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PREFACE.

THIS work is based on a series of lectures prepared for a course in Naval
Construction which was established by the Massachusetts Institute of
Technology in 1901 for officers of the United States Navy detailed to
take this course in preparation for the duties as Naval Constructors. The
lectures have been developed during the last thirteen years and, having
now taken a fairly permanent form, it was thought desirable to print
them, partly for reasons of instruction, and partly in the hope that they
might be useful to naval constructors and designers of warships in general.

The course in Naval Construction extends over three years and consists
of lectures and design work. The general plan of the lectures will be
here briefly outlined in order to show the place which the present work
occupies in the course,

First year : A historical account of the development of warships, be-
ginning with the introduction of steam-power, iron, and armor.

Preliminary design, comprising a discussion of the different types of
warships, determination of the principal elements of design, construction
of lines, stability, seaworthiness, general distribution of weights, weight
calculations, watertight subdivision, and vibrations of vessels.

Second year : Structural design of warships, comprising materials used
in hull construction, strength and strength calculations, riveted joints, and
main structural features. Preliminary design and installation of boilers,
engines, and propellers, as far as these problems concern the naval
architect. Coaling and coal stowage. Liquid fuel. Rudders and steer-
ing gear,

Third year: Drainage. Ventilation and heating. Anchors and
anchor gear. Boats and boat-handling gear. Disposition and installation
of artillery. Ammunition, ammunition transport and stowage, design of
ammunition rooms. Torpedo installations. Effects of gunfire. Resist-
ance of armor. Principles of the design of armor protection. Pro-
tection against submarine attack, Conning towers.

The present volume covers somewhat more than the first half of the
second year’s lectures. It presupposes a general knowledge of the
theory of Naval Architecture as well as such familiarity with warships
as is ordinarily possessed by young naval officers.

ix




STRUCTURAL DESIGN OF WARSHIPS.

The work of collecting the material and preparing it in a form that
would be useful to the students presented considerable difficulty. The
existing sources of information are very scattered, consisting in text-
books, handbooks, essays and articles, specifications, drawings, rules,
and regulations. The text-books contain much valuable information, but,
excepting some of the French books, they deal with so many other
aspects of warship design that the discussion of structural features is
necessarily brief and chiefly of a descriptive nature. It is the object
here to present a more comprehensive discussion than hitherto given of
this special branch of warship design, exhibiting in particular its relation
to fundamental principles and conditions. On account of the vastness of
the subject it has been found necessary to restrict the scope of the work
to the main features of the hull proper. The descriptive part is made
subservient to the discussion of principles ; but where descriptions and
sketches of structural parts are given, they represent, as far as possible,
recent practice. Where important points of difference exist in the modes
of construction in different navies they are critically compared.

In the study of current practice it was often found difficult to discover
the reasons why certain features were adopted and in some cases why
they differed in different navies. The explanation is in general that
once a certain mode of construction has been introduced in one of the
leading navies and found satisfactory it becomes a standard. Gradually
the reason for its adoption may be forgotten, and the construction is
used as a matter of routine. It may even happen that the conditions
which called forth the construction change or cease to exist, and that
it survives simply because there is a vague feeling that something will
go wrong if it is changed or abolished. A study of such questions
cannot fail to be fruitful, because it leads naturally to suggestions for
improvements. ~ Moreover, in a work of this nature, it is desirable
fully to state and explain the reasons for the adoption of the various
structural features, inasmuch as such information will be of value, not
only to the inexperienced student of the present time, but also as a
matter of record for the future.

Since the lectures, on which the work is based, were written
primarily for American naval students, the practice of the United States
Navy is given the most prominent place. This is desirable also from
another point of view. In the United States Navy the construction of
armored ships commenced barely twenty-five years ago, in which short
space of time it has grown to become one of the leading navies.
The development has been characterised by an intense striving for
improvement and perfection. Unhampered by tradition and by too
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PREFACE,

close financial restrictions, the best practice of other navies has been
adopted, and many new and original features have been successfully
added. The result is that the American warships of to-day are, in
general features as well as in details, among the best designed in the
world.  The descriptive part is, therefore, based chiefly on American
practice, but the volume contains also numerous references to the practice
in the British, French, and Danish Navies,

The book differs from most other similar works in its more extensive
application of mathematics to the problems occurring in warship con-
struction. Mathematical treatment is, in fact, proposed for several
problems where, so far, routine has been followed, or where, at the best,
experience has been used as a basis for a tentative method. The
enormous increase in size and cost of warships and in propulsive and
artilleristic power, the improvement in the quality of the materials, and
the increasing claims to a saving in weight, and hence to a more perfect
adaptation of each structural member to its work, render it necessary to
adopt more refined and accurate methods of design than used heretofore.,
It must, however, be clearly understood that when mathematical treat-
ment is here recommended, it is only as an instrument for a more
intelligent and accurate application of experience. Experience, whether
gained in actual service or by experiments, must always be the founda-
tion on which our decision rests ; without it the formulas are useless and
may be even dangerous to follow. The practical application of the
formulas and of the theoretical principles is illustrated by numerous
examples.

Although the work is prepared chiefly as a text-book for students of
Naval Construction, it goes considerably beyond the limits of ordinary
text-books which merely record the established theory and reflect current
practice. In the theoretical treatment of the subject much is contained
that is believed to be novel, and in the chapters on practical application
the author has ventured to advance several suggestions for new structural
features. Where methods of design or construction are proposed which
are yet untried, this fact is always clearly stated.

Due to the analytical mode of treatment followed throughout this
work, where each part of the subject is dealt with independently and in
its fundamental aspects, it was found impossible to avoid repetitions.
This feature, however, enables the reader to study each chapter separately
without too many references to other parts of the work.

I desire to express my indebtedness to Rear-Admiral R. M. Watt,
Chief Constructor of the United States Navy, for the great assistance he
has rendered in the study of structural details at the time when these
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STRUCTURAL DESIGN OF WARSHIPS.

lectures were in the early stages of preparation, and for his permission
to publish the drawings and other information concerning the United
States Navy contained in this volume. My thanks are due also to
Captain J. C. Tuxen, Chief Constructor of the Danish Navy, who has
similarly placed at my disposal drawings and other information concern-
ing the Danish Navy.

Professor Henry H. W, Keith, of the Massachusetts Institute of
Technology, has rendered most valuable assistance in the preparation of
drawings and diagrams as well as in the numerical work ; and Assistant
Naval Constructor R, D. Weyerbacher, Assistant Naval Constructor
T. B. Richey, and Mr Wai G. Loo, students of Naval Construction in
the Massachusetts Institute of Technology, have taken part in the
numerical and graphical work connected with some of the problems.
Copious references to the various sources of information are made in

the text and in the footnotes.
WILLIAM HOVGAARD.

BosToN, Mass., U.S.A.,
January 1915.




STRUCTURAL DESIGN OF
WARSHIPS.

CHAPTER 1.,

CENERAL

1. Materials Used in Hull Construction:—1. Steel and Iron.—2 Ultimate Strength and Duc-
tility. —3. The Elastic Limit.—4. The Modulus of Elasticity.—s5. High-Tensile Steel.—
6. Wood.—7. Copper and Copper Alloys, —8. Zinc.—9. Aluminium,

2. Principal Elements of Hull Structure.

3. General Remarks on Structural Strength and Strength Calculations:—1. Comparison
between Merchant Ships and Warships.—2. Design of Warships a Tentative Process.—
3. Continuity and Uniformity of Strength.—4. Significance of the Calculated Stress.—5. Sub-
division of the Subject.—6. Notation,—7. Definitions.

