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PREFACE

The Navy Department through the Bureau of Ships is distributing this
report for the SHIP STRUCTURE COMMITTEE to those agencies and individuals
who were actively associated with the research work. This report repre-
sents results of part of the research program conducted under the Ship
Structure Committeets directive "to improve the hull structures of shivs
by an extension of knowledge pertalrlng to design, materials and methcds
of fabrication”.
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1, INTRODUCTION

From model tests, as well as from measurements on ships, it has recently
become appar.nt that Navier's hypothesls does not always hold true for the mid-
ship section ef a ship with a long deck housa. The tests made by Holtl) indicate
that the strain distributions in the hull and in the deck house, each are straight
lines, but that there is a break at the deck level, where the superstructure is
offset, A similar result was found in the tests on the S, S, "President Wilson",Z)
where a very pronounced break in the gtrain distribution occurs at the promenade
deck level where the deck house is offset., It is further significant that good
agreement with Navier's theory was found in tests by Holt on a different medel,
where the suparstructure was not offset at the strength deck,

It appears from these tests that Navier's theory is not valid for the
combined section of hull andﬁeck house, if the sides of the deck house are off=
set from the sides of the hull. The tests seem to indicate that, instead, the
hull and the deck ﬂouse act as two separate beams, for each of which Navier's
hypothesis applies; these two beams are, of course, not independent of sach
other, but forced to act together to a certain extent by horizontal shear forces
and by vertical forces which act between the hull and the deck house.

Starting from the assumption that the hull and the deck house may be
congsidered as beams, to each of which, separately, Navier's hypothesis is ap~
plicable, this reportwill derive expressions fbr the daflecticns and stresses in
the hull and deck house assuming constant section of hull and house; it will be
geen that the theoretical stress distributions found are of the type observed in
the tests,

1) M. Holt, Structural Tests of Models Representing & Steel Shio Hull with Aluminum
Alloy and Steel Superstructures, paperpresented at the March 1949 Meeting, New
England Sectlion of the Soc., of Neval Arch, and Marine Engrs., », 13 and 14, Pigs,
8 and 9,

2) JI. Vasta, Structural Tests on the Passenger Shiv S, S. President Wilson = Intere

action Betmeen Superstructure and Main Hull Girder, paper presented at the Nov,
1942 Meeting, Soc. of Naval Architects and Marine Engrs,, p. 17, Fig, 27,



-l

The results of thils theory concerning the stresses in the mid-ship
section can be arranged in simple tables which permit the prediction of the de-
viation from the conventionally assumed straight-line stress distribution, The
method is equally applicable if a part or all of the deck house consists of alumie
num,

Before analyzing the full problem we will consider in Section 2 asimpli-
fied ship's structure in which the action of vertical forces between hull and deck
house is neglected. This simplified structure does not describe the actual con=
ditions in a ship, but because of its relative simplicity it is easier to study
the play of forces; the understanding gained is of value in treating the full
problem in Section 3, The simplified aporoach in Section 2 may be considered a
generalization of Hovgaard !s theory of a beam attached to a deck plate subjected
to tension or compression due to the bending of the hull.l)

Sections4 and 5 are devoted to the solution of the general differen~
tial equation for two special loading cases, and Section é derives an approxi-
mate method for using the results of the preceding sections for any type of loading,

Section 7 contains a table of coefficlents and a 1ist of the formulas
required for the determination of the stresses in the mid-ship section, together
with 2 numerical example,

The final Section 8 contalns & review of the theoretical results ob-
tained, discusses a test program to check these theoretical results, and consi-

ders futhsr research necegsary to formulste design standards for ship superw

structures,

1)w.Hevgeard;, Trans, Inst, Naval Architects, Vol, 73, 1931,
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2, ANALYSIS OF A SIMPLIFIED TWO-CELL STRUCTURE.

We consider the structure shown in Fig., la, a hollow box beam with two
cells, The lower box, the hull, is of length L, while the upper box, the deck
house, is shortegiff length ! ; both boxes are assumed to be of constant cross
section, The cross sectional area and the moment of inertia of the upper section,
Fig. lc, and of the lower section, Fig, 1d, are 4 , 1, and & , I,, respectively;
the distances of the respective centers of gravity from each other and from the
deck are a, oc,ca and & _a , respectively, see Figs. 1b, ¢ and 4.

In this Section we make the important simplifying agsumption that the

its supports have ‘
deck A B, Fig. 1b, and, no stiffness and Weeb=dd will not resist any relative ver—
tical movements between hull and deck houge, This agsumption is of course not
justified in any real ship and we will abandon this assumption in the next Section,

We consider the structure just described under the action of vertical

loads and buoyancy acting on the hull only, producing bending moments M inthe
external
vessel, We do not assume any,loads to act on the deck house,

Take a section at the distance z from the center of the deck house, and

consider the free body diagrams for the deck house and hull, Fig, 2a, The moment

and direct forces in the deck house and hull are M , N, and M,, N, respectively.

2
Moments M, and M, are positive if they produce compression on top of deck house

or hull, and direct forces N  and N;a are positive if they create tension, The
external loasds and buoyancy acting on the hull to the left of the section have a
moment M; further, a shear force T of unknown magnitude will act on the underside

of the deck house, and a similar force T will act in the opposite direection on the
hull, The shear force T is counted positive if it acts as shown in Fig. 2a, Equili-

brium of the portions of deck house and hull in Fig, 2a requires the relations

N ==-T7, M=~ awx T, (/a)

N T My= M-aa,T (6)

Due to the assumption that Navier's hypothesis is valid for the deck house
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and hull separately, we can determine the stress at any point at a distance x, or
x, from the respective center of gravity, Counting tension stresses O as posi=

tive, we have in the deck house

0; = = —7-: + a“’ T x ’ (20.)
A T !
! 7
and in the hull
T M ax, I ' 24
o = - - —_— <+ x ( )
2 A, Iz fid 12 f

The stresses o’ and o at the junction of house and hull must be alike,

and Eqs, (2) furnish, with x,= - aa«,, Xx,= Q@%,
2 2 2 2
_%_Q%TEXT_%’ZQ%_._Q_“B_T %
! Ir 2 2 Ie
Eq, (3) determines the vajue of T,
T a.oce.Z", y
= 4)
I 7 s 2 2 -
e Dl v of (20 )

I

Introducing this velue of T inio Egs., (1) and (2) we can determine moments and stresses
at any point,

T was defined as the total horizontal shear force acting hetween the left
end of the deck house and the section at z. According to Eg., (4) T is proportional
to the moment M, and the unit horizontal shear f%z. which will be transferred by

rivets or welds from the hull to the deck house, will be

ﬂ = ao‘zl" V (5)
dz II IT 2/ 2 2
7’—2""'3;2"'&(“21""‘7"12)

IdM
where V= Tz 4a the shear in the structure., However it will be noticed that at the
end C of the deck house the shear T is not zero, but equal to
asx, 7, o
I% 1L sl % L)

A
‘ >
At a point slightly to the left of point C in Fig, 2a there is no deck house and

7; = (GQ)

Jd7
therefore T =0; this means that in addition to the distributed shear 7 according

to Eq. (5) there must be a concentrated horizontal shear force 7 according to Eq,
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i) & olnt and gimilar copcentrated sh
baj et t G, a la cenitrated shear force

aoc. I
T = -—=—2 - 2 ~ M, (66)
B __:_Z?E_,,II 2 4 'q‘?(oczI,+oc,212)

! 2

ther end T of the deck house, The distribution of the forces f%i- is in-
Gleated in Fig. 2¢f the minus sizn in Eq. (6b) is due to the definition of the
direction of positive sheer forces in Fig, 2a,

