FEM)

A finite element calcdlation was performed on a
parallel section of the ship and a similar section of the
ship no~ el. Additionally, FEM calculations were also
:~~rformed for a typical transverse bulkhead - both model
-u~o full scale.
A. ~idship Section

For the midship study , both sections included one long
container hold and one short container hold (a total section
length of 91.866 ft full saale). The finite element mesh for
the ship is shown in Figures A-la through A-lc , and that for
the ship model in Figure A-2. The following assumptions
were made in this analysis:

i. Symmetry . Because of symmetry , torsional loading could
be applied as a pure antisymmetric load and only half of the
stt-ucture needed to be analyzed.

ii. Boundary conditions. Along the symmetry line : No
deflections occured in the longitudinal and vertical direction-
In the case of full warping restraint at the section x~ 0,
this section was completely fixed in all directions. For
the case of no warping restraint at the end x~ 0, all nodes
were free to move in the x-direction at this section (except
nodal points at~~~).

iii. Structural Simplifications.
a. Several sidegirders and floors in the inner bottom were
lumped together.
h. Stiffener’s were lumped together and included in the
structure as bar-elements.
c. Plating thicknesses for bottom , sides , deck and bulkheads
were not changed . However , the thickness of the bulkhead
at the end of the section was reduced with a factor ½.

The finite element model did not include a box beam on the
for-ward most bulkhead as shown in Figure A-2 . As will be
shown later , these boxes have little effect on the total
torsiona~ response and their omission (or inclusion) does not
appear crucial.
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The loads were applied uniformly as vertical forces
along the free end bulkhead . The torque applied to the
model was 5 x l0~ lbs. in. and the torque applied to the
prototype ship was 8.68xl08 lbs. in. The loading applied on the
ship is 4.3 times the corresponding load applied on the
model after scaling . Thus, for comparison , the results
of the ship were divided by 4.3, and the stress sign is
reversed since loading signswere also reversed . In the
finite element analysis only one-half of the structure ,
and the loading were used.

Figures A-3a through A-3j show the resulting stress
distribution from the finite element analysis of the model.

Figures A-11-a through A-1+j show the corresponding stress
results of the ship portion.
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(Model Results)
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Fi gure A-3b Shear Stresses at Section IV (Model Results)

Fig . A— 3a and A-3b can be compared directly as the difference
in stresses is caused by the fact that the lengths of the
holds are not the same . However the stress distributions
correspond quite well. The term “Predicted distribution”
is used because the program gives averaged stress at the
nodal points , and this is not correct when the stresnc- L; are
averaged over a closed and open section.
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Shear stresses over longitudinal cross section at transverse
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Figure A-3d. Shear Stresses At Bulkhead
Section III(Model Results)

The very high peak in shear stress is caused by the
transverse box girder at the bulkhead. The stress
distribution along this girder will be drawn later.
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Shear stresses in transverse box at deck
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(Model Results)
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(Ship Results)
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Of particular interest in this study was the warping
of the transverse box girder (Figures A-ba C A-5b ). With
regard to these figures which show the normal stress
distribution ,

1. The curves show a remarkable similarity with highest
stresses near t~ e longitudinal box girder at the ship side .This is expected because the box girder is restrained from
warping at the ship side , but free to move at the centerline .
Hence , there thould be no stresses at the centerline . The
calculated stresses are also relatively small. The- errcr ,
(difference from 0) is caused because the nodal point
stresses are averaged stresses.

2. The high difference in stresses at nodal points at the
longitudinal box girder at the ship side is caused by the
averaging of stresses. Especially , the averag ing of
stresses in transverse direction along the longitudinal
box girder tends to reduce the transverse stresses in the
bottom and top plating of the transverse girder.

3. An interesting investigation is to check the horizontal
deck displacement of the model and the ship , also taking
into account warping and displacement of the transverse
deck girder . Previously, the displacement and warping have
been discussed separately. The deflected shapes of the main
deck both for the model and the ship are drawn in Fig . A-6 .
It is interesting to see the similarity of the two decks .
(Note that the direction of the deflection is changed for
the ship and adjustments were made for the model in order
to make the results comparable).

The transverse boxes have very little influence on the
torsional rigidity. This should indicate that the effect
of warping rigidity caused by the transverse deck-strip
is very little, and it is most correct to scale the model
according to free torsion. Previously it has been shown
by Roren that the influence of a thin deck strip is very
little. However , at the deck corners high warping stresses
in the transve~’se box girder were obtained . But because
of the large elements used in the calculation , a more
detailed study is necessary if the actual stress concentrated
effects are to be obtained .

Figures A- 6b and A-6c show the computed measurements ,
both vertical and horizontal , of the deck edge.
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Inches x

~~~~~~~~~~~~
g. 8. 1incIs 8.
~~:8 i~~8 ~~.22 l~~~~6denumber

Distance from aft end of section- (model results)
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Ft.
0 22.5 115. 0 149.08 69.55 90.0 914 .00
16 32 6Ls 88 lOb 132 1~ 0 nods

numoer

Distance from aft end of section (Ship results)

(Note for comparative purposes the deflection of the aft  end

is 0 in transverse and vertical direction.)

Figure A-.6b. Lateral deflection along main deck at ship side .
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Figure A-6c. Vertical deflection along main deck at ship side.
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The warping deformations at the free end of the
midship section were also compared . If the same angle of
twist exists over a comparable length of the ship and the
model , the warping at the end section should be to the
linear scale.

Hence it is necessary to multiply the obtained
ordinates with the factor .

4 .3 x 50 x 2.54 547

To obtain comparable values on the model , when the displace-
ments are multiplied by this factor (the numbers in paren-
thesis) , the warping correspond s very well , aid the mc-de~
pretty well reDresents the behavior of the ship in free
torsion, see Figure A—7 .

U- —
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Comparisons were made of the angle of twist over the
section by measuring the deflections at the deck edge at
the forward most bu lkhead .
The deflections of this point were:

vertical horizontal total distance
deflection in cm
(inches)

model 0.0198 0.02306 0.0304 (0.01197)
(0.0078) (0.0908)

ship 4.307 4.862 6.50 (2.559)
(1.698) (1.9142)

The distance from the centerline at the keel to the deck
edge is 20.0” for the model and 994 in. for the ship .
Using these resul ts, the total angles of twist become :

0 . 0 1 1 9 7  4

~~~~~~~20 S .99x10 rad.

ó’. 50
‘
~p 2S~T — - x lO  rad.

The loading of the model was 4.3 times too small (as
discussed previously) and thus the corrected angle of twist
for’ t~ e model for a comparable load is

~~n= S . S ?x  icP r ad.

The valu es of~ p and ~rr~ theretore concide to 3 decimal
places for this case of free torsion. Thus , the simplifi—
cations introduced in the model do not lead to differences
in twist deflections .

B. Bulkhead Structure .

In the bulkhead structure study a ship-like bulkhead
was used (see  Figure A-8a) and another representing those
used in the model (Figure A-8b).
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Boun dary conditions used in the calculations were as
follows . Along bulkhead at centerline the nodal points
were completely fixed in all directions . The rest of the
nodal points at the centerline were fixed in the vertical
and lcngitud~ na1 direction , but were free to move in the
transverse direction. These boundary conditions were
required to take advantage of symmetry in the calculations .
To prevent the structure from rigid body rotation about
a vertical axis , one nodal point at the shipsid e was fixed
(the upper one on the bulkhead).

Calculations were made for two bulkheads , one similar
to the real one , and one where the s t i f f e n ers were lumped
together. No material was “thrown away,” in the simplified
case , except for the stiffening plates inside the transverse
box girder. This would have no influence on the result ,
since the box girder was very sti f f  in itself besides being
stiffened by these bulkheads.