I. MATERIALS USED IN HULL CONSTRUCTION,

1. Steel and Iron.—The material used in the hull structure of a war-
ship is almost exclusively steel, mainly of the quality known as ‘‘mild
steel” or ‘“medium steel,” in Germany called ‘¢ Flusseisen.” Steel of
other qualities is used where great strength combined with lightness is
specially required and where the material is exposed to great dynamic
actions—further, for rivets, bolts, castings, forgings, and for armor.

Iron is used for certain forgings, but extra-soft steel is now often
employed as a substitute for wrought iron.

2. Ultimate Strength and Ductility.—The quality of the material
is ascertained by inspection and by certain prescribed tests, of which the
most important are those for ultimate tensile strength and ductility
(elongation). Table I. gives the principal requirements for the United
States Navy and Tables II. and III. give some figures for the British and
the German Navies. The tensile strength of ordinary mild steel (medium
steel) we shall in the following take to be 63,000 lb. per sq. in. or

28 ts. per sq. in. as an average value. The shearing strength of rivets,
I B




STRUCTURAL DESIGN OF WARSHIPS

TaBLE I.—PRINCIPAL REQUIREMENTS FOR STEEL AND IRON
FOorR U.S. NavaL VESSELS.

Minimum
Elastic (Minimum| Elongation.
Limit or | Tensile
Quality of Material. Use Yield | Strength. ‘
Point. | lb. per | pe, [Length
Ib. per | sq.in. |ceng, |inches,
sq. in, \
Medium steel. Plates and shapes for hulls 60,000 | 25 | 8%
Open-hearth carbon. and hull construction.
High-tensile steel. Plates and shapes for hulls 80,000 20 | 8%
Open - hearth carbon, | and hull construction.
nickel, or silicon.
Special-treatment. Protective deck plating.  [105,000 |120,000( 17 2
Medium steel. Rods and bars for rivets, <1l-in.| 28 | 8
Open-hearth carbon. bolts, stanchions, davits, diam.
etc. 58,000
>13in.| 30 | 2
diam.

’ 60,000
High-tensile steel. Rods and bars for rivets, <1}in| 23| 8
Open-hearth carbon, sili- | bolts, stanchions, davits, diam,

con, or nickel. etc. 75,000

>1}-in.| 25 | 2
diam.
75,000
Steel forgings. Class A. | Forgings exposed to dyna- | 50,000 | 80,000 | 25 | 2
Open-hearth nickel or | mic actions, as in gun- |
carbon. mounts.
Steel forgings. Class B. |Stems and sternposts, | 30,000 | 60,000| 30 | 2
Open-hearth carbon. rudder-stocks, etc.
Steel castings. Class A. | Hawse-pipes, turret-tracks, | 35,000 | 80,000 | 17 | 2
and other parts subject
to crushing and dynamic
actions.
Steel castings. Class B. | Stems, sternposts, rudder-| 30,000 | 60,000 | 22 2
frames, struts, and parts to |
subject to tension and 80,000
bending.
Wrought iron. Miscellaneous forgings. 48,000 26 | 8
Extra-soft steel used as a | One- | 45,000| 28 | 8
substitute for wrought | half the| to
iron. ‘ ultimate| 55,000
! strength

* For thicknesses less than % in. and over 1 in. the elongation is measured in smaller lengths.
t Special ballistic test. Attack at an angle of g° by uncapped 6-in. or 8-in, projectiles.

Supporting frames to leave not less than 36 inches between nearest edges.

2




MATERIALS USED IN HULL CONSTRUCTION. I, 1. fl

\
of whatever grade of iron or steel, is about four-fifths of the tensile strength. v’f
For mild steel rivets in plates of mild steel we shall here take the shear- I
ing strength 50,000 lb. per sq. in., but when used in plates of high-

tensile steel this value is reduced to about 43,000 1b. per sq. in. The i
tensile strength of rivet iron as used in merchant vessels is about 54,000 |
Ib. per sq. in, and the shearing strength of this material, when used in ”l
iron plates, is about 42,500 lb. per sq. in., but when used in steel plates I
it is reduced to about 37,000 lb. per sq. in.* il

TaBLE II.—REQUIREMENTS FOR STEEL FOR BRITISH NAVAL VESSELS. i

' Ultimate Length of Mvipati i

Kind of Steel. Tensile Strength. Test Piece. h‘Il)Zn!ii?n‘ "l

1b. per sq. in. Inches. ’ . f

2 = AL I

|

Mild steel . ; : - . | 58,250-67,200 8 20 ‘
Rivet steel . . | 58,250-67,200 8 25 ‘[’

High-tensile steel for cruisers l . | 76,150-85,100 8 20 “i

High-tensile steel for destroyers . | 82,900-96,300 8 15—20 il
r

TaBLE III.—STEEL FOR SHIPBUILDING USED IN THE GERMAN NAVY.}

Yield Point.
1b. per sq. in. Ultimate
Quality. Tensile Strength. (e
1b. per sq. in.
Maximum. Average. Minimum, i
Shipbuilding steel I. . 49,100 37,000 27,300 48,300-58,300
Shipbuilding steel II. . 52,000 30,700 30,900 58,300-66,800 |
Shipbuilding steel TII. . 74,500 I
Rivet steel : g 35,800 55,300 !
Figs. 1 and 2 show curves of stress and strain for steel and iron of !;

various qualities. |

3. The Elastic Limit.—The true or primitive elastic limit, z.¢. the ’

point where the proportionality of stress and strain ceases, is difficult or [}
impossible to determine with certainty in practice.  The so-called  break-

ing-down point” or ¢ yield point,” where the material begins suddenly to l‘

|

E

* A. C. Holms, Practical Shipbuilding, London, 1908, p. 264.
1 Elastic limit = 44,800 1b. per sq. in.
t Pietzker, Festigheit der Schiffe, Bexlin, 1911, pp. 50, 55. The data given for Qualities I,
and IT. are the result of about 200 tests. The yield point here referred to is the stress at which the |
permanent set exceeds ‘2 per cent. of the length of the test piece ; it corresponds to the
elastic limit” (*“ Zlastizititsgrense um praktischen Sinne”). i
3 B 2
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L X, STRUCTURAL DESIGN OF WARSHIPS.

flow (the German Fliessgrenze), is better defined, being generally easy
to recognise. It lies in shipbuilding steel very near the true elastic limit,
and may be regarded in practical work as a limit which should not
ordinarily be reached. In the following we shall not, generally, try to
distinguish between the yield point and the elastic limit, but shall use
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FiG. 1.—Stress-Strain Diagrams for Steel and Iron.

these terms synonymously. For mild steel the yield point is at some-
what less than two-thirds of the breaking stress ; for high-tensile steel,
as used in shipbuilding, it is from two-thirds to three-quarters of that
stress : for ‘‘special-treatment” steel for protective deck plating it may
be as high as five-sixths. The indefiniteness which may sometimes
appear in the position of the yield point is probably due to imperfection
in the mode of measurement. Where refined methods of recording the
strain are used, the yield point is sharply defined, as seen in fig. 2,

4




MATERIALS USED IN HULL CONSTRUCTION. 1L,

which gives the results of some of Professor Dalby’s experiments and
of certain German tests on structural steel.