It is obvious that the concentrated shear Torces T, and ID can not exist
in any actuel structure, their occurrence is due to the fact that shear lag effects
were negiected when we assumred Navier's hypothesis to be correct for the full
length of the deck house. In reality the forces T, and T, will distribute theme
selves over a finite distance, presumably of the magnitude of the depth of the deck
house, This distrivution is indiceated by the bYroken line in Fig, 2e¢, the shaded areas
representing Tc and Tp . This means that the stresges in the vicinity of the end
of the house found from Eq., (£) are incorreet; but according to St. Venant's Theoren
the effect of the simplilication will not affect the stresses in the center portions
of the structure,.
dle will now proceed and obtain expressions lor the moments i , }AE and

direct forces N, and N 2 * These expressions hecome somewhat simpler if we intreo-

duce the following notationss

' (76)
S will be calied the size factcr; it is a measure of the size of the deck house
in relation to the hwll, We will also require the moment of inertia I of the total
1)

section consisting of hull and deck house; I can he expressed by the moments of

inertisa I,’ I2 and by the constent I 3
I=I+1,+1, 8

1) Sse Appendix, Eg. (a).
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lMaking use of these notations the following expressions are derived in

the appendixs

MZy,  MI, (% te0%)

Ne = =N, = T= —5 & (1), T, 4, T, ) v
! Z TN Tt T ) :
Mz M_l_:— -+ MIE (,+/¢¢)(q21; +/a.x’ IZ ) (?C)

These expressions could be used to determine the stresses O and a,
in the deck house and hull; each of the three expressions consists of two terms,
the first term being the value of the respective N or M if Navier's Theory would
be applicable to the entire section%) Instead of using Eq., (9), we can therefore
express the the actual stresses as the sum of the stiresses aA’, according to Navier,
and a correction a¢,
g = o;\r + Ao {10)

Navier's stresses o, can be found from the conventional equation

M
%:——fx (rr)

where x counts from the centroid of the entire section, Fig. 3. The corrective

stresses 407, and &0, in the deck house and hull, respectlvely, are

AN aM aN. aM
g = =_1 . —_ 1 = . - 2
L0 A, T x, 3 Fa Oé AE Iz :ca (r2)

where AN and aM are corrections of N and il given by the second terms of Zgs. (9):

AN, = —aN, = Mla e (% 2 %) (/3a)
! z @ (), I, + uog L) @
F r 2
M, = .- ad
a M, MZI, IR AETTES) (135)
* 2
A M2= MT s (/5::)

2 (), I 4 e I)

1) See Appendix, Egqs, (b) and (e¢).
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The computation of the stresses O, and AG from Eqs. (11), (12) and (13)
is a simple matter, Fig. 4 shows these stresses, separately, and also the total
stress computed for the example in Section 7.

Due to the fact that the structure analyzed in this section was simpli=
lied by omitting vertical forces acting between hull and deck house the results are
of limited signifilcance; the typical break in the stress distribution at deck level
is, however, already there., The value of the above analysis lies in the fact that
the more acrurate analysis presented iIn the next Section shows that the actual
stresses, can be expressed in the form 0= O + _%.ACT where g is a numerlical facw
tor depending on the various dimensions of hull and deck house and on the stiffness
of the bulkheads,

It might be added at this point that the reasoning presented would be
fully applicable also if hull anddeck house would not he of constant section, 41l
formulas derived in this Section remain unchanged, except Eg. (5) for the unit
shear -:'727 ; when deriving this equation by differentiation of Eg. (4) the fraetion
on the right hand side would no longer be a constant, resultirg in an added term
in Eq. (5). The important result, that the stress at the midship section can be
expressed as the sum of the stress g, s according to Navier's theory, and the cor-

rection Ag remains valid,
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3. GENERAL ANALYSIS OF TWO=CELL STRUCIURE,

We consider again the structure indicated in Fig, 1; hull and deck housge
are assumed to be of constant section as in Section 2, but we now want to take ac=~
count of the fact that the deck house cannot move {reely in the vertical direction
in relation to the hullj instead, we introduce the more realistic agsumption that
any relstive displacement of deck house will be resisted by internal vertical
forces required to deflect bulkheads or transverse beams supporting the deck house;
in other words, we consider the deck house as beam on elastic supports,

Under the action of external vertical loads and buoyancy the structure
shown in Fig, 5 will deflect, and we can describe the deformations %y the deflec~
tions y, and a of the center lines of the deck house and hull, respectively,
Fig, 5. In order to exclude motions of the entire vessel as a rigid body, we de-
fine y, and Ya not as the absolute displacements, but as the mlative displace=
ments measured from a straight line CD rigidily connected to the hull, 4s résult
of this definition the displacement Y, of the centroid of the hull at points C
and D must always be zero.

We agsume further that the stiffness of bulkheads or deck beams resisting
relative vertical displacements of the d eck house is constant for the full length
of the deck house, the magnitude of the stiffness being given by a spring constant
K. K is defined as the force per unit length of deck house required to proddce a
relative deflection equal to one unit of length, Fig, 6; the vertical reaction he-
tween hull and deck house will therefore be K (yf-)é) per unit of length, In an
actual ship the bulk heads or deek beams will have a spacing s, and the constant K
will be the force required to deflect one of the bulk heads or deck beams, divided
by this spacing s,

The structure analysed here consists therefore of two heams having areas

A , 4

, and moments of inertia I, and I

the two beams are connected along CD

2 P

in such a way that both, horizontal shear forces and vertical reactions can be
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transferred., Fig. 7 indicates a general type of loading for the vessel, including
the shear and moment diagrams, We assume Navier's hyoothesis to be valid for the
Bull and for the deck house separately, and there is no problem concerning the
determination of stresses foreand aft of the deck house; we can, therefore, restrict
our analysis to the center portion CD of the structure. This center portion, in=-
dicated in Fig. 8, will be under the action of vertical loads p, on the deck houge,
p2 on the hull (which includes buoyancy), shear forces Sc, Sn, and moments M, and
MD . ’

We will now proceed to obtain the differential equation for the two de-
flections y, and Y, describing the deformation of the structure; these differen~
tial equations can conveniently be cbtained f{rom the Theorem of Stationary Potential
Energy%) this theorem states that the deformations of any structure are such that
the total potential energy U of the system 1s a minimum, In the present case the
potential energy U consists of the internal strain energy V, and the potential U,
of the external forces p , P, » S, 95, Mc and U, , The total potential energy

2) !
U=V+U,6 is,

2
U= E’f [EI, y,"2+ E.I.e yz"2+ EL, (0('}""+ o,

n\E 2
Yo ) + K()’,"yz)-2,°,)q‘2f’z)’z]°'2+
/2 l
2

{ 4
2

L R E (12)

z -3)
Using the symbol ¢g » and the rules of the calculus of variation, U will

Ny

be & minimum if
fU=o (15)

4)

from which we obtain Euler's equations, which are in this case two similtaneocus

differential equations of the fourth order for the unknomn functions y, and Yo ¢
E(L+e L)y + Ky + oo, I,y ~ Ky, = p, (16a)
oc,orzEIAy"v-Kx + E(I,~+ ac:IA)yzw+ Ky, =R (764)

1) F. Bleich, The Buckling Strength of lietal Structures, Chapter IV,

2) See appendix, Eqs., (1) and (o).