A warping moment of O .868xl08 lbs. in. on the full scale ship
was applied by means of longitudinal forces applied to the
outer hull of the ship . The loading was introduced by
forces at the nodal points along the ship side . Referring
to Figure A-8a forces of -46737.9 lb. were applied at nodes
78 and 64 and of +46737.9 lb. were applied at nodes 36 and
50. Although these loads did not correspond to any known
real situation , they were qualitatively correct and represented
a reasonable loading for comparison purposes. Figure A-9
shows that longitudinal  def lections of the ship side caused
by this loading.
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Inches

(t6.4~)

36 2~ nodal number-real bulkhead

~37) (‘e) nodal number-simplified
bulkhea d

Figure A-9. Longitudinal Deflectioris

Real Bulkhead

— - — Simplified Bulkhead

A further study of deflections compared the longitudinal
deflection at the inner bottom (Fig . A-lOa), transverse
girder on the bulkhead (Fig. A-lob), the lower (Fig. A-lOc)
and upper (Fig . A-lod) plating on the transverse box
girder , and at the vertical girder (Fig . A-l0e).
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Figure A-lOa . Longitudinal deflection of the Inner Bottom Plating
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Figure A—lOb. Long i tudinal deflection of the transverse girder on bulkhead .
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In tieS

_______ Real Bulkhead .

2.- — — Simplified Bulkhead

1. - 

2.13 
(z.~5) 

2.31

nodal nt~~~~~ ? ( 
76

s 1rnp lif t e~~’4) ~~fQ) - ~ s2~) (oY) (~6~ (~~)
bhd.

Figure A—lOc. Longitudin al deflection in the l ower plating (second deck) of
transverse box girder.

- -- 
- Real Bulkhead

— — — Simplified Bulkhead

(30)

nodal no.
real bhd . ?O 12. .O7 1-Qs imp l i~ied ~~~

Figure A-lOd . Longitudinal deflection in the upper plating (main deck) of
transverse box girder.
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Inches

Real Bulkhead
6. -~~~~ _ _ _ Simp1ifje~ Bulkhead

~23 &27 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

bhd. _

- 
(Jo) 

~~~~‘) 9

Figure A40a . Longitudinal deflection at vertical girder 214.2 inches from
centerline.

It is interesting to see that the deflection of the real and-
simpl ified bulkhead do not differ significantly, even if
the lumping of the stiffeners in the simplified case
is pretty rough . In general the displacement follows
the same pattern with the simplified bulkhead values a
little larger than those of the real bulkhead .

Results for the shear stresses in the bulkheads were
also analyzed (Fig . A-h a through A-lld). All numbers
in ( ) refer to the simplified case. The curve is
dotted in this case. Nodal points are underlined . The
model simplifications lead to no significant differences.

As a result of these rather comprehensive finite
element calculations it can be concluded that the 1:50
scale model exhibits the same structural behavior as
the full scale ship. Differences do occur , of course ,
but these appear to be relatively minor.

• ~-~4
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STRUCTURAL TESTS OF SL-7 SHIP MODEL

APPENDIX B: TEST DATA

UORMA L~~ZED S T J ~~ESSES DIJE TO

V E R T I CA L  ~~E W D I N G

(-4 LARGE. B. M M Al 264 JCJ t ’4E 27 , (9T2

L-) -i~~ LAP ~GE B.M. J UNE 2a , )97~
(+) )‘a LA RG E ~~ M4 JUNE. ~~%9?2
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1 10 30 46 62 78 ~ 112 120 1112 j C’~ 178 194 210 226 2112 256 27~l 290 311 342 ?P LOA

H H I H 1 / H I H H I ~~~~

— 

L 
2Y ~~~~ 28.3~~~~~~~ 20.4~~~~~ 26 .8’  30. 419.2 - .~~ 1~~.2

--
~~~~22. 2 ’ -~~~~ 27 ._____________ — 220.18’ ———___---— __________ - _______

85 ).82 84 .52-
4 C 4 C

su~~~~~ ~~~~~~~~~~~~~~~~~ 
-) ( )  

— 

SU~~~~~T

-

. 

34D3.28 339 .~~5

LOADS — _ _ _  —__

(LBS) 
~~~32~~5.3~~ 

3572.0

4 _~~~~~~~~ 572 . 
_ _ _ _ _

SHEAR ~ _ _ _ _ _  

178 
_ _ _  _ _ _ _ _F ORCEx IO r—

(Le S) L_ -32~~ _ _ _ _

4

BENDING
MOMENT -~4z 

— _____ — ___

(LB S - ~~~
——- ..

)CIO 
-

Date of Experiment 29 ~arch , 26 6 27 June 1972
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2~ ~~~~ 28. 3 420.4~~~~ 28.6’ 3~~~ 419.2--i 19 .2~~~~ 22 2~~~~~- 27.58

____________— 220J8~
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Date of Experiment 22 June 1972
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T 10 30 46 62 78 96 112 120 1152 160 178 194 210 226 242 258 274 290 311 342 PP LOA

-

~~~~~~~~~~~ ~~I J J 1 I I I / I I J I i I I i i i i

L 

2 4 ” ~~~~~ 28. 3”~~~~~~ 2o. 4’~~~~ 28.8 ” 4 3~~~~
” 419.2.~~~~~19.2”~~~~ 22 .2”~~~~~ 27 .58’~~~~~ 3 .2w

220 18

* * * *
c550 75 850 850

_4~~ 4

_ _ _ _ _  
P0RT~ ___  _ _ _ _ _  _ _ _ _ _  ___  ___  _ _ _ _  _ _ _ _ _ _

LOADS
(Le 5)

STE D~
~~~~‘ * ‘~~ ~~~‘ ‘  ~~~~ r

75 BSO 850 ÔE,O

1 850 925 850
LAT E F~AL
SHEAR. 

_ _ _ _  _ _  _ _ _ _  _ _ _ _  _ _ _  _ _ _

FORCE
(L ~~ 5) 

____  ____

x ic,3 1 -850 850

2 
-1700

~7,S3O

5J,5!Q
3 350

LATERAL 24480 ”BENDING z 
‘
,—‘ 18,S70

MO N\ E NT
(L6s- fl’-J) - ______ ___  _ _ _ _ _  _ _ _ _ _ _  ___  _ _ _ _

* Includes a m chariical adv ntage of 2, b~ the pulle~ s.

Date of Experiment 21 August 1972
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7 10 30 116 62 78 ~~ 112 120 1112 160 178 194 210 226 242 258 274 290 311 3112 PP LOA

~~J I i l I H / I l ! I J H l I f f ~~

L 
24” ~~~~~ 28.8” ~~~~~~ 2O.4” ~~~~ 28.8” 30.’ 419.2”~~~ 19.

2”~~~22 2”~~~~’ 27.58”~~ 3.2”
__________________________________ 220 18”

* 85~~ 65~ 85d

_ _ _ _  

PORT) 
___ —____ _____ ___  ___  _ _ _ _  _ _ _ _ _

LOADS
(Les)

SleD’
~ 

* * ~~‘ *85() ~~ 
- 850 S50

2 (700

LATERAL 1 850 950
SHEAR
FORCE. 

_ _ _ _ _  _ _ _  _ _ _ _ _  _ _ _ _ _  _ _ _  _ _ _  _ _ _

(LB5) — - _____ _ _ _

x (O~ 1 -850 -925 -850

LATERAL 
— -- 

7
BENDING 2 / -I8 8-t

~MOMENT -24,490 ~~~
(LBs-IN) 4 ~~~ -4~~ 5O
)( % 0~ 

G 
~~~~~~~~~~~~~~~~~~ 

_ _ _ _ _ _

-‘7; 830

*Includes a mechanical advantage of 2, by the pulleys.