4. The Modulus of Elasticity.—This modulus, E, is a coefficient or
abstract figure which measures the ratio between stress and strain within

T
J
z
<
y
o
ny
sl
z|
O
=
pa
x}
5
Zi
uy
2
5 4
O T T T T T T
0 5 10 5 70 5 30 35
ELONGATION IN PER CENT
z CHEMICAL [ELASTICLIMIT [ULTM. TENSILE | ELONGATION{CONTRALTION
B QUALITY COMPOSITIONINTS. PR5Q Inv| STRENGTH | |in PER CENTiN PER CENT NOTE
| |CHROME NICKEL STEEL [47(CraNs) | 33T 440 155 66 INTERNATIONALE
A R B 796 170 63 N LEIP7IC (915
3 | NickeL sTEEL 5% Ne. | 272 315 153 69  [(HIFFBAU-IDI> Pl6d)
4 | 9PECIAL STEEL 204 360 227 57
5 | NICKEL STEEL 3% NL. 75:0 357 265 11
© [ CARBON STEEL ZhC. 18:0 195 %9 53
MILD STEEL
7| FLusseisemy 164 50 190 T
3 | OTEEL 4 C 730 36.0 210 PROF. W.E.DALBY.
INST. NAV. ARCH.~ 1917
9| STEEL Jze, 210 166 37-0
10| FARNLEY IRON 16-0 2.0 165
Fic. 2.

the true limit of elasticity. Graphically, it is represented by the steep-
ness of the stress and strain curve within the elastic limit. [ts numerical
value depends on the units in which the stress is expressed. It is
practically the same in all classes of steel, and is usually given as about
from 13,000 to 14,000, the units being tons and square inches. In the
numerical examples of this work, E will be taken equal to 13,500 (ts. per

3




o STRUCTURAL DESIGN OF WARSHIPS.

sq. in.) or 30,000,000 (Ib. per sq. in.). Judging from the observed de-
flections of ships, the modulus of elasticity appears to be smaller in com-
plex riveted structures than in test pieces. Thus, in the experiments
with the British destroyer Wo/f,* the modulus when the boat was in
sagging condition was found to vary from about 10,000 at great stresses
to 12,000 at small stresses. The cause of these small values will be dis-
cussed in a later chapter. Table IV. gives the values of E as employed
in the computation of the column curves, figs. 46 and 47.

TasLe IV.—Moburus oF Erasticity Usep N CONSTRUCTION
oF THE CoLumN CURVES, F1Gs. 46 AND 47.

E. 1Ib. sq. in. . E. ts. sq.in,

28,000,000 I 12,500

Wrought iron : : ; %

All classes of steel ; : . - |_ 30,000,000 | 13,400
Compositions (brasses and bronzes) | 13,000,000 5,800
White pine . : | 1,400,000 625
Douglas fir . .| 1,700,000 760
Spruce and ash . . .| 1,600,000 1K
Yellow pine . . ‘ : .| 2,000,000 895
Oak . S : 5 : ; .| 2,000,000 895

The modulus of elasticity for shearing is called the ‘¢coefficient of
rigidity.” It measures the ratio between the shearing stress and the
distortion, and is for steel about 5300 (ts. per sq. in.).

5. High-Tensile Steel.—The stress-strain curve for high-tensile steel
coincides with the curve for mild steel up to the yield point of this latter.
Here the curve for mild steel falls off, while the curve for high-tensile
steel continues to a much higher stress before breakdown takes place.
This is illustrated by the curves in figs. 1 and 2. High-tensile steel is,
therefore, in tension very superior to mild steel and can be used with
reduced scantlings. This, however, entails a reduction in stiffness,
although high-tensile steel is intrinsically more rigid than mild steel, and
the deficiency must be compensated for by providing a more elaborate
system of stiffening. High-tensile steel is now used everywhere in the
principal strength members of light, high-speed vessels, and of recent
years it has been introduced more and more also in the construction of
battleships and battle-cruisers.

6. Wood.—Wood is employed in the hull construction of war-
ships as follows :—Pine, fir, and teak in decks ; teak in backing behind
armor ; teak, elm, and pine in sheathing of the bottom, sometimes

* 1. H. Biles, /nst, Nawv. Arch., 1905, i. p. 103.
6
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—as in composite vessels—partly or entirely replacing the outer shell
plating.

Pine should be well seasoned before it is taken into use, as it is
otherwise liable to warp and shrink. When in contact with iron and
water, it will absorb rust, and is then liable to decay, wherefore the ends
of the planks should not abut on the metal.

Teak possesses almost the same strength as oak ; it is very stiff and
does not readily split. It shrinks very little, and does not warp when
exposed to alternate moisture and dryness, even in tropical climates.
It will stand a great amount of heavy wear and tear, and contains
a resinous oil which prevents rusting of the steel or iron with which it
is in contact.

Java Teak.—On account of the scarcity and high cost of teak proper,
which comes only from Burmah and Siam, a new kind of wood, called
‘“ Java Teak,” has recently appeared on the market. Java teak, in Java
called Dyatz, is botanically closely related to Burmah and Siam teak.
Its properties are similar to those of ordinary teak ; its density is more
variable but averages about the same. The fibers of Java teak are |
not so straight as in other kinds of teak, and the average length i
of the logs is only about half that of ordinary teak logs. Java teak is,
therefore, not so well suited for deck planks, but has been used for
backing behind armor. It is more rich in chalk and, hence, not so
easy to work.

Oak was formerly, in the days of wooden ships, employed extensively
in the construction of the hull, both on account of its strength and because
it is capable of resisting the decaying action of sea-water. It is, however,
unsuitable for use in iron and steel ships, as it contains an acid which
attacks the metal.

TaBLE V.
Ultimate Compressive Stress
in Ib, per sq. in,
White pine * . ; ; : ; 5400
Douglas fir ¥ . : : . : 5700
Spruce or ash* . y 3 . 7200
Yellow pine * . : ; . ol 8000
Oak* ; . : 3 | 8500
Java teak + . s ; 3 2 7800

* Prof. J. B. Johnson, Materials of Construction, p. 671. Tests made for U.S. Dept. of

Agriculture.
t Danish State Institute for the Testing of Materials,
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The tensile strength of wood, in a complex structure, is greatly
inferior to that of steel, on account of the impossibility of obtaining
an efficient connection between the individual members. Tabling and
dowels can only give the scarphs a fraction of the full strength of the
timbers which they connect, and metal bolts are too hard to work well
with wood. The deeper cause of this imperfection of wood is its fibrous
structure, which, on account of the relatively loose connection between
the different fibres, entails, first, a small resistance to shearing in direction
of the fibres—only about one-twentieth of the tensile strength along the
fibres—and, second, a tendency to split, due to a lack of crosswise strength.

The ultimate compressive strength in direction of the fibres of different
kinds of wood is given in Table V. These values hold good for wood
containing 12 per cent. of moisture. Green timber may be expected to
show about half the strength indicated in the table.

7. Copper and Copper Alloys.—Pure copper is used for protecting
the bottom of sheathed and composite vessels against fouling, but in the
hull structure it occurs only as an alloy with other metals.