3) The Buckling Strength of lletal Structures, Aprendix to Chapter IV contains a pre-
sentation of the calculus of variation,

4) See Appendix, Article 5,
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1)
The process of variation alsc furnishes the following boundary conditions, which
are required to determine the 8 arbltrary constants which will apoear in the general

solutione of the differentiel equations (16). For z= -!-;:.Z- andz = -52 H

% =0 (17q)
E(I+a L)y " + o, EL 3"~ 0 (776>
o, o, EIAX” + E(I, + or:J:A) )é" = -M (17e)
E(L,+ L) y" + o EL, y," = 0 C174)

The meaning of the first of these boundary conditions is obvious, btut the
other three require physleal interpretation. The moments M, and M, of the longi-
tudinal stresses in the deck house and hull can be expressed by the usual relatione-
ships M,="El}xl’and if,= ~EJ§,)é"; Egs, (17b) and {17c) can therefore be re-arranged:

M = o, EIL, (tx’y’”-pcraye”) (1&8a)

[/

M,= M+ acy, ET, (x, 3"+ % 1" ) (786)

These equations indicate that the moments M, and Mz- at the end of the deck house

are not equal to zero, and i , respectively, as might have been expected, In the
2)

appendix it is shown that the horizontzl shear T between deck house and hull,

acting as indiceted in Fig, <Za, is

EZ, v
T= - QA (oc,)’/ + rxa)é ) (re)
Egs. (18) become therefore
A4’: - CIOC',T y (aoq)
Mp= M- ae,7 , (206)

and these equations are identical with Eqs. (1) for the simplified structure consi-
dered in Section 2, It must be rerembered that Egs, (20) ap-ly only at the end-
points of the deck house; but at these points the moments and stresses as determined
in Section 2 occur and the finding that concentrated horizontal shear forces must

be presumed to act at these points is valid, The magnitude of these forces 1is

1) See Appendix, article 5,

2) Article 6,
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given by Eq. (19) for Zx + [/2 .
The fourth boundary condition, Eq, (17d) expresses the fact that the
shear force at the end of the deck house must vanish; this can he seen by come=
parison with the expression for the shear force, Eg, (t), derived inthe ap-

pendix,
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4. SOLUTION OF THE DIFFERENTIAL EQUATION FOR CONSTANT MOMENT M,

We consider first the simple case that the loads P o and the shears
Sc and S.v are zero, the only loads being M= M.D= A . TFrom Eq, (16) we obe

tain the two simultaneous homogeneous differential equations of the fourth order:

v

E(I’+OC,IA)>/,N+ Kyl+0c,0CaEIAy2/— Kye = 0 (2la)

o, EIy ' ~Ky + E(T,rol I, ) 5"+ Ky = o (21b)
The general solution of these eguations contains eight arbitrary constants to
satisfy the eight boundary conditions (17). The problem considered in his section
is symmetrical with respect to the origin of the coordinate z and using only

symmetrical functions, the general symmetrieal solution will contain only four ar—

bitrary constants. This general solution is

}I(=C,+szz+ C, dim y z ainh yz + C oowy z covh yz  (22a)
}é=q+szaT/uC3MZz/a«thafz—/aC4 oty z coth yz  (22b)

where 4
7= a e ) (23)

4E o, I o I,
whi.le/i is the size famctor previously defined, Eq. {7b). The fact that Eqs. (22)

are sointions of (21) can be established by substitution.

Introduction of Eg, (22) into the boundary conditions (17) leads to 4 linear

equations for the constants C, to C4_ + The values of C2 ,CB,C4_ are:

e . M
Co = 2FI (z4a)
C = [ . A §' M (2ab)
3 2y (1+m) E (e, I + 0 L,)
c, - ! s Y, M (z4e)

2y® (+M)E (o, L+ tt0e, I,)
The value of C, is not lis*ed as it will not he required for the purvoses of this

paper. §, and 1}' in Egqs. (24) are defined by
, _
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3 - en u Coth u + cow U dimh w (25a)

/ A W Cod L + Aimb L Codh W
-%.,__ cod W dmbh U~ din W Codh L (255)

' Ain w Cod e + Limbh w coadh w

where 3’[ 2\4//,( p
+

W = —_— = CZG)

24 e 4 F “21—,":/“““:13

The stresses in the mid ship section can be computed from the expres-

sions for the moments A7 , M, and direct forces A, N, 3

M:_EIIX” , M2=_E_'[_‘2y2" , (27a)
ET
— = A " "
N = l\/2 = — (ocfx + X,y ) (276)‘

(for derivation of Eq. (27b) see appendix, Eq. (g).

At the midship section, we have z= O , and differentiation of Eq, (22)

furnishes
x”=2g2+232% (2&a)
)éﬂr- ZCZHZ/(_‘a'?Cs (285)

By substitution of Eqs. (24) into (28), and Egs. (28) into (27), the following

expressions are obtained:

L Z e (= L OCy)
= = = A A ’ 2
Nz N, MQI é‘, M a (/w)(oczl; +/uoc‘l'a) (292)
_ Z, _ AL
M= Mg 9_-5/ M, (14 )(x, I, + pe0c I, ) (276)
- IZ x./az
My= MFE + ¢ MIZ, ool caw L | (29c)

Comparing Eqs, (29) and Eqs. (9), found in Section 2, we see as only dif-
ference the factor _5, appearing in the second term of each of the Egs. (29). In
Section 2 we had found that the first term of each Eq. {9) represented the ree
sult of Navier's theory, while the second term was a correction, The refined
theory in this Section furnishes a similar result, but the "eorrection" found in

Section 2 is to be multiplied by a factor § . To compute the stresses according
I
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to the refined theory we can use the relationship,
o 0‘+§,aa" s (30)
N

where Navier's stresses q; s the corrective stresses 4 O, 4 CE and the corrective

forces AN, , AN, and moments &M, | oM, are to be computed from Eqgs, (11), (12)

)
and (13) in Section 2,

This result , Eq, (30), is surorisingly simnle; it indicates that the
deviation of the stress distribution from Navier's is indicated bﬂthe value of the
non~dimensional factor §, which we will call "Deviation Factor". Fig. 9 shows
§' as function of the parameter « defined by Eq. (26), w 1is a function of
the dimensions of hull and deck house and of the stiffness factor K of the'bulkheads.

w is proportional to the length of the deckhouse, and increases with rising
value of K, According to Fig. 9, §= ! for w=0 and decreases for rising
valueg of w j; for w > 2 the factor s'!:'l iz a gmall positive or even negatlve
namber, indicating that for such values Navier's stress distribution at the mid;-
ship section 1s approximately corrett.

Eq. (30) was derived for the mid-ship seetion, z=0 . The solution of

the differential equations found above permits the computation of the stresses at

any other section too, and a similar relationship
¢=o;,+§/(z)z_\.0' (37)

exists all along the deckhouse; however, the value of the deviation factor is not
the same as at the mid-ship section z=0 ;3 5§, (2:) is a function of ¢« and also
of the ratio z/z y defining the location of the cross section. Fig. 10 shows

§, (z) as function of the ratio z/z for several values of w , The value of
the deviation factor st the end of the deck house %/Q=c1513 ! for all values of

u 3 for large values of w , é(z)is very small everywhere, except near the end
of the deckhouse, indicating the validity of Navier's theory in the center portions

of the deck houwe,
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5. SOLUTION OF DIFFERENTIAL EQUATION FOR EQUALLY DISTRIBUTED LOADS,

In this section we consider the case of equally distributed loads p
and P s acting on deck house and hull, respectively, while the moments at the
end of the deck house are ﬁ%L==A45 = O . Equilibrium requires external
shear forces 2

$<-% =z (p+p)
at the ends C and D, The moment in the mid-ship section due to the loads o and

is
P: e e

A 7 ¢ (32)

The loading being symmetrical, the general symmetrical sclutions of Eqgs.
(16) are:

B+/D2 & P,
22 £2 2 Yy (33al

_ 2 A ) At P AP
= G+ Gz - uG, ninyz amb yz —/uC;md'zcoﬂAarz+ 245; +C/+/U-§K (336,

X=Q+%z?+%4mjzﬂhﬁiz+C%m%wmdgz+

where y is defined in Eq. (23). )
1
The boundary conditions (17) furnish the values of the arbitrary con-

stants C in Eqs. (33). To compute the stresses only Cé, C, and C, are required:

M
= - £ , 32
Cz 2ET (3%2)
_ I & M,
@7 557 (B (gL e ) (3#8)
M
C = ! AL gff P )
2y (HME (T + e T,) (3#c)

where MPis the monent at midspan given by Eq, (32), and

1) It should be noted that M in Eq. {17¢) is in this case zero.
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= 2 Aim U Aimb (35
52 W din W Cod U + dink e codd w )

.g/z__: > coq w Codh L

W gin U et + ik U Codd L ’ (556

[
u=% is defined by Eq, (26).