Date of Experiment 22 August 1972 
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SECTION 2 u FORWAR D OF FRAM E 10

LONGITUDINAL STRESSES DUE TO LATERAL D[. NDING

NO. OF R O S E T T E S  - 3( 125 RA)

SINGLE GAGES- 6 (25 0  BG)

DAT E OF E X P E R I M E N T  AUG. 2I~~22, I-972

SCALE OF STRESS
0 .5 - I KSI
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SEGT~ON AT HATCH CORNER
PORT SIDE FRAME 62

LONGITUDINAL STRESSES DUE TO LAT ERAL BENLt L~

NO. OF ROSETTES
- 1( 2 5 0  R A )

SINGLE G S  
B G )

DATE OF E X P E R I t C ’~ENT

4~’T~6’ 2~~~2: , l :72

GAGE l5,I6 ,I7~€~ 4~\7~f~.)J —
~. k .5 I K~ I

~~~

OUTB OAI~D SIDE
OF THE SHELL PLATE.

- - 
O~~G~~ —~ 1—- — -j ~~--0

o’~
t 5— -t t—=--’

~
p

LOOKING OUTBOARD FWD—- 2~SHELL PLATE

26—9-0

0

LOOKING OUTBOARD
TORSION BOX

FI G. Z 
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SECTION 5•4
U FO RWA RD OF FRAME 78

SHEAR STRESS DUE TO LAr ERAL BENDING F

NO. OF R O S E T T ES  - 2(125 RA)
- 4(250 RA)

SINGLE GAGES - 1(250 BG)

DAT E OF EXPERIMENT AUG2 I~22 ,I972

SCALE OF STRESS
0 -5 - I I<SJ

~~~

0 +~~~I~
V - (-aM.)

165 -

(64 (63 162

~~ 
168 167

_____ 

v — I66

157 160(56 (59

I55~~~~-~~~~~~~~~
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~~~~~~~~~ ING FORWA RD

(52 
_____________

0 ~— l5 I
0I?\
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SECTION Z~’ FORWARD OF FRAME 142
LOCATION OF GAGES
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SECTION 2” FORWARD OF FRAME 142

LONGIT UDINAL STRESSES DUE TO LAT ERA L BENDING

NO. OF ROSETTES -4 ( 12 5  RA)
-2 (2 5 0  RA)

SINGLE GAGES - 9 (250 BG)

DATE OF EXPERiMENT- AUG. 2J~22,I972

I SCA LE OF ST REDS
I 0 5 I K ~

___________ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 
~°-~~-t ~~~~~~

~~~~~~~~~~~~~~~~~~ 9~~~ ~ ~~~
4 2 —

~~~~~~~~~~~~~ 
p + B ~-

40

-< FWD 39\ 
~~

39 /41p\41 42 41 
_____

36—+ y) 36— — 3 7
- - - 

~~~1~ 
- - _ _

~z32 32 46

1 1 1 1 1 1 1j 1  LOOK~~G

29— 29j 
-

F IG. -4 ;;~
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SECTION 2 ’ - 

FORWARD OF FRAM E t 42

LONGITUDINAL STRESSES DUE TO LATERAL B E N D I N G

NO. OF R O S E T T E S-  4 ( 12 5  RA)
- 2 (250 RA)

SINGLE GAGES - 9 (250 BG) -

DATE OF EXP ERIMENT AU G.2 Ij2 2~ 19 72

SCA LE OF STRESS - 
-

.5 ~~~ I KSI

o + BM. - 

~- 5 6  ~~~~
- (- B.M~ - 59 ~~~~~57 J

56 / 57 FWD
I ~T~~° 59~” N~57

_

~~~~~~~~~~~~~~~ 

_

~~~~~~~~~R~/A RD 1 1
47
1

F I C ~. 4 b

I-. I
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SECI1ON 2” FOR WARD OF FRAME ~42

LONGITUD1NAL STRESSES DUE TO LA] LRA ~ BENUIN6

NO. OF ROSETTES - 4 (125 RA )
2 (250 RA)

SINGLE GAGES - 9(250 DG)

DAT E OF EXPE RIr- .~;ENT AUG.2I~22 ,1972

SCALE OF STRESS
0 .5 KS! 4 -R M

~~~~~~~~~~~~~~~~~~~~~~
I

~~~T1 -
129 28 1

- 

LOOKING FORWARD

-- 
- _ _ 1  _ _ J B ~ D I ~~2 J _ _

129 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

BOTTOM PLAT E
1- 1G . 1~- r .
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SECTION AT HATCH COR~ ER
PORT StDE FR/~M-E 175 -

LONGITUD INAL ST RE~ SES DUE TO LATE RAL ~ L N L I N L
- GAGES 131 , ) 32~ ~ 173

AI~E UOT SHO’~IN.
THEY ARE LOC/~TED NO. OF ROSETT ES
ON T1~~ AFTER - 1 (2 5 0  r~/~)

~~~~~~~~~~~~~ CO R N~
0
R 

(33 , 134 , & 175 Sh\IGLE GAGES
RESPECTIVELY. 

- 12(250 BG)

- DAT E OF EXPE~~ ’EN7

GAGES G~~,I7O , ~~~~~~~~~~ 
“
~i 

AUG. 2I~ 22 ,1972

rfl , & ~~2 A R E  SCALE OF ST RESS 
KS !

THE Y ARE LO C~~ ED

• SIDE OF THE SHELL PLATE. 0 + BM
v -(- Bk!’)

C -——--———---- 

~~~I7O~ ’~~~ 
- 

~-~~ i72 
—_____

S 
_  

H - /___I~.--- --—- IG9~~~~
f
~~~-~~~ I 7 I

LOOKING OUTBOARD —~~ FWD
SHELL PLAT E

~~~~~~~~~
- 17 4 ~~~ 176

_ _ _ _ _ _ _ _J7 3~~~ H1 75

LOOKING OUTBOARD >.FV~’D
TORSION BOX

j
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SE CTI ON BETWEEN FRAMES t73 a 194
- LOCATION OF GAGES

C ’ J $~)
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~D _~~~~~~~
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SECT IO N BET W EE N FR€~MES I?~ ~ 14

LONGITUD Ii-~AL STRESSES DUE TO LA F E R - ~L ~~S L~~
- -. , I~~~I:L

SINGLI:. GAGES 2 (250  DC)
NO. OF ROSETTES - 4(125 RA)

- 
— 12(250 F~A)

DAT E OF EX PEFWI.EI T AUG 2I~22, 1972

SCA LE OF S T R E S S
0 5 

_ _ _
I KSI 

-

® + B M.

O6\J~/~U~4 -~~

______________________________________
\

__________ 
81 83

02

-<——-— FWD C I  36

CI ’~~~~~ 33 83>< 3~

7.9 80fl
_ _ _ _ _ _ _ _ _ _ _  

I 
+_ _ _ — — ~~~~~~~~~~~~~~~~~~~~~

74 74 77

I79\ 

/ ~~~7~~J
7 LOOKING

FORWA R
~~~ c3T S
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S~ CT~ON BETWaE N FRAMES I7~ ~ 194

LONGITU mNAL STRESS ES D U E  TO LATE RA L . BL HL )N ’J G

SINGLE GA G ES - 2(250 ~G)
NO. OF ROSETTES - 4 ( 125 RA )

-12(250 RA)

DATE O1~ EX PERL M NT AUG .2 I~22 , 1972

SCALE OF STRESS
0 .5 

_ _ _  
KS!

0 ± B M
v 

- e B M’) 98 /IN~gG —
~~~~

96 FVI D --- - --->--

_ _  

98/1~~~96 
_ _ _

_  7
~4 

95 192 9291 91

93— 90 90

- 
I4 I~~~~4a / 1

_ _

89 88

r 5 .  —~~~_~



8-46

SECTION BETWEEN FRAMES 178 ~ 194

LONGITU DDS~AL STRESE-ES DUE TO LATERAL BENDING
SINGLE CAGES -  2(250 BC)
NO. OF Ro S ETTES - 4(125 RA)

- 12(250 RA)

DAT E OF EXPERIMENT AUG 2I~22 ,l972

SCA LE OF STRESS
0 5 I KS!

62~~~~~ 
i o ~~~~~~~~~~~~97~~~~~~~~

25

66 6 I - ~~~ 
37

60 (38

I I I
I — I
I I I
I I I
I I
I I 1
I I

I I I

1- G
~~~~

GG ’
T~~~~~~~~ HH

~~~
1I

~~~ 

8767

BOTTOM PLAT E
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SECT 1OI ’~ BETWEEN FRAMES ~73 ~ 194

LONGLFUDINAL STRESSES DUE TO LA T E RA L  DEN :ING
SINGLE CAGES - 2(250 BC)
NO. OF ROSE rTES - 4(125 RA )

-12 (2 50  RA)

DAT E OF EXPERUMENT A UG . 2l~-22 ,I972

SCALE or STRE~~0 .5 I KSI
_ _ _ _ _ _  0 BM.