““Bronze” is an alloy of copper and tin. The percentage of tin varies
from about 8 to 10 in ‘‘ gun-metal” to 25 in the metal used for making
bells. There are many varieties of bronze between these extremes,
differing also by small additions of other elements.

‘“ Phosphor-Bronze ” in its pure form contains 9o per cent. of copper
and 10 per cent. of phosphor-tin; but similar alloys, containing also a
small percentage of other components, go under the name of phosphor-
bronze. Pure phosphor-bronze is very hard and tough, and has a tensile
strength of about 35,000 lb. per sq. in. ; it is often used for stems, stern-
posts, and other outboard castings of sheathed and composite vessels.

‘“ Brass.”—The term brass applies to alloys of copper and zinc. The
percentage of zinc varies from 10 to 50. The tensile strength of brass
in castings is ordinarily from 12 to 14 ts. per sq. in., but when the per-
centage of zinc exceeds about 45, the alloy changes its character and the
strength falls off to about 9 ts. per sq. in. When rolled and annealed,
the strength and ductility of brass may be the same as of steel. Brass
is used for rivets in structural work required to be non-magnetic.

‘“Muntz-Metal ” is a brass consisting of 60 per cent. of copper and
40 per cent. of zinc. When rolled and annealed it has the properties of
steel, being both malleable and strong. It shows in that condition a
tensile strength of from 50,000 to 65,000 lb. per sq. in., and an
elongation of up to about 30 per cent. Muntz-metal changes its nature
in sea-water, but is used for coppering the bottom of sheathed and
composite vessels in the British Navy.

8
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‘““ Naval-Brass ” consists of 62 per cent. of copper, from 36 to 37 per
cent, of zinc, and from I to 1§ per cent. of tin. It is, in fact, Muntz-
metal with a small addition of tin. The tin enables this alloy to with-
stand the deteriorating effect of sea-water, and naval-brass is, therefore,
suitable for under-water work, such as for fastening the planks of sheathed
and composite vessels. When naval-brass is rolled in rods for use in bolts
or other important parts subject to stress, it shall, according to the require-
ments of the United States Navy, show a tensile strength of not less than
60,000 lb. per sq. in., an elastic limit of at least one-half the ultimate
strength, and an elongation of not less than 25 per cent. in two inches.

‘“ Manganese-Bronze ” is composed of 56 per cent. of copper, about
41 per cent. of zinc, and small quantities of iron, tin, aluminium, and
manganese. The term bronze as applied to this alloy is a misnomer, as
it is really a kind of brass. Manganese-bronze is used, like phosphor-
bronze, for the outboard castings of sheathed and composite vessels.
The requirements of the United States Navy for this metal are about the
same as for naval-brass.

8. Zinc.—This metal is employed in its pure form in a process called
““galvanising,” which has for object to protect steel or iron against
corrosion, and consists in coating these metals with a thin layer of zinc by
immersion in a bath of molten zinc. Galvanising should be applied to all
plates and shapes of thickness one-eighth of an inch or less, as found in
torpedo-vessels and in cabin bulkheads ; it may also be applied with
advantage to small forgings. Plates and shapes should be galvanised
before assembling, The increase in weight by this process is about one-
seventh of a pound per square foot.

9. Aluminium.—Aluminium has been used, mostly as an alloy with
copper, in certain torpedo-boats, yachts, and river-boats, on account of
its great lightness. In a torpedo-boat built of an aluminium alloy
(6 per cent. copper), by Yarrow, the metal had a tensile strength of from
14 to 16 ts. per sq. in., and an elongation of 3 to 4 per cent. in ten inches.*
[t appears that the corrosion of this metal was excessive, especially
between wind and water and when exposed to galvanic action ; but it is
possible that other aluminium alloys may give better results. A saving
in weight of one-third was effected as compared with steel, but the price
of the metal was very high. Recently an alloy ‘‘ Duralumin” has been
produced, which possesses most of the good characteristics of steel, while
being only about one-third as heavy as that material, but it is about
twelve times dearer than steel. T 2

* A. F. Yarrow, /nst. Nav. Arch., 1895, p. 274.
f . G. John, ¢Shipbuilding Practice of the Present and Future,” Znst. Nav. Arck., July 1914.
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1.2 STRUCTURAL DESIGN OF WARSHIPS.

2. PRINCIPAL ELEMENTS OF HULL STRUCTURE

Throughout this work the discussion is based chiefly on the structural
arrangements of the largest class of sea-going battleships and battle-
cruisers. The construction of these ships is considered as the standard,
from which that of most other types may be derived. The structural
arrangements of smaller warships are, therefore, described and dis-
cussed only in so far as they deviate essentially from those of the
large vessels.

The hull of a ship is composed of three elements—plates, bars, and
rivets, The plates do not require any particular description, being simply
sheets of metal of uniform thickness. The bars are used in different

Angle  Tee Bar an e Tee Bulb Z Bar

e

Hollow
Channel I Bar Half Round Flanged Plate

'
Half Round J
.

Fi1G. 3.

‘“sections” or ‘‘shapes” according to the requirements (fig. 3). The
rivets, which serve to connect the entire structure, will be described in a
later chapter.

Regarding the hull as an integral structure, it consists essentially of
a comparatively thin shell of steel plating, stretched on and supported by
a system of ribs and girders, so-called frames, which are again stiffened
and supported by a network of horizontal decks and vertical bulkheads.

The shell is the primitive and most essential part of the hull, since,
by forming a watertight outer envelope, it enables the ship to float on
the water, While this is the primary function of the shell, it constitutes,
moreover, one of the principal strength members.

The framing consists partly in transverse, partly in longitudinal
members. In very small vessels, such as boats, the frames, eventually
assisted by beams, so-called thwarts, form the sole support of the outer
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shell ; but in large vessels the frames are inadequate for this purpose, and

must be supported by decks and bulkheads in order to secure general

strength and rigidity. This latter quality is very important in a ship,

since large deflections are injurious both to riveting and calking ; it is

amply provided for in most warships by the numerous bulkheads. In

merchant ships of the cargo-carrying type the number of decks and bulk-

heads is reduced to a minimum, especially in those that carry cargo in

bulk, whence strength and stiffness must here be secured in a greater

measure by means of the peripheral structure. There is in this respect

a marked difference between warships and merchant ships.
Decks and bulkheads also subdivide the ship, and thus ensure safety ‘

and a proper utilisation of the internal space. A discussion of the i

principles on which the subdivision of warships is based lies outside the

scope of these lectures. We shall here merely state that in a large

warship there are a number of complete and partial decks, one or two of

which may be armored. A limited number of main transverse bulk-

heads divide the ship into large sections, which are further subdivided by

longitudinal bulkheads and by numerous minor transverse bulkheads.

At a short distance from the outer shell is fitted an inner bottom, extend-

ing practically over the entire immersed portion of the ship. The two

shells are held together, supported, and stiffened by the transverse and

longitudinal frames, many of which, being watertight, subdivide the

double-bottom space into a great number of small watertight compart-

ments. The double bottom is often continued as a cofferdam to a

certain height above the water-line. At the extreme ends, the ship is

framed by heavy steel castings, the stem and the sternpost, calculated to

resist the great forces to which these parts of the ship are exposed.