Eqs, (34) are quite similar to Eq$, (24) and the further computation fol=
lows the pattern of the preceding sectlion; the only difference is that Iinstead of
the deviation factor Ef’, a factor §2 apnears. The stresses at the mid-ship sec=
tion 2-0 are:

o= 0 + §2 - (36)
Eq. (11), (12) and (13) are to be used to compute ¢ ; the moment M in these com~
putations 1s given by Eq., (32),

Fig, 9 shows §, and 52 a3 functions of the parameter <« , In the
important range w < 3, §2 is larger than §, indicating that equally distributed
load produces larger deviations from Navier's stresses than a constant moment,
Thers is only a quantitative difference between the two loading cuses considered
in this and the preceding section; the spanwise variation of the deviation factor
for distributed load will be simiiar to the one shown in Fig, 10 for constant moment,

One result of the computations in this section deserves attention, While
the expressions (33) for the deflections contain terms depending on the loads P
and Pz ’ separately,,}the stresses apparently only depend on the sum P+p, s
which alone is required to compute the moment M according to Eq, (32). The distri-
bution of the equally distributed load between deck house and hull does not affect
the stress distribution; it does, however, influence the values of the deflections
)/ and Yo o A transfer of equally distributed load from deckhouse to hull pro=-
duces only a change of the relative deflection y-% of the hull in relationship
to the deck house without any change in bending atresses in deck house or hull,

1) The loads p, and p, act on the deck house and hll, respectively,
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6, DETERNINATION OF STRESSES AT MIDSHIP-SECTICN FOR ANY LOADING.

In the preceding sections we have determined the stresses for two simple
loading cases; we are now going to show how a combination of these two cases can
be used for approximate determination of the stresses for ;ﬁy tigg of loading,

Fig., 11 a shows hull and deck house of a ship, anqng.general tyve of
moment diagram due to eternal loads and buoyancy, We asgume that hull and deck
house are of constant section betﬁeen points G and D, while the section of the hull
outside these points may vary.

The law of superposition heing applicable, we may divide the total
loading of the ship in three parts which produce moments in the shi;kstructure
as showmn in Figs., lle, d, and e, regpectively, The first part shall produce a
constant moment Adl = é‘@“@+ﬂ¢b)for the full length of the deck house; the second
part shall be such that the moment diagram is a straight line between points C and
D, the moments at these points being z’; (Mc- M, ) and -é (Mc—j\/l.p) , resnectively;
and the third part shall be the remainder of the loading, such that the sum of the
monent disgrams in Fig, Il ¢y d and e is equal to the actual moment diagram,
Fig, 11b, Because of the choice of the moments in Fig, 11 ¢ and d, the momants
in the last diagram,Fig. 11 e)at pointg C and D mugt always be zero,

We can now determine the stresses at the midship gsection for esach of the
three parts separately, and add the results to get the total stresses.

For the first part of the loading the moment between C and D is of con-
stant value Nfz;this being just the loading case considered in Section 4, we

can obtain the stresses 0& due to this loading from Eq. (30).

= o + A
QQ NI '§l C& ? (37)

where the suberipts I indicate that O}, and AQ" ave determined from Fgs. (11),

(12) and (13) using a value M for the moment M.appearing in these equations,

I
Proceeding to the second moment diagram Fig, 1ld, we notice that the moment
at iy midship section is actually zero, and from the fact that the moment curve is

antisymmetric we can conclude that the stresses at this section must vanish, This
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part of the load gives no contribution to the stresses at the midship section,
The third part of the moment diagram is of the tvpe produced bv the
egqually distributed load considered in Section 5, where the moment diagram would
be & parsbola between points € and D, If we approximate the actual moment dia-
gram by a parabola with the same moment MJZ' =M'MI at the midship section, we

can find the stresses at the midship section from Eq. (36),
= + ' 38
o =0 +$ a0, (38)

where the subsceript II indicates that the moment M_'m' is to be used when computing
OI’V and 40 from Eq. (11), {12) and (13).

The entire stress at the midship seetion will be

- + O = + o+ g+ F a
o= o z = %z NI é‘z §2 % (37)

We can simplify this expression by introducing the values O, and AT due to the

total moment M at the midshipsetion. It is obvious from Eqs, (ll), (12) =and (13)

thet
M M.
T v g, AT, MAG“’,
My Mr
S = g n AT, = 55 AT

Observing M= MI-P M, substitution in Eq. (39) leads to

M+ &M
o = 0;, + §" ’M§z =4 aa (40)

The values of MI and Mﬂ. were defined at the beginning of this section,

M, = _Ai‘-'_"'é_/‘f? (#/a)
- _ _ _ M, + My,
My = M- M, = M- £ 2 (4/6)

Substituting Eqs. (41) into Eq. (40) we obtain finally

a'—.-.o,'v+§ao- (42)
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where the deviation factor § is given by

§-3-(5-3)=%

The values of g% and §; are defined by Egs. (25a) and (35a); their numerical

’/+MD (43)

values are also given in Table I in the next section.

The approximation used in this section permits the determination of the
deviation factor & for a general type of loading from two basic factors §i
and i; s resulting in a very simple computation procedure, An example of this
procedure iz shown in the following Section 7.

From Table 1 in the next section we can draw a conelusion on the degree
of approximation to be expected From the procedure leading to Eq., (43). This
table shows the values of the deviation factors for two distinctly different
moment diagrans, §i for constant moment, and i; for parabolic moments, In
splte of this pronounced difference, the numerical difference between _gi and

§2 never exceeds 0O,l11; in the expression for the final stresseg, O'= o, +§ Ao,
such a variation may produce variations of possibly 20-25% of the total stress,
see Fig, 4, Considering the faect that the difference between the actual moment
diagram and a parabola will be very much smaller than the difference between a
parabola and a straight line, we can conclude that the error due to the approxi-

mation can be expected to be less than 5%,



w20w
7. TABLE AND FORWULAS FOR STRESSES AT HIDSHIP
SECTION. AND NUMERICAL EXAMPLE,
Given the properties of the deck house and huil, zud ithe momente 1n the
ghip's structure, i.e, the values:
area of deck housge
momerit of inertis of deck house

area of hull

Al
Il
AZ
1% moment of inertie of hull
7 total moment of inertia of hull and deek house together
a distance between centroids of hull anddeck house, see Fig. 1
a distance of centroid of deck house from deck, sec I'i;. le.
. a distance of centroid of hull from deck, see Fig, 1d.
! length of deck house
K spring constant expressing rigidityr of bulk heads or deck beems, K
is the force per unit length of deck lLivuge required to produce a
relative deflection of one unit of lenyti hetwee- hull and deck house,
M moment in ship's structure at center of deck house
M. moment at forward end of deck house

M. noment at af™t end of deck house

The stresses q; according %o Navier's theorv are

M
%:-“fx (I)

where x is the distance of any fiber from the centroid of the seciion, Fiz. 3.