• .~~1 ::T1~~ ,
~~ 67~~~~ 

6

6
~~~71 t:~3~ 7

60 I~ O

I I

I • I I
I I I
I I I
I I I

I I - I
I I69 63

TANK T OP
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SECTION BETWEEN FRAMES 179 &

SH EAR ST i~ESSES DUE TO LATERAL BENDIN G

SCALE OF STRESS
_~~~~~~~ 

c~j r r 0 .5 I K S I
ø~ _____ _ _ _ _ _ -

~~~~ ~ -! I \ I m a~
— t o O  ~0 (\J LC ) 

~)01 — - r t ~’

LC) “~~~~~~~ --, 0)
c’J i (1~— 0c’J co IL
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LU ~~~~
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SECT~O~1 AT HATCH CORNER

PORT SiDE FRAME ~26

LONGITUDINA L STRESSES DUE TO LATERAL LE NDING

G A G E S  117 , I I 8 , I lc ~,I2 0 , NO. OF ROSETTES
a 121 ARE NOT SHOVI N — t ( 2~3O RA)

~~~~~~~~~~~~~~~~~~~ 
SINGLE GAG ES

DAT E OF EXPERiMENT
AUG 2!~22 ,1972

SCALE OF STEESS

V - (- BM .)

I I 8

~~~
-t ~~~~ 

-

II 7~~ -~’ ~~
- 119

LOOKING OUTBOARD 
_ _ _ _  FWDSHELL PLATE

LOOK ING OU TBOARD
TORSION BOX



— — — --—-— -~~~~~~~-— ~~~~~ -~~~~~~~~~ ~~~~“ ~~~~~~~~~~~~~~~ ,~~ -~ ~~~~~~~~~ .~~~
— r~~~~~~~~~ ‘~~~~~~~~~~~~~~~~~~~~~~~ “ ‘

/

B- 50

SECTION I~ AFT OF FRAM~E 290

LONGITUDINAL STRESSES DUE TO L.AT [RAL BE NDINL
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SECTION 2 0 FORWARD OF FRAME 10

LONGITUDINAL STRESSES DUE TO ML)EHIP ~ H~iRR

NO. OF ROS EITES - 3( 125 RA)
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SEGI]ON 2 FQRWAR E~ OF FRAME 142

LONGITUDINAL STRESSES DUE TO MIDSHIP S1- I L\ R
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SECTION 2~ FORWARD OF FRAM E I4~
LONGI- IUDIN/:W ST RESSES DUE TO MIDSH I[  SI~EA ~
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SEC1ION 2t1 FORWARD OF FRAME 142

LONGIT UDINAL ST RESSES DUE TO ML~~HIP SH F/ ~~
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SECT I O N BETWEEN FRAMES rr~ ~
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SECTION BETWEEN FRAMES I7~3 E~ ~~~

LONGITUD INAL STRESSES DUE TO MI DSHI P ~- HL’ -~
SINGLE GAGES - 2(250 DC)
NO. OF ROSETTES - 4 (1 2 5  RA )

- :2(25 0 RA)

DATE OF EXPER1M ENT JULY 6~- I I , 1972

SCALE OF STfl ESS ~ + SHEA R
0 

___  
3 GKSI - 5 _ ~ 

‘5’
_____ _________________ V - A \

____ __I

96 F W D — — ~-

_ -

L
- 

~~— I2 5 J
125 87N

~8/ i  89 80

FIGURE ( b



AO~ 7 117 SHIP STRUCTURE CO$*II TTEE WA SHING TO N D C FIG 13/10
STRUCUmAI. TESTS OF St.—? SHIP MODEL. (U)
19fl W C WEBSTER. H S PAYER

L*4CLASSIFIED SSC-269 it

~PtQ47

_ _  

UU!W~~~1
_ _

fl aSLi

~

1
_ _ _



I ~~ IV I~~ ~ 2.5

I.’ 
~:~

t 

~~
• ________

• I .25 1.4

MICROCOPY RESOLU TION TES T CHA Rt
R



--~~- 

~~ TT ~~~~ /~ I

B-71

SECT ION BETWE EN FRAMES 178 a 194

LON~~~U[ !PL ST1~ES~)ES DUE TO MIDSH IP SH~ /~R
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SECTION BETWEEN FRA MES 178 8~ 194
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TORSi ON

I +LARGE TORQUE JULY 18
2 —(- LARGE TO RQUE) JULY 24
3 2(s J.’2LARGE TO RQUE) AUG I

~ -2(-i~ LARGE TORQUE) JULY 31
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~1’ 10 30 h G  62 ~‘a ~ 112 120 1112 160 178 1911 210 226 2112 258 2711 290 31X 3’42 FP 1.0*

t I I I I I / I I I I I l I I I I I ~~

• L 
2h 28. 3” 420.h” ~~~~ 28.8’  

_
~
L_ 30 ’ 4 19.2 ”~~ 19. 2”~~~22.2 ” ~~~ 27.58_____________ — 220.16”

69 C4 5~ d 5 o~ 5 o~ 5 0* 4 ~ 4 ~ 280.3~~

LOADS 
_ _ _

(u~s) • • 5T&’ ~~ • 

~~~~~~~

c,9 ~~~ 5• 0*5 0* 5~ 0~ 5 ~ 4 5*~~ Q~ c,*

10 93,000
(~3’O O

TORSIONAL
MOMENT 3 ~~~~~~~~ 

C
(L 8S-L N)  /5,70

X lO ’ 3,900 
_____  _____  ____

0 — ____ _ _ _ _  _ _ _

~9 C4 5 e~5 0* 5 0~ 5• O~ 4~ 5~ 4 5*~~ ~3~*

LO4.D _ _ _ _  

PORT? _ _ _ _  _ _ _ _  _ _ _  _ _ _ _

(LB5) ~ — _ _ _ _  _ _ _ _  ___

ST~MD’ I
* * 7~~ * * * *

~~~~~~ 5 ~ 5 ‘0 5 0 5 0 4~ 5 4 5 Z8 )3~

0 _ _ _ _  
— ____ _ _ _ _

-3900 -I5,7~OTOR.SIONAL -3 ,C,00 _3 9 1 00MOMENT _____  —

(L6s.1I~.J) -(.3,300 ~~~~~~~~~~ ~~~~~

i~ I0~ -to ~~~ooo
* Includes a mecnanica l  advantage of 2 , by the pulleys .