3. GENERAL REMARKS ON STRUCTURAL STRENGTH
AND STRENGTHUICALCULATIONS.

The structural design of a warship is based essentially on the require-
ments to strength, which is in most cases the principal quality to be
considered, and which can never be entirely neglected.

1. Comparison between Merchant Ships and Warships.—On
account of the indefiniteness of the forces to which all ships are
subject, calculations for determining the strength of the hull as a
whole, as well as the strength of its different parts, must be generally
of an empirical nature, Exact calculations are, in fact, only applicable

in a few cases.
In the construction of merchant vessels this difficulty has been over-
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come by the use of rules and tables, by means of which the shipbuilder
is able to determine the general construction and the scantlings of the
hull as soon as he has settled the type, size, and principal dimensions of
the ship. These rules and tables, which are very detailed and complete,
are framed by the so-called ‘¢ Classification Societies” on the basis of the
enormous mass of experience and information which these institutions
have at their disposal. The object of these societies, Lloyd, Veritas,
British Corporation, Germanischer Lioyd, and others, is to establish and
maintain certified standards of construction. = When a ship is built
according to their rules, the shipowners, the shippers, and the under-
writers have a guarantee that the construction is satisfactory. Since
practically all merchant vessels are built to such rules, which leave little
room for independent decision, the problem of the design of structural
features is in merchant shipbuilding largely taken out of the hands of the
shipbuilder and is dealt with chiefly by the experts of the Classification
Societies. This does not prevent other naval architects from proposing
new departures in ship construction, but, ordinarily, they must be
approved by the Classification Societies before they can be adopted. In
fact, this procedure has been followed more frequently during recent
years than was formerly the case, after the Societies have adopted a more
liberal and progressive policy.

In warship design no rules or tables exist to guide the designer,
except such as may from time to time be adopted by any navy for
certain details. In general, the rapid and great changes that take place
in warship design render it unprofitable or useless to frame rules or to
compile tables so complete and detailed as those that are used in merchant
shipbuilding. The experience which can be obtained with new structural
features, even in the largest navies, is—especially with the prevailing
secretiveness—far more limited than that which is at the disposal of the
Classification Societies, and the structure of warships is much more com-
plex than that of merchant ships. For these reasons the problem before
the designer of warships is much more difficult than that which the
designer of merchant vessels has to solve.

2. Design of Warships a Tentative Process.—The different
members of a ship’s structure are interdependent, and each one must be
designed with due regard to neighbouring members. The general lay-
out of each one of the important parts of the structure must be first
determined preliminarily on the basis of the fundamental conditions, and
after that the relation between adjoining parts is considered and modifi-
cations or adjustments made as necessary to avoid conflicts and to
harmonise the construction. Finally, after the study of the general
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features is completed, local requirements and their influence on the design
are taken into consideration and the details are settled.

3. Continuity and Uniformity of Strength.—Since the principal
forces acting on a ship vary in a generally continuous and gradual manner,
the structure should be designed so as, likewise, to vary continuously and
gradually in strength in conformity with the variations of the forces.
Any sudden discontinuity in structural strength will cause greatly in-
creased local stresses, and the structure will be liable to show signs of
weakness at such points. . The strength should, in fact, everywhere be
proportioned to the forces. Under statical conditions redundant material
gives a useless excess of strength, but under dynamical conditions it is a
positive source of weakness. Since, moreover, redundant material im-
plies an excess in weight and cost, it should be carefully avoided.

By observing these rules we attain uniformity of strength, a quality
which is of particular importance in light, high-speed vessels. When
this quality is present, and as long as the elastic limit is nowhere passed,
the structure in its entirety will yield under the action of the external
forces as a homogeneous elastic body, each member bearing a due pro-
portion of the strains both in tension and compression. In order
to secure this quality, both design and workmanship must be of the
highest order.

4. Significance of the Calculated Stress.—The object of strength
calculations is, in general, to obtain an estimate of the maximum stress,
which may be used in one of two ways :

(1) It may be directly compared with the primitive strength of the
material, using the elastic limit or, more frequently, the ultimate strength,
as found in the testing machine, as a basis of comparison.

(2) It may be compared, often without much regard to its numerical
value, with the calculated stress obtained under the same assumptions
in another similar structure.

When a structural member is of simple design and the forces acting
upon it are fairly accurately known, the first method can be used. A
““working stress” is determined upon by simply dividing the ultimate
breaking stress with a factor of safety, and the structure is so designed
that this working stress is not exceeded. The factor of safety is indeed
based upon experience with other similar structures, and this method
is therefore not intrinsically different from the second method; but
while by this latter the comparison is carried out directly with a concrete
case, it is through a factor of safety carried out with an entire class
of cases, and its application covers a much wider field both in point
of material and construction. = Moreover, the calculated stress is not,
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when a factor of safety is used, supposed to differ materially from the
actual stress.

In a warship, however, simple conditions rarely exist. The hull is
exposed to many various forces, some of a general nature, others strongly
localised and often of extreme intensity. In general, the forces are but
imperfectly known. Moreover, the different structural members work
together in a rather indefinite manner, causing unknown secondary stresses.
Minor cases of overstrain can hardly be entirely avoided ; in fact, it is
likely that they occur quite frequently even in the best-constructed vessels.
When the elastic limit is passed at a certain point, the material will yield,
an adjustment will take place, and additional strains are thrown on
neighbouring parts of the structure. Eventually other, more remote
parts are overstrained, until finally elastic equilibrium is established or
the structure breaks down. If the calculated stress is far in excess of
the elastic limit, it is ordinarily a sign that this limit is actually passed ;
but since local overstrains are followed by adjustments, the calculated
stress will not exist anywhere. In other words, the calculated stress is
fictitious and has little absolute significance. Hence, we cannot in the
hull of a warship assign any fixed limit to the stress, applicable to all
cases. Such a limit can at the best be established only for a particular
type of ship or for a particular kind of structural members. In general
the second method must be employed, where the calculated stresses are
used merely as a means of comparison with concrete cases. The ship
chosen as type or model should preferably be of the same class as the
design, not too different in size, and should be one with which satisfactory
experience has been gained in actual service. It is of advantage if it is
built in the same yard as that in which the new ship is to be built,
because the quality of the workmanship enters as an important factor in
all strength problems, a point which is of particular importance in high-
speed vessels.

By basing the design on this method of comparison, features of
redundant strength are indeed apt to be repeated, a drawback which
can only be obviated by a tentative, cautious reduction in scantlings
where redundant strength is suspected to exist. The effect of such
reduction should always be carefully watched.

In general, whenever structural failure occurs—for instance, by the
rivets working ‘adrift, by buckling or cracking of the plates, or by
complete breakdown—it should be studied and analysed, as far as circum-
stances permit, with the same care as would be a scientific experiment.
In this way much valuable information may be obtained as to the relation
between actual and calculated stresses. This question should also be
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studied, whenever opportunities offer themselves, by measurements of
strains and deflections of ships in various conditions of service. Full-
scale experiments afford, of course, the most perfect means of scientific
investigation, but the cost is usually prohibitive.

The formulas and methods of calculation employed in determining the
stresses should include all the principal factors that influence the problem,
giving to each its proper weight, and should take into account all the
important points of difference between the new design and the type ship.
All unessential factors should be neglected. As a general rule, compli-
cated formulas and elaborate methods of calculation are of little value.
The accuracy attained by refinements in calculation is only apparent,
since the probable errors, due to the crudeness of the fundamental
assumptions, will ordinarily overshadow the corrections obtained by
introducing factors of minor importance. Complexity and bulkiness of
calculations tend, moreover, to obscure the important points in the work,
and errors are liable to creep in.