After determining the alues

A A
e 72 /4
= et L) = )
AR I=I+1I,+1, ()
A = L+ La | (2 )
.Zz+c(22:A

deter-ine "ecorrective' moments and forces in deck house and hull



MZI, (%, a0y )

AN = — aN = A
! 2 a (1t)(e, T+, 1,)
el _—
aM, = =MT IV )
r (1) (e, I+t e, T, ) (
2
AM, = MI e
z f (1), I e, 7)Y
The corrective stresses A(‘.TI‘V are:
in the deck house AQ = —AE/& - f—/w-’ x, ’
/’v L, (¥)
in the hull a0 = 272 _ s M X, s
2 ,42 lé 2

where X, and x, are the distances of the fibvers from the centreids of deek house
and hull, Fizs, lc and d.

After computing the constant u,

2
2 K(1+u) , o

the factors i and & can be read from Table I, The "deviation factor" b
2

can than be computed

g-%-(5-3)

The stress distribution at the midshin section (at’ center of deck house) is

Mc+ M.D

2 M (wr)

=0 +Jc_340' ( =iz )
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wu 3 %, w g, %

0 1.000 1,000 2,0 0.144 0,249
0,2 1,000 1,000 242 0,054 0,165
0. 4— Oo 996 0. 997 2.4 "'Oo mg Oo 103
0.6 00979 00982 206 -Oo 050 00059
0,8 0,935 0,944 2,8 -0, 074 0,029
1.0 0.852 0,872 3.0 =0,084 0,009
1.2 0. 728 oo 764 3.5 -Oq 0'78 -0. 012
1.4 0. 573 0. 629 4. 0 -OU 052 -Oo Olll-
106 otm 00487 4.5 =0, 026 'Q. 010
1a8 00264 00357 5.0 -Qo 009 =0, 004-

Numerical Example

We consider the model of a ship's structure shown in Fig, 12, sup-

ported at the ends, and loaded by two concentrated loads near the center,

1)

section properties are:

Deck house:

Hull:

General:

]

AI

R
i

A

2

o,
2

2.95 in% I =

0.372, @, =

’

. &
= 189 i, .Ia=

=0.628, ac,

E=29x /0% lbs. fin?

MC

= 150,000 . s,

The
n.+ hmf
3.98 in., L= 70m
160.9 %
=5.88 /n., K= 20,000 Ibs jia?

Q= qsﬁn‘ﬂ.,

M,= 225 000 w./bs.

D

Centroid of hull and deck house combined:

From Eqs. (II):

Eq. (I) furnishes with x=0.33, 3.33, = (.67 the stresses oy

4
T = 122,1 in,
A

Takle 2, From Eqg. (TI1) we obtain

M = 375 000 . lis.

e = 3,33 in, (See Fig. 12)

. 4
I = 3604 .

listed in

1) The properties used in this example agree with those of the center portion of
one of the models used by Holt, except for the valie of K which could not be

ascertained,
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/1.4 + 0.372 x 188.1

S = = o.z9z ,

160.9 + 0.6Z8 x 7188.!

and using the values
oc, - L0, = 0./89, o, I 4I-/uoc,12= 24 64
we obtain from Egs. (IV):

AN, =~aN, = 13,100 lbs, =~ 39,200 m.lbs, M,= 161, OO sn. bs.

Introducing these values in Eq. (V), and using X, = 2,52, -3.48, and X, = 5.88,
~4.12, respectlively, the values a0 in Table 2 were computed,

Using Eq, (VI) we find the constant w«

4
“0 V 20,000x [.292 J0

w= 10 Z = 2 x.0548 = 192,
2 4x 29x 10% 24.65 2

and with this values we obtain Ffrom Table 1:

b = 0.9z, £g,= o2z72.

s

We can now compute & from Eq, (VII )

&0 + 225
—_————— oy

= 0.2 - (0.2 - 0./9.
P gz ( g2 - 0./92) T~

0.242

Referring to Eq. (VIII), the fourth column of Table 2 contains the values

P AC= 0.242a6and the last column the [inal computed stresses,
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TaBLi 2
Navier's : Computed
Stress at stresses stresses
= A0 $ ac
o
%

top of dock house =3700 15080 3180 =6540

tup of hudl =3460 =7580 =1€3C =5290

Lottom of hull 6740 2420 £00 BAC

Fig, 13 shows the computed stresses and the stresses meagsured by Holt
on a model of similar eross section, The close agreement between the commited
and measured stresses should not be conatrued as quantitative eonfirmztion of
the theory presented, because unfortunately the value K= 20000 z5-’-/”"?-2
uzed in the computation could not he obtalned accurately, The stiffness ofdia-
phragms used in the test could not be determined, and the value K used is an
arerage value, estimated from the measured vertical deflections and vertiral
direct stresses.l) It should also be noted that the cross section of the deck

house of the test model r:anged near the ends, and that the length [= 70/,

used in the computation is a median value only., However, one need no* dismiss

tho agreement hetween the theory and the tests entirely, beczuse She fest coilrrg

at leash, that the theory furnishes the type of stress distri™ution actuallv
fernd in the tests, particularly, the theory shows the characlteristic kink

in the stress distrihution on the deck level,

1) Figs. 7 and 12 of Holt's paper quoted on page 1,
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8, CONCLUSION AND OUTLOOK.

The theus; iesented In this report is based on the concent that
the hull and the deck house act as individual heams which are forced to act
together by their connections at the deck level, These connections treznge
fer shear stresses such that the longitudinal stresses in deck house and hull
at deck level are alike; these connections also transfer vertical reactions,
but because of the flexibility of the bulkheads the vertical deflections of
deck house and hull will not be alike., Denending on the elasticity of the
bulk heads two extremes are possible: For infinitely rigid bulk heads hull
and deck house will deflect as a unit resulting in Navier's stress distribution.
For very flexible bulk heads only horizontal shear forces sre transferred from
hull te deck house, the deflections of hull and deck house will be different,
and the stress distribution found in Section 2 will occur, The actual con-

dition will lie between these extreunes,

4, Results obtained,

The mest important single result obtained 1s the fact that the lon=-
gitudina) strese distribution at ary cross section of the vessel, excent close
to the endsg of the deck house, is characterized and defined by the value of

the "Deviation Facter" & , whick is a function of the non-dimensional parae

2
_ ]/ K (/+4)
N 2 45 (oca Ir +/LL QCI Ia) (A)

ard of the shape of the moment dismgram, The parameter u characterdzes the

meter

type of interaction between deck house and hull for any vessel. The mnalysis
indicates thet the various nronerties of the vessel combine into this non=
dimensional parsmeter, which will thersfore pley a controlling role in the in-
terpretation of tests results and In any future desipn asvecification,

It was fewnd that the stress dlstritution at any point of the vessel

mey be eypressed by Navierts siresses a. st an added correcticn $ A0 4n
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the form

oc=0 + Pac ' (B)
N

The stresses 0, and A only denend on the bending moment and on the pro-
perties of the cross section of the vessel at the noint where the stresses
are to be found, while the deviation factor £ contéins all other effects
in a single package, it expresses:

1. The length [ of the deck house.

2. The stiffness of bulk heads or deck beams,

3. The type of moment diagram and loading.

4Le It 1a also dependent on the elastic oroverties of the cross

gection of the vessel.