Date of Exper iment 18 ~ 2 ’-e July 1972
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7 10 30 46 62 78 ~~ 112 120 1112 160 178 1911 210 226 242 258 274 290 311. 342 7P 1.0*I i l / I  I I I I  I I

L 211” ~~~~ 28.3” 42o.4.~~~ 28. 8” 30. ” 419.2” ~~~ 19.2 ’~~~~22 2 ”~~~~ 27.58”

I 220 18
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_____ 

PO~T2, 
______ ______ ______LOADS

(LBS) •SThD’

34 82 2 5*2 .5* 2. .5* 2 5* 2 1 ?.~ 2I2.5*I4O.I8*

5 4G~Soo

TORSIONA L 3I,~.50

MOMENT I~~8Oo
(L~~5-IN;

t0~’ 1 950
0 — ____ _ _ _ _ _

34 82* 2 5*2 5* 2 5* 2. 5~ 2I2.5~2f 2.5*14 0.18*

_ _ _  

PORT 2 _ _ _ _  _ _ _ _  _ _ _ _LOA D5

STbD’ 
— _____ ______ _____

34 ~2 * 2 ~5~2 5* 2
’ :5 * 2 5*2 1 ?.54212.5*1~ 0.18*

0 _ _ _ _  — ____ _ _ _ _

— $950
TORSIONAL — 

-785
MOMENT -1 ,800 _-j-

~
-
~~~~,

(Le15-IN ) 
~3 J C50 -3I,~ 0

x IO 4 -5 -4~,5oO
~ Includes a m echanical advantage of 2, by the pulleys.

Date of Experiment 1 August S 31 July 1972
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SECTION 2° FORWARD OF FRAME 10

LONGiTUD iNAL STR ESSES DUE TO TORSION
- 

NO. OF ROSETTES - 3(125 RA)

SINGLE GA GES-6 (25 0 BG)

DATE OF EXPERIMENT JULY~ AUG, I972

SCALE OF STRESS
0 3 6KSI

—I- -

~~~~~~~~~~~~ 4~~~~• • - - 

. 

°2 ( 2 LARGE)

FWD 9 II ~
—9 —13

iz
~~~~~~
Ii[::

. 

~~~~~~~~ 4

FORWARD

FIGURE I
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SECTION AT H~9CH COP~NER
• 

- 

PORT SIDE FRAME 6.2
LONGITUDINAL STRESSES DUE TO TORS ION

NO. OF ROSETT ES
- 1(250 RA)

• - 

SINGLE GAGES
-10(250 BG)

• DAT E OF EXPERIMENT

• ~;;~;i
6T:k;~?%.T_7 

~~~~~~~~~GAGE I5~I6 , I7,a I ~—‘21 ‘bi

- 

10 I THIS 
~~~~~ — 

3 
. 

KSI

VIEW. THEY ARE ~~~~ ,.“ ~~~~ ....

LOCATE D ON THE • 0 ÷ LARGE
OUTBOARD SIDE V -(- LARGE~OF THE SHELL PLATE. ~ 2(’÷i’2LARGE)

0 - 2(-J-~ LARGE)

S.— 
I6-~~~~I~~~— l 8

LOOKING OUTBOARD FWD >~SHELL PLATE

___ it:

• LOOKING OJT BOARD
TORSION BOX

FIGURE 2

-
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SECTION 5.4° FORWARD OF FRAME 78

SHEAR STRESS DUE TO TORSIO N

NO. OF ROSETTES - 2(125 RA)
- 4(250 RA)

SINGLE GAGES - 
1(250 BG)’

DATE OF EXPERIMENT JULY~ AUL3,I9r2

SCALE OF STRESS
0 3 6 KSI
I - - I - - 1

$65 
o +LARGE

164 163 162 I ‘ 

• 
V - (-LARGE)

• 

~~~~~~~~ 166 
‘ 

• ° 2(+/~ LARGE)

_ _ _  

IL166 0- 2(- J~~LARGE )

157 160156\ I  1/~~~155....N~ ~~~~~~~

LOOKING FORWARD

,53-~~2
_ _ _$52 _ _ _ _ _ _ _ _ _

• 
• ~~— I5 I

I
$49

FIGURE. 3
L
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SECTION 2” FORWARD OF FRAME 142
LOCATION OF GAGES

10

10 10 10

~-. .~~~~~~~
. 

•

~~~~ 

- ;;• :~

• C ’ J — C~J. • • - • -

~~- 
.-. -. -

4
i i~~~

Cl) (I) • 
• 0• w Lu LL

~.- (D
• a , - —

Lu In ~~~~- 
•

• Cl) ~- ~~~~~ 
• —

I- -- 0 w 
-. - -. - ‘ •

I (11J • -J 0
(1~ 

— - 0

o 
~~~~ ~~~~~~~~~~~~~~~~ • • •

o
Z 00

• .Jp. w~~~~~~w ‘ • 
—

_I ,~~

~~a:o...• 
~~) 4 . J_ I’-

In • -

I .

1 ~~~

FIGURE 4
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• SECTION 2” FOR~JARD OF F~~ME 142

• LONGITUDINAL STRESSES DUE TO TORSION

• NO. OF ROSETTES -4 ( 125 RA)
-2 (250 RA)

SINGLE GAGES- 9 (250 BG)

DATE OF EXPERIMENTJULY~AUG ,1972 KSI
0 3 6

I 
SCAL E OF STRESS

1

-: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0 
- 

f LARGE -~— FWD - 

j
38

V - (- LARGE) 
— 42  4~ ___

° 2(+~~LARGE) •

• 0 -2(-j ’2 LARG E) 
- 3~~4 • — — - 36— 

____ 

—37 

/ •

30 • 44

• • 3 3I c8 3I~~~~ ~~~~45

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

LOOK ~~~~~~~~~~~
I FORWARD

- 29— 
, 

291

FIGUR E4a
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SECTION 2° FORWARD OF FRAME 142

• LONGITUDINAL STRESSES DUE TO TORSION

NO. OF ROSETTES - 4 ( 125 RA)
- 2 (250 RA)

SINGLE GAGES - 9 (250 BO)

DATE OF EXPERIMENT JULY ~ AUG , 1972

SCALE OF STRESS
- 

3 . - 6KSI 
I i

~~~~ 
—__~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~— 56

57
58

56 / 57 . FWD
I ~~~~ 59’~~~”57

55 54 - 54

~~~~~~~1~ /
I!

°• • ,iL

V — (-LARGE) 
~8 • ~~ I ~~48

o 2(+ ~ LARGE) 
~~~ 53 33 

49 /~: 3~~~ ~~
O- 2(-)’2 LARGE) • 

- /

FIGUR E4b

r .
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SECTION 2” FORV~A~ D OF FRAME 142

LONGIT UDI NAL STR ESSES DUE TO TO RS ION

NO. OF ROSETTES -4 ( 125 RA)
-2(250 RA) • 

t L A RG E

SINGLE GAGES - 9 (250 BG) V - (—LARG E)
DATE OF EXPERIM ENT JULY~ AUG ,1972 0 2(~J’2 LARGE)
SCALE OF STRESS o -2(-.J-’2 LARGE)

3 G KSI 

//

~//
)

129 281 
•

- LOOKI NG FORWARD

L:~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
1
~~~~~~~~~~~~~J~~~~~~~~~~~~~~~

- 

~ ~ 1~

BOTTOM PLATE
• FIGURE 4c
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SECTION AT HATCH CORNER
PORT SIDE FRe3~ME 173

LONGITUDINAL STRESSES DUE TO TORSION
GAGES 13 I , I32 ,,a 173
ARE NOT SHOWN.
THEY ARE LOCATED NO. OF ROSETTES
ON THE AFTER - 1(250 RA)

~~~~~~~~~~~~ ~-..~~OR r4ER CORRESPOI1DING
~~~ T0 133 , 34 , 8 175

~~0> 
RESPECTIVELY. ~~2(250 BG)

-
~~ 

DATE OF EXPERIMENT
‘
.~t~~b1 “>e - JULY~ AUG ,19 72

GAGES 169 ,170,
171,8 $72 ARE ~~~~ ~~1?’~ SCA LE OF STRESS
NOT SHOWN IN 0 3 GKS
THIS VIEW. 

• 

I
THEY ARE LOCATED
ON THE OUTBOARD 0 1-LARGE
SIDE OF THE SHELL PLATE.

V -(-LARGE)
• 0 2( -tJ”2 LARGE ’)

0 2(~~~ LARGE)

-=--_t 
~ —=-~~~

LOOKING OUTBOARD >- FWD
SHELL PLAT E

5~
-I 7 4~~~ 76

7 3_—~ I4”~-1 ~ 5— ——-~~”~ I
LOOKING OUTBOARD >.FWD

TORSION BOX

FIGURE 5
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SECTION BETWEEN FRAMES 178 & l~4
• LOCATION OF GAGES

wLIP~FT~\ ,
-1~~o~~~~O 

• -

C’i~~~~~~c,j
- • 4

-
. 

•

/

• - - • - • • - • • -,--- • • - . • - • -• - - •

0 0  .
-

d o  -
z z  .

.10; 
•

.

0 1 0  •

/1\ p-_N
C S J I n O 0
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SECTION BETWEEN FRAMES 178 C~ I~ 4

LONGITUDINAL STRESSES DUE TO TORSION

SIN GLE GAGES - 2(2 50 BG)
NO. OF ROSETTES - 4(125 RA)

• 
- 12(250 RA)

DAT E OF EXPERIMENT JULY~ AUG, 19 72I 0 
~~~~~~~~~

SCALE OF STRESS V - ( - LARGE)
O 3 6 KSI

I - - •j 0 2(+J’2 LARGE )
85 °2 ( i’2 LA RGE)

86\~~~~~~~~~~~~~~~~
ei

82

< - FWD 
- 

8I~~ j 86

/1\ 82— ~~ --- 65
81 82 6~ 83/  \ 84

79 I 79 80
78 80 / •

74 
. 