5. Subdivision of the Subject.—In the early chapters of this work
the structural strength of ships will be discussed and the methods of
calculations pertaining thereto will be described. We shall deal first
with the general strength of the hull, pass on to the strength of indi-
vidual members, and finally consider local strength. The subject is

accordingly grouped as follows :—

(1) Longitudinal strength of the entire ship.

(2) Transverse strength, dealing in particular with transverse bulk-
heads and frames.

(3) Strength of individual girders such as frames and beams, spanning
the distance between rigid walls and diaphragms.

(4) Strength of plating under fluid pressure, a problem which occurs
locally in the outer and inner shell, in the bulkheads, and in
the platform decks.

(5) Strength of columns and plating under compression.

6. Notation.—The following notation is used throughout this work :—

E = Modulus of elasticity.

= Sectional area of girder or column.

= Moment of inertia of sectional area of girder.

= Ordinate above or below the neutral axis of section.

A
I
J
S =
M
Q

I ’
> = Section modulus,

= Bending moment.
= Shearing force.
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¢ = Normal stress in general, whether tensile or compressive. (In the
discussion on riveted joints p is also used to signify the pitch
of the rivets.)

¢ = Shearing stress as distinguished from normal stress.
w = Load per unit length of girder.
s = Spacing of girders (frames, beams, or stiffeners)—in a rectangular

plate, the length of the shortest side.
¢ = Thickness of plating.

s . ' :
N R Ratio between spacing and thickness.
6 = Deflection.

d = Diameter of rivets.

When it is desired to specify the nature of the stresses the following

notation is used :—

p- = Tensile stress.

. = Compressive stress.

ps = Shearing stress.

/. = Ultimate tensile stress.

/. = Ultimate compressive stress.
/s = Ultimate shearing stress.

7. Definitions.—The term ‘‘ amidships” is used to denote that part
of the ship which is half-way or about half-way between stem and stern.
When referring to parts of the ship near the center-line, such expressions
as ‘““near the center-line,” ‘“near the keel-line,” or ‘‘axial” will be
employed.

When a beam or girder is fixed in direction at the end, it is said to
be ‘‘fixed,” and the quality is referred to as ¢ fixity.” Thus we may
speak of a certain ¢ degree of fixity” when a beam is not held quite
rigidly at the end. A beam, ‘“fixed” at the ends, and prevented from
slipping, so that it will be subject to tension when it deflects, is said to be
““absolutely fixed.” A beam supported at the ends, but entirely free
to turn and to slip at the ends, is said to be ‘‘freely supported.” If
such a beam is free to turn at the ends, but is prevented from slipping, it
is said to be ‘‘hinged.”

The ““ton” is always 2240 1b,
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CHAPTER 11.

LONGITUDINAL STRENGTH.

4. General Considerations:—1. Importance of the Subject.—2. The Ship-Girder.—3. Origin
and General Distribution of Strains,

5. Bending : —1. Fundamental Formula.—2. Assumptions.—3. Inclinations of the Ship and
Dynamic Actions.—4. Principal Steps in the Calculation.—s, Effectiveness of Longitudinal
Members.—6. Armor Protection and Structural Strength,—7. Structural Members in
Tension.—8. Structural Members in Compression.—g. Effectiveness of Plating Unsupported
by Longitudinal Stiffeners,—10. Effectiveness of Plating near Longitudinal Stiffeners,—

Actual Cases of Buckling.—12. Armor as a Strength Member.—13. Wood Decks,
Sheathing, and Backing Behind Armor,—14. Effect of Rivet Holes, End-Joints, Hatches,
and Other Openings.—15. Application of Results.

6. Shearing :—1. Elementary Considerations.—2. The Ideal Single-Deck Vessel.—3. Actual
Ships.—4. Shearing at the Turn of the Bilges.

7. Wrinkling of the Web:—1. Origin and Nature of Wrinkling.—2. Calculation of the
Wrinkling Stress.—3. Bulging of the Entire Side.—4. Plate Girders in Bridge Design.

8. Principal Stresses and Maximum Shearing Stresses:—1. Formulas for Calculating the
Stresses,—2. General Distribution of the Stresses. —3. Principal Stresses in the Sides.—
4. Principal Stressesin the Deck,—5. Principal Stresses in a Deckhouse and its Influence
on the Distribution of the Stresses in the Decks. —6. Effect of a Longitudinal Bulkhead.—
7. Maximum Shearing Stresses.

9. Deflections and Strains:—i1. Calculation of the Vertical Elastic Deflections.—2. Observa-
tions of the Vertical Deflections.—3. Comparison between the Observed and Calculated
Vertical Deflections.—4. Strain Measurements.

4. GENERAL CONSIDERATIONS

1. Importance of the Subject.—Many cases are on record where
ships have shown signs of weakness due to a lack of longitudinal strength.
Tearing or buckling of the plating and shearing of the rivets are symptoms
of frequent occurrence, and even complete rupture of the hull has taken
place. Strains and breakdowns of this nature have happened both during
sea-service and when ships have been aground, and many ships have
been ‘severely strained during the launch, where in some cases the align-
ment of the shafts has been disturbed. The importance of longitudinal
strength is enhanced by the modern development in warship construction,
which goes in direction of an increase in length and power, a reduction
in scantlmgs and an increase in size of all classes of ships.

. The Ship-Girder.—A ship may be considered as a hollow gnder
the ““ship-girder,” where the flanges are formed by the decks and the
17 3
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bottom structure, the web by the sides, often assisted by longitudinal
bulkheads. A ship is, like a bridge, subject to the effects of travelling
lcads ; but it differs in that the forces of load and support, and hence the
stresses and strains, are more variable in strength and direction and more
difficult to estimate. In a seaway, the forces which come into play are
but imperfectly known on account of the irregularity of the motion.
When a ship is rolling the functions of the web and of the flanges are not
sharply defined and the strains are constantly shifting. Each of the four
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corners of a section through the hull structure—the gunwales and the
turn of the bilges—will be, at one end of each complete roll, subject to
increased stress ; but, when the ship reaches the other end of the roll, the
stress will be greatly relieved. When the waves pass the ship in a longi-
tudinal direction, the bending moments and hence the stresses will be
constantly changing sign. Such frequent and incessant alternations in
the intensity and sign of the stresses have no parallel in bridge girders.

3. Origin and General Distribution of Strains.—The bending
originates in the bottom structure, due to the unequal distribution of
weight and buoyancy. The bottom in itself, even if it is double, can
offer but small resistance to bending ; but, being rigidly connected to the
sides (and longitudinal bulkheads), it cannot bend without these members
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—that is, the web of the girder—following its motion. To fix our ideas,
let us consider a single-deck ship in hogging condition (fig. 4). If, now,
the sides were not reinforced by a deck, their upper edge would be liable
to tear at the middle. The deck prevents this, but in so doing, causes
the sides to distort. Thus, the sides become subject to shearing, while
the deck and the bottom will be respectively in tension and compression,
induced by the sides and transmitted through the medium of the sheer
strakes and the bilge strakes. This transmission, then, takes place at the
boundaries between the web and the flanges, and is strongest on about
a quarter length of the ship, at AA, where the shearing is a maximum.
Fig. 4 shows, in a general way, the distribution of the straining forces
along these boundaries. The distribution of the stresses throughout the
structure will be discussed more in detail in SECTION 8, 2. We shall deal
separately with each of the two actions—pure bending and pure shearing
—and afterwards show how to combine the stresses due to both.