The existence of relation (B) is of great value, because it exnresses
the longitudinal stress distribution in a non-dimensional manner by the single
factor & . Test results on different structures with variocus sizes of deck
house and hull cen be interpreted by the £ econcent on a common basis.

The lengthwise distribution of the deviation factor ¢ as indie
cated in Fig. 10 defines the longitudinal stresses and it can he shown that
an equation similer to Eq, (B) defines the shear forces T acting between hull
and deck house,

The above results where obtained under the following assumtions:

a) Navier's hypothesis of straight line stress and straindistri-
bution is assumed to be valid for the hull and the deck house
separately, but not for the entire section,

b) The cross section of the deck house ia constant, and the cross
section of the hull is constant for the length of the deeck house,
but not foreand aft of the deck house.

¢) The stiffening effect of bulk heads and deck beams ex~ressed by
the spring constant K is assured te be constant and ecually distri-

buted for the full length of the deck house.
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d) The effect of shear lag has been neglected, This is indirectly

implied in assumption a), as Navier's hypothesis 1s never satisfied

if the shear deformations are substantial,

The stress and strain distribution given by Eq. (B) consists of two
straight lines with a break on the level of the deck, as shown in Fig, 13, This
agrees qualitatively with the results of model and full scale tests., Because
of assumption d), Eq. (B) cannot be valid and should not be apnlied in the
vieinity of the ends of the deck house where shear lag must be & ¢ontrolling
factor.

Table 1 in Section 7; can be used for the quick numerical deter-
minstion of the deviation factor ¢ (as function of the parameter u) for the
stresses at the center of the deck house, Similar tables can be computed for
other points, e.g. third or quarter-points of the deck house.

f ~ The theory is fully apnlicable if pdrts of the deck house are of

aluminum instesd of steel.

B, Aprlication of the theory to actual ship's structures.

The simplifying assumntions b) and e¢) stated above are not satisfied
in a actual ship's structure, and the q@&'stion arises whether and tovhat ex~
tent the results obtained ap-ly or can be extended to vessels having neither
congtant cross section nor equally distributed bulk heads,

The principle of the theory presented in this report is fully ap-
plicable if assumotions b) and ¢) are not made, but different and more comvli=-
cated mathematical methods for solving the differential equation may have to
be used, It is of considerable imnortance that the stress distribution can

1)
again be exnregsed by an equation of the form

a-:o'N+§§Ao' (B)

1} See Aprendix, Seetien 7,
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containing a deviation factor & , the numerical value of which will of course
be different from before. A4s shown in thesppendix equation (B) is a direct re-
sult of assumntion a).

Thus we know that even in the more general case of varlable sections
and stiffness the state of stress in the vessel can be described by a curve
indicating the values of ¢ for the length of the deck house similar to the
curves shown in Fig, 10. We can exvect that the shane of the & curves will

again deoend on the parameter

7 y K (1+ AL) :
u = —_— 7
2 L 4E(¢xZI, + o, _2'2)

where the values of I , lé,/Lb,etC. are average values of these nroverties,

The effact of variations in cross section of hull and deck house will
express itself in the shave of the deflection curves of the hull andthe deck
house, Deflection curves generally being not very sensitive to variations of
the cross sections it is to be expected that a reasonable aporoximation of the
actual case of varlable sections can be obtained by using constant average or
mediar values for A& and I,

The fact that the bulk heads and deck beams act at certain coints in-
stead of providing a continuous effect, as assumed in assum-tion ¢), will not
affect the overall stress distribution as long as the bulk heads are anresd
reasonsbly equal over the length of the deck house, and as long as there are
at least five in number, Thle is concluded from the fact that the moments
and deflections of any beam due to 5 or more equidistant concentrated loads,
and due to equally distributed load of equal magnitude are nearly alike,

To provide for the possibility of a concentraticn of stiffening
bulk heads near the ends of the deck houses an additional anslysis can be
made, and it is belleved that this effsct can be treated as a correction to ‘

the analysis made in Sections 3 = 7,

The emphasis in the preceding paragrachs was on Justifying the use
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of the anslysis presented in this report as theoretical basis for aectusal
design. It arpears that this analysis contains all the essential features
affecting the stress distritution in a real ship and if suitablv employed
should furnish approximations of sufficient accuracy. It must be kept in
mind that Navier's theory gives stresses in the deck house which may be con-
sidersbly in efror, and that further refinement is nct necessary if the pro-
posed theory cuts this errcr to say 10% of the actual stresses, After all,
1f the experiments duoted earlier had showm only differences of thia magnitude
with the ecnventional theory this theory would have been considered good for

all practical purnoses.

C. Propogad tests to confirm analysis,

The starting peint for the analysis presented in this revort were
the tests quoted on pege 1 which indicated that the conventional theory is not
ap~llecable, Having comnleted arn analysis which anpears to be rational and to
take account of all the essential oarameters of the oroblem, it is prover to
stop and confirm this analysis by tests,

The primary purpose of these tests being to confirm the analysis
presented, the tests should be made with models of constant eross section and of
squally distributed tulk head stiffness K in accord with the assumntion on which
the theory is based. The models cculd be somewhat similar in size and section
to those sed in Holt's tests, except that the bulk heads would have to be
designed in such menner that there rigidity can be determined beyond doubt.

Aceording to the theory the stress distribution is defined by the

ginglie parameter

_ 4
w = LV K(/-“/‘L)
2 4E Cﬁéjg‘t/‘cﬁ‘zé )
In order to test the whole range of results, exverimental & curves for

u=1, 2 and 4 should b obtained, see Fig, 10, It is guggested that two

models Be used having Jifferent length [ of the deck house. These models
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can be made adjustable for two values K each, one model having u=1 or 2,
the other u=2 or 4, giving altogether 4 results, of which two, for u=2,
should be identical if interpreted by the non-dimensional £ conecept,

It is of imnortance to observe the longitudinal stresses at close
intervals near the end of the deck house In order to determine the extent of
the area influenced by shear lag, At the center of the deck house sufficient
stress readings should be taken to be able to check the assumed straight-line
streas distribution., It is also necessary to obtain the relative movements of
deck house and hull for comparison with the theory,

The test results should be evaluated by computing values for the

obsarved stresses and deflections from the theory.

D. Proposed additional theoretical work.

Assuming that the suggested exneriments conf¥rn the theory for the
simplified structure, the next step should be to analyze numerically a typical
vessel of variable cross section and bulk head stiffness, This will wrovide a
basis for judging the error to be exnected from using any simolified theory.

It appears highly desirable to use the data for the nassenger shin S, 5. Presgi-
dent Wilson for thls theoretical investigation because the full scele test re-
sults on this vessel provide a nogssibility for an ultimate check of the theory,
It would not be sensible to make tests with refined models simulding a shin
structure having variable sectlions and stiffness; if the tesats onroposed under

C. agree with the theory, model tests with variable sections will necessarily
again agree with the theory (excluding the possibility of errors in the mathe-
matical computations) because there is no fundamental difference between con-
stant and variable sections., On the other hand, the analysis of full scale teats
might disclose effects which do not oecur In the simplified small scsles models,

In addition to this analysis of a special case, the theory nresented
in this report should be extended, as discussed in B, to allow for increased

bulk head stiffness at the ends of the deck house, It is exwected that this

can be done without materially inersaaing the nuerisal work in determining
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gtresses as demonstrated on the examvle in Section 7.
It i3 also desirable to make an analysis of the shear lag effect
near the end of the deck house, The pur~ose of this analysis would be to
deternine how far the shear lag effect reaches, and to obtain a simnle con-

clusion for design purposes.