74~~77

_7
~~~~~ 

- • • -
, V75

/ ‘79

~~~/ “ Thfe~~ 
- I78

_ 
77~r .

~~~~~~~ 161—f LOO KING ~
66 - FORWA RI5’~” G8-
67 68 

• 

67 66

• FIGURE 6c3
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SECTION BETWEEN FRAMES 178 8~ 194

LONGITUDINAL STRESSES DUE TO TORS ION

SINGLE GAGES - 2(250 BG)
NO. OF ROSETTES - 4( 125 RA)

- 12(25 0 RA)

DATE OF EXPERIMENT JULY~-AUG , 1972

SCALE OF STRESS
0 3 6 KS1
I I I

o 1-LARGE [ 98~~~~~ 9~~~~~~- (-LARGE) 97
0 1+ ’0 

~~~~~~~~~~~~~ 79G FWD >
o—2 (- ½LA RGE) 

____  

98/1\ 96

- - -

~~~~~~~~~~~~~~~~

- -

-

- - --

•

- -

- - - T4I~~~~~ 
- - - -

--7 +—12 5 ~1
::~ 

125 
.

F~SURE 61)

_ _  

4-
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SECTION BETWEEN FRAMES 1 8  8~ 194

LONGITUDINAL STRESSES DUE TO TO RSION
SINGLE GAGES 2(2 50 BG)
NO. O F ROSETTES - 4(125 RA)

-12(250 RA) ° +LARGE
A -(-LARGE)

DATE OF E X PE RIME NT J U L Y~AUG ,I972 o 2~’+J’~~ARGE)

0 SCA LE O~ STR ESS 6 KSI 

- 
~~-2~-,.~ LARGE)

66 61 60 $38 87

I I I
I I I
I I •

I .  I - I
I I• 

• 

•‘ 

I
I I - I
I I I
I - I I
I I I

I . I /

IG I 6~~~~~~I~~~~~~~~~~~~~~ 4I 139~r138 ~~
BOTTOM PLATE

• F GURE 6c
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SECTION BETWEEN FRAMES 178 C~ I~4

LONGIT UDINAL STRESSES DUE TO TORSION
S INGLE GAGES - 2(250 BG) -

NO. OF ROSETTES - 4(125 RA) 0 + LARG E
-12( 250 RA) A - (-LARGE )

DAT E OF EXPERIM ENT JULY~AUG ,I972 0 2(~~’2 LARGE)

SCALE OF STRESS 0 - 2(-J’2 LA RGE)
0 3 6 KSI

_
161

I I I
I I

I I , • • 

• 

I
I I
i I / I — 

-

I I  
1~

TANK TOP
FI(~URE 6d
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SECTION BETW EEN FRAMES ~73 ~
SHEAR STRESSES DUE ~~~~~TO RSION

SCA LE~ OF STRESS
• — o N~~~~ Q 3 6KS1

• ! 
~~~ ~~~~~~~~~~~ 

I

\I/IIIr i~
;—i- .

0 0  
/

p ® -

I —I~
;
~- I

~~~ U)O  -~~

W UJ 0_ (9 (
~9 . O — r ~~~ ir— -— Cr

C’., I —‘
c z <~~~~e~J~~~c~J \ — 0C’., (.1) _I __1 — •‘ —i-

’ \-
I w

w c’J C~1 —

- •  
0 ~ 0 o 

•

0 - I I 0
LLJ LL~ • - .  • 0’ i

I I  / 
~~~~0/

/ I
—- - I  /

0 ~~ t~71
‘- /

, p - p -  
~~~~~~~

t.-

FIGURE 7
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SECTION AT HATCH CORNER

PORT S~~E FRAME 226
LONGITUDINAL STRESSES DUE TO TORSION

GAGES Il l. 18 , 119 , 120 , NO. OF ROSETTES
8 121 ARE NOT SHOWN - 

1(250 R A )

t 

~~ IN 1 .  VIEW. THEY 
SINGLE GAGES

2~H~~~V I E WS -

~~~ 
DAT E OF EXPERiMENT

JULY ~ AUG ,I972

SCALE OF STRESS 
6KSI

• 

-

- 0 2 (tJ’~ LARGE)

O - 2(-~~ LARGE)

II7 -~ ‘—~~ - I I9_ _-  r~LOOKING OUTBOARD 
_ _ _ _  WDSHEL’ ‘LATE

___ -__

L~’OKING OUTBOARD
TORSION BOX

FIGURE 8
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SECTION I ” AFT OF F~L~M:~ 2~ O

LONGITUDINAL STRESSES DUE TO TOR StON

• 

• 

NO. OF ROS ETTES -2(250 RA)
- 1(125 RA)

SINGLE GAGES - 6(250 BG)

• DAT E OF EX~-~~dMENT• JULY AUG ,$(;(~

3CALE OF STRESS

_ _ _ _ _ _ _  
_ _ _ _ _ _ _  

-

• r - U ~ _ _

• 

F~~~~~~~~~~~~~~~~~~~~ —__t
- . 108 110

109_ 
I V 112

• I06~~~ ______________ — 107
O +LA RGE - -

~ -(-LARGE) 
• 

i 
•

o ~+J’2 LARGE ) I 
,
,
/ / • -

O~2(-~ LARGE ) • - 

I 

•

• :~ / .
- 

• 

• “1
• • 

• LOOKING
• • • FORWARD- 

• FIGURE 9
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8-100

• 
• ~If~ESSES (Ks~)

— - ,

0 A 0 0 0 A o 0
f’(G~. ______ 

4 % A Z ~~~ - LAjtt..~ L(4~ ~~ -l(-~~LG) 
~~~~~~~~~~ -u~~~€. ~~~ - i(# L(.”r

b .14 ~I% • 2 &  ~~ • ~i ~~~~~~~ -~~ C~ - t ~ -5~~
. 4~~ 

. 8  •~~~~ 4~~ 4~ Vti -l.~~ -
~~~~°l

6 .fl .~~~~ . t ~ •44 ~~~~ - -y~ - •~~~ -
~~~~~

c~, - 4 4  .-~~~~~ - 4 1, -~~~~~ s-~ t~~ ~~~~~~~ v~
to — Al - LI ~~ —

~~~: S~ 4 tI .~~ ~~~~~~~~~ -\ ~~~~~f l ~~ ; •

t •
~ — A 3  —10 C~ % 4

t4- — t.~l~ -% .S~~ -l~ 1 ~~~~~~ z.~ ~~~~ ~~4i ~~~:-~ ~

~ •~~~~ •t

~~ - .ct, #•o’~ o•o 4.c~~ 4-i • -~~•‘~
,•l~ -S~~ -;:~, - s~~

IL .41 - - 
~~~ -U

I-s • % 0  ~~~ • I(~ •~~~~ t(~ — 1 4 4,- —~~?~ -

1~ ~~ #. c 4 ~~t0 f~~ i tio -~~1o ~~~~~~ ~~~~~~~~~ —~~
-
~~

~~ — l .4~ ‘t t )  — I ~~4- — I i ;  1-Il - t ~~~ — \ ~~ ~~~~ — I :j

• - - - 6~. — 1 3  - .14 --Th 
~~~. — ( • •!)