5. BENDING.

1. Fundamental Formula.—The tensile and compressive stresses
produced in a ship by simple longitudinal bending are determined in
accordance with the theory of elastic bending by the formula

TN R RIS

The validity of this formula as applied to a ship-girder has been proved
in a general way by experience, and has been corroborated by the experi-
ments of Sir John Biles on the destroyer Woif.* We shall not enter into
a detailed description of the longitudinal strength calculation, which is
fully dealt with in text-books on Naval Architecture. It is sufficient here
to give a brief review of the method, but it is deemed advisable to state,
and in some cases to discuss more fully, the assumptions that are
ordinarily made by the designer in applying the formula.

2. Assumptions.—Jt is of importance that the assumptions should
conform as nearly as possible to actual conditions, and that they should
be so simple as not to necessitate long and complicated computations.
Further, it is essential that they should be identical in the cases to be
compared, whence they must be precisely defined.

The ship is assumed to be poised on a trochoidal wave of the same
length, L, as the ship in the water-line and of a total height, from crest

to hollow, equal to 2—1:) - The ship is, moreover, assumed to be upright

* Inst. Naw. Arch., 1905, vol, i.
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IL. 5. STRUCTURAL DESIGN OF WARSHIPS.

and at rest in a position at right angles to the waves. The longitudinal
strength is examined in two standard conditions: one, the ““hogging
condition,” where the ship is placed with its middle on the top of a wave ;
the other, the *‘ sagging condition,” where it is placed with its middle on
the wave-hollow, the ends being on the adjacent wave-crests. In order
to obtain the stresses under the most unfavorable conditions, the ship,
in sagging, should be assumed fully equipped, while, in hogging, it should
be assumed to be light, Z.e. all consumable stores such as fuel and fresh

P

—

F1a. 5.—Ship on the Crest of a Wave : Hogging Condition.

F16. 6, —Ship in the Hollow of a Wave : Sagging Condition.

water but not the ammunition removed. Frequently the strength is
calculated both for sagging and hogging for each of the different con-
ditions of loading—light, normal, and full load. The immersion and
trim are generally so adjusted that the ship is in statical equilibrium in
the upright position, and the water pressures on the immersed portion of
the ship are assumed to be proportional to the depth below the trochoidal
wave surface. We shall briefly examine how far we are justified in thus
neglecting both the motion of the ship and the waves.

3. Inclinations of the Ship and Dynamic Actions.—/nclination.—
By moderate inclinations the bending moments will not be materially
affected, but the section modulus of the ship-girder will be somewhat
changed due to the inclined position of the neutral axis. The method of
calculating the stresses in such cases, where the plane of the bending
moment is not parallel with any of the principal planes of inertia, is
described in SECTION 14. We shall here merely state that, according
to investigations of Sir John Biles and others, the maximum stresses in
inclined positions rarely exceed the maximum stresses in upright position
by more than from ten to fifteen per cent.

The Swmith Correction.—Due to the orbital motion of the particles
of water in the waves, the pressures will not be those corresponding
to the depth below the trochoidal surface. In the wave-hollow they
will be greater, in the wave-crest they will be smaller. The result is
a reduction in the bending moment in both sagging and hogging con-
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BENDING. I 5.

ditions. Sir W. E. Smith has shown* how this effect can be taken
into account, assuming that the presence of the ship in the waves does
not influence the wave-pressures. It has been found that the reduc-
tion in bending moment calculated on this basis, the so-called *‘Smith
Correction,” is, generally, small and will rarely exceed from ten to
twelve per cent.

Heaving.—The heaving motion of a ship among waves will cause
reductions and increases in the bending moment which can be calculated
in each case under given assumptions. We are not at present able to
make any definite statement as to the quantitative value of these effects,
but it seems safe to say that they will ordinarily be very moderate.

Pitching.—The pitching motion has its greatest effect on from one-
quarter to one-third of the length of the ship from the stem and stern.
The effect is greatest in the bow, where the bending moment may be con-
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CORRIGENDA.

Page 21, line 13.—Delete ** from the stem to the stern. The effect is
greatest in the bow, where the bending moment may be con-
siderably augmented, although it will rarely be as great as under

standard conditions amidships.”

And substitute
¢ from the stem to the stern, where the bending moment may be
augmented even beyond its value under standard conditions

amidships ; probably the effect is greatest in the bow.”

Page 21, line 22.—After ‘ Alexander in 1911,”

Insert
““and by Mr A. Cannon in 1914.”

70 face page 21, HOVGAARD, STRUCTURAL DESIGN oF WARSHIPS. (PR, 1286.)
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tion gives the curve of bending moments. The integrations are most
conveniently carried out by means of the integraph. The bending
* Inst. Nav. Arch., 1883.
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and at rest in a position at right angles to the waves. The longitudinal
strength is examined in two standard conditions: one, the ¢ hogging
condition,” where the ship is placed with its middle on the top of a wave ;
the other, the ‘‘sagging condition,” where it is placed | with its middle on
the wave-hollow, the ends being on the adjacent wave-crests. In order
to obtain the stresses under the most unfavorable conditions, the ship,
in sagging, should be assumed fully equipped, while, in hogging, it should
be assumed to be light, z.e. all consumable stores such as fuel and fresh

—
F1s. 5.—Ship on the Crest of a Wave : Hogging Condition.
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to the depth bdow the txocholdal surface. In the wave-hollow they

will be greater, in the wave-crest they will be smaller. The result is

a reduction in the bending moment in both sagging and hogging con-
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BENDING. I 5.

ditions, Sir W, E. Smith has shown * how this effect can be taken
into account, assuming that the presence of the ship in the waves does
not influence the wave-pressures. It has been found that the reduc-
tion in bending moment calculated on this basis, the so-called ‘¢ Smith
Correction,” is, generally, small and will rarely exceed from ten to
twelve per cent.

Heaving.—The heaving motion of a ship among waves will cause
reductions and increases in the bending moment which can be calculated
in each case under given assumptions. We are not at present able to
make any definite statement as to the quantitative value of these effects,
but it seems safe to say that they will ordinarily be very moderate.

Pitching.—The pitching motion has its greatest effect on from one-
quarter to one-third of the length of the ship from the stem and stern.
The effect is greatest in the bow, where the bending moment may be con-
siderably augmented, although it will rarely be as great as under standard
conditions amidships. It is advisable not to let the section modulus of
the ship-girder fall materially below its midship value till beyond the
quarter length from amidships, especially in the fore-body.

For a further study of the influence of heaving and pitching on the
stresses in ships the student is referred to papers read before the Institu-
tion of Naval Architects by Mr T. C. Read in 1890 and by Mr F. H.
Alexander in 1911, as also to the work of Sir John Biles on Design and
Construction of Ships.