E. Derivation of design rules,

The theory presented in this report, together with the proposed ad-
ditional exverimental and theoretical work is exnected to be sufficient to
deduct design rules snd compute tables or charts for use in actual design,
all of which would be based on the non-dimensional varameter u,

It i3 exvected that tables or charts nertaining to the following
data will be required:

Deviation factors & at equidistant points along the deek housas,

0.125 { spart, permitting the determination of bending and shear

stresses in the vessel.

Reactions of de2ck house on the bulk heads at center and aﬁends of

deck house,

Effective moment of inertia of vessel, ~ required for commutation

of the defisctions of the entire vessel and of its natural fre~

quencles,



APPENRDIX

1, Properties of section if hull and deck house act integrally according to Navier,

Upper part: area 4 , moment of inertia I,

lower parts area Az, moment of inertia I

2z
Location of center of gravity (Fig, 14 )
e = a OCZAZ— M'AI
A, + Ae
Total moment of inertia I;
I=I+I,+ (a.oc,...e)zA’ + (ax, - e)aA?
“’A"‘“ “,Az'.'“zAz" a’A, a_Az
ac, + € a A+ As A+ A,
ax, - e = a wp A, + %y Ap - &, Ap + x A, _ a4
¢ AI+ AZ AI+A2
and -
2 2
— 2 A, Az + A, Az - a.zlq;/qz _
I=ller o =0y ~ 0t 353, C

whers I, is defined by Eq. (7a)

I+ + I,

(a)

The resultants N, and M, , N, and M, of the stresses in the uprer

and lower portions are determined as follows: The stress o can be expressed

ags function of x, see Fig, 1.

o= -

NI

In the deek heouse the stress can be expressed alternatively as function of M, , N and x,

N, M,
= —/—— - — X
AI Il !
Because: x=x +ax +€=x+ 202 we have
- [ 1 1 A,"' Az }
M a A, N, M,
- — = _— = —
I (x] + A’+A2) AI I’ !

As this must be correct for any value of %X, , we have
M:M-.l_.'.., N:—MM_E.__:.-_M_-TL
! I ! I(A+A,) al
Similarly, we find for the hull

Iz IA
MZ-M-I‘—’ Nz" ME-

(&)

(c)
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2; Derivation of Egqs. (9).

From Eq, (4)
ax, I M ax, I, M
2 7

T = = 2

Iz II 2/..2 2 2 A+ A 2 2

_/'\_,g*' A:*a (0521,-& , Iz) a.I,Iz azA,Azz-‘- Q@ (Kzr,+°€, I,_)

Using Eq. (7a) and (8),

T = MIA “leI , (d)

al I;Iz+°<ze'r114+°‘:2121.4
T =

1

MTa [,_,_’_ Xz T, (I, + Tz +Ta)
T IT,+ % 1,I, + 2 1, I,
= MIa [1- L2+ i LI, + «2 2,7, ~ o2, (Z+Ip+1, ):) )
arl LI, +«l I, +o?7,7,
7= _/"_4_-_7_-'_,3_[!_ (T, + &% I, ) (o, Ip - =3 I,) ]
al (Z2+ w, L, )("‘211"'/“ ac,It)

where according to Eq, (7b)

/u = I + &, IA
L+, I,
Considering
o, I, - I, (Ig"'“zIA)"“z (I,-n-ﬂr,l',.) o, - M %,
I h I+ I, + I,+ o, T, I+
T may be written finally
7 e MI,  MIy w(*I,~ “2'2;'2 . MIy  MZ, (o~ oty ) (e)
al al o, I, + pea I, al a (1+p)(o, I+ e, I,)
Substituting Eq. (d) in Eq. (la)
bs -, II,
= = T - —
M' a-“r M I I’Iz"' xzt I,IA+ “,ZIZIA 7
M, = M—J-:-'— I-]- ""‘:“zz(-z:"‘-rz"-z;\ ) Za
I 'Z:'IZ+ xz IrIA + oclaI?IA
M = M-‘_I-L I= LI, + “Z?IfIA + ‘xlzIzIA + o % T, (rr"‘zz" Ta)
! I I, I+ T,T, + «f 1,1,
_ 4 (Z+ 5 Ta ) (T + 2, ) Z, .. (Iz + 2 I, )
M, = M‘I— I = M—— - M-__E..
z (124- &Ly )(“zIr"'/‘“: Iz) L o, I, M ‘zz
Congsidering
L+« I, L+ T, - !
I h II+OCIIA*IE+“<?IA ’+/u'

we obtain finally

M= mE g L£L

' y (£)
z (1+p)(o L, + pa, Iz)
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Substituting Eq. (d) in Eq. (1b),

. =) 7T,
Mp= M=% = M-MII-J—oczI o+ %1, 1, ’
AL = I I+ “rz'zzIA M ILZ' + szl )
z - MI,I2+ o« II,+ =2 T, - II + II +?1,I,

I,I,+ ot;_‘[,_Z'A + IzIA
- z
M, = MZE| I+ CALLD cmZ | 2Er )
I (I-o-cxIA)(th-'-/lc(I) z oczl',-l-/uar,.z'z

Congidering

1 = M12[1+ —I,Iz"' o(;'_Z,IA- cr,.ZzI +I+II + I,T, + o IIA"’ “IZIA+UC2_Z:‘2]

-

I, + o, I, L+, T, _ y

I Il+°‘IIA+Iz+ OCZIA J+

we obtain finally,
2
.
M, = MI" + MI, o
(/+/u)(ac I+/uo(l')

3, Derivation of strain energy of structure,

(#)

Denoting by & and &, the average longitudinal strain in the deck
house and hull, respectively, the strain energv of the longitudinal stresses will
be,

L
z

E o
in the deck house: S~ ('4 ‘z"'I Y, z) dz

E uz
in the hulls zf(Ae +I,y"%) dz.

The strains € are counted positive if they represent elongation,

In addition to the strain energy of the longitudinal s*resses, there will
be energy sfored in the bulkheads or deck beams which resist the relative vertical
digplacements of deck house and hull; this part of the sirain energy can be ex~

pressed by the spring constant K in the form
Z

z
2
f"/f‘-’(x-yz) dz
¢
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The strain energy of the shear gtresses will be neglected; 1t is small because we

consider the case of long deck houses only, The total strain energy V is
s

V= /[Ae + I,y +Ae + I, (y yz)]a’z (h)
Z

Z
The stresses in the deck house and hull can be expressed by the average

strains € and €, , and by the second derivatives y " and %

in Deck house: o=te +Ly"x

in Hull: o= Eez + EYz" x,

where X, and x, are as shown in Fig. 1. Because hull and deck house are con-
nected by rivetg or welds, the stresses on main deck level must be alike and we
have for X o= - Qo

y xz= Q.W?,

Ee, - Eax,y," = Ee,+ Ea.oczyz" . (¢)
Further; the longitudinal resultant of all stresses in the Deck house N, H must be
the average strain €, times £A, ; similarly N,~ £A,€,, The resultant of all
longitudinal forces in the structure consisting of hull and deck house will be

obriously N, + A, 3 as the structure is in bending only this resultant must

vanish,
N+ N, = E(G’A’-I- 62,42) =0 . (J)

By means of the two egs. (i) and (j) ¢ and €, can be expressed by the curvatures

n

y, and yz" “

- @ Az n n - ”»

e’"A,+Az(“'x+°‘2y2)’ ez‘"Am (2" + e %") (%)

Substituting these wvalues into eq. (h), we obtain
—2{ K
E "y ” - 2
N e A T TR E(y,_yz)]az Q)

-4
7

L.  Potential U, of external forces.

The potential U_ of any load P is equal to the negative of the work
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done by this force when the structure deflects, Applying this to the forces p
acting on the structure we find that we have to make a distinction between forces
P, whieh act on the deck house and forces p, which act on the huil, Counting
p, and p, positive if acting downwards, and assuming p, and p, to be fune=

tions of the longitudinal coordinate z , their potential energy will be

$
_ﬂ (b, + bey, ) d2. (m)

The shear forces . and S, and the moments M. and M, act immediately outside
points C and D, and their potential energy will depend on the vertical displucements
Y,c and ¥, and on the rotations of the end surfaces of the hulllyg; and zgp .