~
, ~~~~~~~ ~~~~~ —~

• ~~~~~ ~~~~~~ 
.

I4q . ~~~~ 1.04 •B~~ •~~1 
~14 - s .~ -l~~~ -

~~•L. I- It t.14- l.fl ~~~ ~~ —
~~~~~~4 ~~~~~~~~~~~~~~~~~~~~~~~ 

.. .t
_~ -~

IS~ 
-~~~~ ~~~~ -

~~~~~ 
4,~ n~ - s c ~ ~~~~~~ -c~~z - s ~~~

IL) 14- iS .14-

4a 
~~ ~~~ I-~~~ \•~•~~ t . ~~4-

7.~t ~~~~~~ ~~41 5~~4 54~.. ~~ ~.es z~~ - ~- € c  ~~~~~~~

~~ 2-c ’ o 2~~o 2.-~~~ l.~ S 
~~~ ~~~~~ ~~~~~ ~ ~

~~ •~~0 li. - 53 .12. 1.1~ t~~~ ~ B
2~~ — to 4(, -to14 — ‘ 0~~ - Io 1L, ,~~ ~~~~~~~~~~ ~~~~~~~~~ -~ •~~~ -i:•~s

~ — z ’ ~. - Iq4  
~~( — Z oo — S EA - l~~

4i —~,io — s oS ~~~~~~ —t~~; 84 - ‘e~ L ~~- E~ - -~~~ 
_ 1~, • ;

4-~ ~~~~ —1 . 02 - -C. .Z 3 -



__________ ••—--—•
~
••,- • • • ‘~~~~~r—~ -’-•-. -‘-~-~~

-
~~~r i 1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

T
~~~~~~

T
~~~~~~~~~

B-101

0 A 0 0 0 A ~o 0
.A~-6t ~~~~~) i(-~~ c~) ~~‘( • A~ .C~t - ,.AcZAE ~~~~~~ -LC-~~~L~ ”

~l — 1.44 - 1.51 - t 4 o  1.41 141 — 2..a3 
~~~~~~~~ 

- 2 . ~~~~ - Z  M
~~~~ ~.o1 —~~.t~I — Z.~-1 -~~~ i~~ — E~~~~I 3lo -~~ :s( ~ — 3 .L~ ’
141 -l.8, - %. ~~ -1.14- t~~~~~ ‘

~L ~~~~~ ~~ Z . S4-  ? -S~~

°~ø ~~~~ ~~~~~~~ -i•~~~ -2 . 11 8
% 2..bl Z-~~ Z. c4-  

~~~~~ ‘Ii — 7 2  - .~~~ 
— .

~~~. 
- •~~~~

LI~ — -11. —
~~~~ 

-
~~~~ .~- .4o

IID I Z .~~~ 1.14 2. 8S 2.11 %I ~ ~~4 .4- 5W 
~~~ ~~~~

t.l.~. l.~~~ 
• 

‘‘
~~~ ~~ ‘t~~ •~~~~ 

( . c ~~

— •2.~ 4C5 ~~~~ — 4 Z  lz1, 1.2.1 ‘ -31 ~~~~ ‘.4t

13~ 1.tt 
~~ -1.01 -1 34- \2.-’. 2.2. 5 Z .~~ ?.2.o ~- 4 -~~

e-i -5. 4+ - ‘s i  •~.‘~o —~ 4~
rLc ~~ 0(, ~~~~~~ _7•c(I - % I ~, .c2. — .t~ o • o

1b~~ — 2 1 1  -~~11 - L I~
c_ c, ~~~ t. fl I.~~L 1.2.1 — 4 . 11 4c4 ~~~~ -

— - — .4~ - .c(, - .4�. - s i  IC~P~ -~~.oi —S. c~5 ~~~~ 4 .~~
toc , 4.~~’i 44 #  ~~ -S -4 .~~ r

~~l Z.~~~ 2..~ 4 Z.1~~ ~A i  ~i!i .c 1.~3 7 E ~ T.14

-1~~. 
t ( o 1  

~~“ L.~~ z . c_(~. ‘r~ 14o 1~~ ~4o ~~~~
?2. ~-4I 3S~ •

~~-2. ~~~
- 1-Il ~~~ ‘~.4I ~~~~~~ ~~~4-

~~ 
I.~~( I1~ 1.11 I.T~

c_~ 
— .-?~ — .e~o — .1~ — ,~ q

• (~o •~~~1 .
~~~2. .~~ 1 82.

~~ 
— 1 . 4 %  - t .4 ( ,  - l ,3c , -1.4-7

~~~~ 2 . 0 1  t.q~ 1.18

• ~1 I.SL I.~~, t.~~2. I ~ t.

_  - -  • • -



/

B-102

JU LY~AUG ,I972

BHD 
f

~~~~~~~~~~~~N ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• 

- MODEL DEFLECTION FROM THE
• 

. 
. 

NO-LOAD COND t T~ON , I N INCHES .
~~~~~~~ __. .,, 4 0 o 4 z  o o c ~ ,. 4 oou,  — C2 — C.-Lki4 C~ — -, i, r~ 

4 Ø . 04~~ o O b ~ 4 O.0~~t (+~/~.&ra~t~._ __ 
~~L4~~ 4 0 0 4 0  - 0• O0~~ 0 ,0  ~ - 0 C ~~4 .., _~~_ u/z. ~~~~~~~~~~ # o 0 4~ — 0 0OL * 0 0 6  —4Oo ’~4 — o , ~~i.  - C - c~r~r\r~ *0 . ‘~~3 ~~~ • o. ~~o— 0 •

4 0 100 0 1~~~0 4• ~ I,~~~ — 0

• 4 0.øi 6 — o . 0 - ~. 4 0  ~~~ - c
4 0 0 4 3  

~ 0 . 0,1 — o cE-Cc~O ÷ ~~~~~~ o o i 4 • c , o a  _
~~ ~~~~- .i- o o ~i —~~o~ - o 0 ~~~ -~~~ ~~~~~

# 0 0 5 7  -0 05.’ •
i A  r~ 4 0 , 0 5 2 .  4 O , 0 O ~ -~ ~ -

~~~~ 
4 0 - 0 4  4 0 . b ~~~ ~~~~ 03:•4 o 0 ~~4 4 ~~~~~~ — o  c - 0  :~~:• 40.00 5 4 O oA- 4 

~~~~~~~~~~~~~~~ 
— o c ~40  0 LL * 0 04-A- -~~~~o4~ - — 0  c ’ -

~.• sJO 4 C 0 C ’ ~ 4 0 b~~2~ - D  4 4 -  - c  C C
_________ * 0 02_ c, 4 0 0 4 4  — o C’ -4  — Z

— o 0 D 3  -_ C ~~ - o o ’~ -c  c-~,O 4 Q o l ~ 4 ø . 0 ’ ~~ - 2 C ~~ 4 0  C C ~I _ o . 004~ 0 
~~~~~ 

- c
4 ~~~~0 t 4  ~ 0 0~~S — o  a t e .  -

• • EQUI VALENT DEFLECTIO~S OF
FULL SCALE SHIP, IN NCHES .

• lO 0  0 2.o 4 0  ~ 0
4 1 .30  ~~0 • ~~0 4 0 C , o  -~~
¶ 4.10 . %0 *- l ...l~~ 

~~

•

~14- I . 5 5  t I . 0~~C -~~ 50

~ 00 — 6 0 0  # 6 10 - ~
• 4 5 00 — 6 .SO  # 1. 0 - S 

—~
4 0  ~~O 

- 
—4 ~~-o 6~ 4 o  ~~~- 
—~~

~c ~1o
________ _____________ 

— 0  60 . 0  ¶ 0  - ‘  ~~~

I /~ 
(~ ~~~~~ 4t 90 - 1.  € ‘S - . 1 ’ .

I ~-+t. 
-
~~~ 