Taking into account the direction of the shears and moments shown in Fig. 8,

their potential energy will be

" Yar * SeYre ¥ MpYar T Mo Yep
Noting by S and M the shear snd moment in the structure, both being functions

of the longitudinal cordinate z , we can write this expression in the abbreviated

form
2 <
z z
-1s ] + [M ] (m)
[ yZ _1 X'! _,{
F4 2
The total potential energy of the external load is the sum of eqs. ( m )
and (m)

2 4 :
z z z

I R A (T
z Rt

5, Derivation of Euler's equations and boundary conditions, egs. (17).
1)

From Eq. (14) we derive by the process of variation
< z I " I ” " - " -
U= [ngzl] _[SJYZJ 2 +_/- [EI:)’I ‘5‘)’: +ELy, dy, + EI, (5, "+ o, y, )(“rJJG +¢25y2)
-2 -£ L2
z z > _
+ K(y-%)dy - 8y) - p.dy, -szfrzj dz

Performing integration by parts twice on the first three terms under the integral,

results in the expression

1) See note 3 on page 9,
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SU= [EI, y,"cfy,"" EI;YE"J)’:' + EL, (ac, v, "+ szzu)('x,é‘y,"" rxztgyzf)+ MJXE'J , -

2
2

" m " " z
‘[EI,y, Jy, + EZ vy, JYz* EI, (e,y,~ + %, Y, )(“,Jy,"' “3372)‘* SJyz:) , +
B3

i
Z
+j- [EI, Y, IVJYI + E.z.-? Y J‘yt + EIA (“, x,,v+ wz )’zlv)(aré‘y; + (xzd'}'z)"' K(yl_ Yz)(Jyl'J}'z) -PIJ)’I - PZJYZ] dZ_
4

F
Rearranging this expression, we obtain

4

z
U = [(EI,y,"+ EOC’ZIA y, + Eox,I, Yz”) Jy,'] , +
" " 2 " zl z
+[(Eoc,o(2IAyl +ELy"+ Ea,L,y, +M)¢5'y2J ,

1% 7
- [(EI,Y,'"+ Eoc,zl'A y, + Eoqou, I, }’em) Jy,J -

Molrg

Fd
w r . om =
..[(Ecx,oerAy, + ET, y," + Eoc:IA Y, + S)Jyzj ; +
yA “F
4
w 2 v )]
‘t/:[Er,y, + Ecxl IAy’ -+ EO(,KEIA yzv+ K (y,-yz)-lb,JJ,y,c{z -+
-& 4

e 3

+/ [Ear,c(zIAy,"-;- EL, yev+ Eac:IA ye'v- K (y,-yé)— pe]d'yzdz.
L
zZ

(p)

The equation dU=0 will be satisfied if each of the six terms vanishes,
The two integrals will vanish if the terms in brackets are zero, which furnishes
Euler's equations (16), The vanishing of the four other terms, at both boundaries
z= Z/Z and z=-2/2, furnishes 8 more conditions which are the boundary conditions of
the problem,

Due to the definition of y and y, as relative displacements, we have
Y.~ 0 forz=+ Z/Z; Y, having a definite value at z-% l/z means that the varia-
tion dy, at this point will be zero, and the fourth term in eq. (o) vanishes,

three terms

The values of dy, ,dy and Jy, at z=:l-.2/zdo not vanish; the first in Eq. (»)

will vanish only if each of the exvressions by which Jy, , S x' and & yz' are multi-

plied will be zero at the boundaries z==# Z/z ; after rearrangement the bdundary con-

ditions, -Eqs. (17), are obtained,
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6, Expressions for longitudinal forces and horizontal and vertical shears,

The resultants N, and A, of the longitudinal stresses in deck house

and hull are N=£FA ¢ and N,=FA,e, , or with reference to Eqs. (k) and (7a)

2

ET " “
Now =52 (w0 y " Gy, )
(%)
NZ_—. —_&:C'_Lr_ﬂ (x’ y’u+ CKa }:?n)

Defining by T the total shear force from the left end of the deeck house

to any point baving the coordinate =z , equilibrium requires
EI,

T = —jvl = = a (L\C’ y’"+ czz yzn) . (.7"‘)
The unit horizontal shear will be

dT . EI "y o

dz “—cﬁ“(“‘f% + oy ") (s)

To obtain the expression for the vertical shear V in the deck house,
consider an element of the deck house of length dz , Fig. 15, Equilibrium
of moments with respeect to the centroid requires

dT oM,
V- ax g T Tdr

Introducing M,=~EZ y,"and Eq, (s), we obtain

" m " 2 1 177
,=hEI/)’1 _EDCIIA (“1)’1 +oc2y2 )=_E(I'+“’IA)-YI _“'“?EIAYZ‘

Similarly the vertical shear in the hull is

L 2 ”nr
V= - e, EL y," - E(I,+ o, I,) y

(t)

(w)
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7. Type of Stress Distribution if Cross Sections are not Constant.

It is possible to derive Eq. (B), (page 27) without any lengthy
analysis demonstrating that it applies even if the cross sections of hull and
deck house vary and the bulk head stiffness is not constant. The one and only
assumption which mist be made is that Navier's theory is applicable to the hull
and deck house seperately,

According to this assumption the strains in the hull and in the deck
house must vary linearly:, and the stress distribution must therefore consist
of straight lines, Fig, 16, between the values o, 0, end O of the stresses
at the top of the deck house, at deck level, and at the bottom of the hull,
regsoectively, The internal stresses (¢ must be in equilibrium with the exter-

nal loads, which are at any particular section: the moment M, and the longi-

tudinal force N= o, We have therefore two conditions

/o*a//J=O, J.x:a*dA=M ()
A

A

The stresses o in eqs. (v) can be exnressed by the three values o , ;

and C{; and without actually making this computation, we kmow that the two eqs.

{v) will permit expressiomof the two stresses g, and 0O, as functions of the
third, a e It appears, therafore, that equilibrium alone restricts the pos-
sible stress distributions in such a way that all stresses are defined if ome,
o, 4 is given,
We want to demonstrate that all stress distributions which satisfy

equations (v) can be expressed in the form
o= o + ®ac ()

where O apd A0, are  defined in Section 2, and & 1is a numerical factor
which may have any value,
It is obvious that the stresses given by equation (w) muat satisfy

the equilibrium conditions (v) because the stress distribution (w) was determined os

the actusl one for some structure, On the other hand by varying the value of



=l,0m
& 1in eq. (w) the stress at the top of the deck houss may be made equal to
any given value, and as only one stress distributlion exists which satisfies
Eqs. (v) and for which the stress is o on top of the deck house, this atress
distribution can be expressed by equation (w), This conclusion is valid
whether the cross section of the vessel x'-erna:lns constant or not, The actual
numerical value of 4 can, of course, not be obtained by this simple considera=~

tion.
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