.
~~ 

-,
+ i . 7 0  

— *2 .  ¶0 
______ — 

- l  
—~

4L~~ O + ‘
~ ~~~

-;

r~r’ ~~~~~~ -~~ l~0
j -O .~~

O j - t . (0 -2. t o  - (  C O

_ _ _ _ _ _ _  • 1  ~~0 4 ’
~~~t 0  

_ _ _ _ _ _  _ _ _ _ _

— o ’,
4 D ~~ C, — b . ’~IoI Li -o . 1.o ~~~~~~ -0. ’I0 - 0 4 0

4 s b  4 o ’ t h  -o  ‘~ o 
_______

--



U _____- — -- — _____ - A

8- 103

c-’j

~~ 
-,

• 117
0

//
I 

L
/

V



_

~~~~~~~~~

_

~~~~~

__ 
TE1 ~~~~~~~

B-104

11-.
1-1 r:r..

(:7

~:; ~~~~\\\ / 7’
~ H

—S ~ :7
F-) F-) <t fr~ )

-~~
~~ ~~~ ~:2~ I c\J

H — — —•-.--- 
\ 1/ri~ C.) .-~~ -

\ \
I--I L

~~ f-~ E-’ •

~~ ~~, ~~~ \ /

-7 .

~~ \r’~ i~~ 
o~ ~~ -~~

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
\ .

S— (~j (\J
I — . —..

r~ H ~~‘• - •c~ /
C: --  •~~~ 1, 

~~~
-

\ 
\ H ,

i--I I ,

(‘I 1,
F--II- , I .

I \‘~ ~~~~

FLI 0 ~t 1 6-4
1’l—
C:

- -~~ -- —-— -



~~~~~~~~T T ~~~~~~~~~~ T TiT 1Ji~ T ~~~~~

• 
. B-105

Lu v 1

OA)• I)0
I’-.

t~

~ “s

4-j ~‘NI? � Ga’~~ 5j ~v/ v ~2 ’

Nf1.~ ~~~~~~~~~~~~~~~~~~~~~

7 t’-’/’à’ ~~,.-c?7 / J,1J0 ) -

A’fl�~/ óe/.Y~ Q1;IV JiA,~~

____~:



• • ••—----.— -•--——— 
~~~~~~~~~~~‘‘“~~~~‘‘r . .- ‘ - “ - —• -— rfl ’~~~’ - ~~‘“ “  — — •

_ _ _ _ _ _ _ _ _ _  _ _  — — —~ -~~~~~

- 8-106

iii

— 
cC,

~
— :  

~~~

~~ fj fl,~/ ~~~~~~~ c.~’L ~7~~ / C~~ -

_ _ _ _ _ _ _ _ _ _ _ _ _ _  ___  “I
C I 

~ N1~d ~~~~~~~~~~~~~ ~~~~~~~~

7 /,r1c~
. tZ r,c) 7 ~~~~~~~~~~~~~~~~~

0
- Cl,

~~~~ O�i c3 ~~~~~

•
~~

-.z:Jz ~~~i~~~~~ i5~

— I —I I— I I

-t It
‘~I



/
~ -~~~~~ • --

B-107

LAT E.R~ .L_ BENDING + TC~-~~~JN
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3 ~L.ATE RAL BENDING ,tTO RSICN C;C1(~~ E~ ~~I~ 7?
4 — ( - L A T E R A L  B-ENDINGs -TORSION) SEPT EM~~EH 25,I9;’2
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8
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SECTION 2 t1 FORWARD OF FRAME 10
I

LONGITUDINAL STRESSES DUE TO LAT. B.M. + TORS1ON

NO. OF ROSETT ES -- 3( 125 RA)

SINGLE GAGES -6 (25 0 BG)

DAT E OF EXPERIMENT , 
,I-972

SCALE OF STRES S
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SECTION AT HATCH CORNER
PORT SIDE FRAME 62

P

LON G I T U D I N A L  STRE SSE S DUE TO LAT. B.M. + TORSION

NO. OF ROSETTES
- 1(250 RA)

I SINGLE GAGES
-10(250 BG)

DATE OF E X P E R I M E N T

SCALE OF STRESS

:~~~:‘,: ~~~~~ 

-
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ KSI

LOCATED THE ~~~~~~~~~ ~~~~~~~ 0 I
OUTBOARD SIDE o 2
OF THE SHELL PLATE. o 3

* - A 4

- 

I6~~~~~~~4~~— I 8  
‘ 

-I5— ~ -f 
~~ — I 7

__________________________ I I  ‘ S

LO O K I N G  OUT BOARD FWD—>
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LOOKING OUTBOARD
TORSION BOX

FIGURI 2
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SECTION 5.4” FORWA RD OF FRAME 73

SHEAR STRESS DUE TO LAT. B.M. t TORSI ON

NO. OF ROSETTES - 2(125 RA)
- 4(250 RA)

SINGLE GAGES - 1(250 BG)’

DAT E OF EXPERIMENT - ,1972

SCALE OF STRESS
0 3 6 K S I
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- 
—~
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164 163 162 I 0 2

1 
- - 

0 3

~~ 168
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(57 160156 \ i i j 159
155 N

LOOKING FORWARD
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- 149

FIGURE 3
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SECTION ‘2” FORWARD OF FRAME 142
LOCATION OF GAGES
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SECT!O~ 2’~ FORWARD OF FRAME 142

LONGITUDINAL STRESSES DUE TO

NO. OF ROSETTES -4 ( 125 RA)
-2 (25 0 RA)

SINGLE GAGES- 9 (250 BG)

DAT E OF E X P E R I M E N T  ,1972
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SECTION 2” FORWARD OF FRAME 142

LONGITUDINAL STRESSES DUE TO LAT. aM. + T OP-SV~H

NO. OF ROSETTES - 4(125 RA) •

- 2 (250 RA)
SINGLE GAGES - 9 (2 50 BG) -

DAT E OF EXPERIMENT , 972

SCALE OF STRESS
O 3 6KSI
I ‘ - ____

- 59~~~~~ 1
o 3 56 / 57 FWD
A 4  It ç 58 59/’N\57

55— —5 4  -
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• FIGURE 4b
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SECTI ON 2
11 FOr~wA~ D OF FRAME 142

LONGITUDiNA L STRESSES DUE TO LA T . B.M. + TORSION

NO. OF ROSETTES - 4 (125 RA) I- 2(250 RA) 02
SINGLE GAGES - 9 (250 BG) o3

DAT E OF E X P E R I M ENT ,1972 A 4

SCALE OF STRESS
O 3 
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129 28 1 47 J
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SECTI ON AT HATC~-1 COflNER
PORT SIDE FRAME 17C

LONGITUDINAL STRESSES DUE TO
GAGES 131 , 132 , Q 173
AR E NOT SHOVI N.
THEY ARE LOCATED NO.  OF R O S E T T E S
ON THE A F T E R  - It250 RA’~~~~ ~~—.~C O R N E R  CORRESPO ND I N G

~~~~~.. TO 1 33 , 134 , ~ 
SINGLE GAGE~

~~~ —~~ RESPECT IVE LY . -12 (250 BG)

DATE OF EXP ER I M E N T
,19 72

GAGES 169 ,170,
171,8 (72 ARE ~~~~ ~~~~~~~~~~~ SCALE OF STRESS
NOT SHOWN IN 0 3 6 KS I
THIS VIEW .
THEY ARE LOCATED
ON THE OUTBOARD
SIDE OF THE SHELL PLATE. o l

• o 2

~c~
701’r~9 ‘~~~t ~~~~~~~~~~ I
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~~~ 74~
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FIGURE 5
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SECTION BE TWEEN FRAMES 173 ~ 194
- LOCATION OF GAGES
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