While an investigation of the various dynamical actions is of great
interest because it throws light on the relative importance of their effects,
it does not seem necessary or profitable to embody these actions in the
standard strength calculations. To some extent the resulting corrections
neutralise each other, and the error which we are liable to commit by
omitting them will be of the second order. In fact, if the ships to be
compared are of similar type, the error must be practically insignificant,
Bearing in mind, moreover, the arbitrary and uncertain nature of the
assumptions on the basis of which the corrections for the dynamical effects
are at present determined, the additional complication and work incurred
by taking them into account seem unwarranted.

4. Principal Steps in the Calculation.—First, curves of buoyancy
and weight are constructed and the difference between the ordinates of
these curves furnish the curve of loads. By integration of the curve of
loads we obtain the curve of shearing forces, which by a second integra-
tion gives the curve of bending moments. The integrations are most
conveniently carried out by means of the integraph. The bending

* Inst. Naw. Arch., 1883.
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II. 5. STRUCTURAL DESIGN OF WARSHIPS.

moment at any section of the ship can now be obtained, but, generally,
only the maximum, usually occurring near the midship section, is con-
sidered. In ships where an important structural member, as for instance
a longitudinal bulkhead or a deckhouse, is discontinued at a point where
the bending moment is still considerable, it may be necessary also to
examine the strength at this point.

It remains to determine the moment of inertia and the position of
the neutral axis of the section under consideration—generally the weakest
section in the region of the maximum bending moment—whereupon the
stresses in the most strained fibres can be determined by formula (1)
corresponding to each of the standard conditions.

5. Effectiveness of Longitudinal Members.—In the calculation of
the moment of inertia should be included all effective longitudinal structural
members that pass through the section and which are continuous for a
considerable part of the length of the ship—generally at least one-half
this length, but the determination of what members ought to be con-
sidered as ‘‘effective ” is a point which calls for special mention. It is
perhaps the most difficult question in the strength calculation, and that
on which opinions are most at variance.

In warship construction the military aspect of the different problems
should always be first considered, and in the present case we must, there-
fore, begin by examining what members are likely to remain effective after
an action. This fundamental point being settled, we have to consider
that when the ship is in a seaway the structural members are subject
alternately to tension and compression, and that the behavior of the
material may be entirely different in the two cases. Light plating can
generally support great tensile stresses without failure, but is liable to
buckle already at moderate compressive stresses. A belt of heavy
armor plates, on the other hand, may offer a certain resistance to com-
pression, while it is quite incapable of resisting tensicn. Likewise, wood
planking offers a greater resistance in compression than in tension.
While these points are fairly clear, difficulties arise as soon as we try to
evaluate the strength quantitatively. Finally, we have to consider the
presence of joints and rivet holes, of hatches, and of other openings
which in some measure weaken the structure. It is, @ priorz, evident that
the moment of inertia and the neutral axis will not be identical in |
hogging and in sagging. {

6. Armor Protection and Structural Strength.—In battleships, ‘
battle-cruisers, and other armored ships, designed for serious and long-
continued fighting, all unprotected parts are liable to be demolished in
action, The protected parts are also liable to suffer, but the damage
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BENDING. II. 5.

will be more local and will rarely affect the general strength of the hull.
Hence, only the members that are protected by armor should be included
as effective strength members and constructed as such in vessels of the
battleship class, and it follows as a corollary that tkhe armor should be
so distributed as to protect effectively the structural strength of the ship.

This principle is most important, but appears not, so far, to have been
clearly enunciated, and has not been followed everywhere in a complete
and logical manner. It applies well to modern battleships where, for
other reasons, a complete or nearly complete belt is carried to the height
of the second (gun) deck * and where this deck is ordinarily armored. A
sufficient depth of protected ship-girder is readily secured, and all that
is required, is to make the armor deck continuous from end to end and to
construct it as a ‘‘strength-deck ” by providing efficient butt connections.
Even with a very moderate depth of the ship-girder, ample strength can
be secured in such a deck without any appreciable expenditure of extra
weight. The strength is not so liable to be destroyed by grazing shell
as where the strength-deck is unarmored. The armor belt may be of
reduced thickness beyond the vitals, but should be capable of protecting
the structure against demolition by thin-walled shell for at least two-
thirds of the length. At the extreme ends it may be discontinued.
With this construction the hull above the belt may be very light, unless
requirements other than that to longitudinal strength necessitate heavy
scantlings. [t appears, in fact, entirely unnecessary and undesirable to
Jit heavy sheer strakes and stringer plates in the upper unprotected parts.

It must not be overlooked, on the other hand, that due to the
small depth of the armored ship-girder, the deflections will be relatively
great for a given maximum stress, whence the strains on the upper
light structure are liable to be excessive. It may, theretore, be necessary
here to provide expansion joints.

In many ships an armored casemate for secondary guns is fitted
above the belt for a certain length, but the strength-deck should not
therefore be raised to the top of the casemate in this region, because it
will then be impossible to preserve a proper continuity of strength. By
fitting the strength-deck on top of the solid belt throughout the length
of the ship there is the further advantage that it will be sheltered in its
most important part by the armor of the casemate.

7. Structural Members in Tension.—The upper flange of the ship-
girder is subject to tension in hogging, the lower flange is subject to
tension in sagging. Now,.the question has been raised whether the
inner parts of these flanges, in particular the plating, are actually capable

* The English ““main” deck.

23




II. 5. STRUCTURAL DESIGN OF WARSHIPS.

of doing their duty efficiently. It is argued that the web—that is, the
sides—can only induce longitudinal forces in those parts of the flanges—
that is, the decks and the bottom structure—to which they are directly
connected, while the parts that are nearer the center-line will evade this
action. This does not, however, appear to be the case, for, as explained
in SECTION 8 and as seen from fig. 4 and PL I. the tapering form of the
ship towards the ends and the horizontal transmission of the forces
through shearing will cause the pull on the boundaries to be transmitted
to the inner as well as to the outer parts of the flanges. It has been
supposed, moreover, that the plating of the flanges, when in tension,
might shirk its work by lengthwise bulging, but in a warship the
numerous stiffening members will prevent such action. We may, there-
fore, in tension consider the {ull intact sectional area of the continuous
longitudinal members as effective.

8. Structural Members in Compression.—The most important
point to consider is here the possibility of failure by buckling of the
plating. We must distinguish between general bulging of larger areas
of the surface, comprising bending of the stiffening members, and local
buckling of the plating between beams or frames. The first form of
collapse will be discussed in SECTIONS %7 and 12. We shall here deal with
the latter form only.

Where the stress is small, as in the neighbourhood of the neutral
axis of the ship, there is no danger of collapse and the full sectional
area of the material is effective, but already at a short distance from the
neutral axis (Z.e. the neutral axis corresponding to the upright position)
considerable stresses may occur when the ship heels over in a seaway.
If the stress reaches a certain point, buckling will take place and the
plating will be robbed entirely of its strength. The determinative
elements are :—

(1) The ratio between the spacing of transverse stiffeners—frames
$
z -

(2) The presence of longitudinal stiffeners. These act in two distinctly
different ways. First, they prevent buckling of a belt of plating of a
certain width in their immediate vicinity in virtue of the support which
they give to it directly. Second, they act in conjunction with adjacent
stiffeners, giving to the intervening plating a certain support, which
depends chiefly on the ratio between the spacing of the longitudinal
stiffeners and the thickness of the plating.

In order to study the effectiveness of the plating it is necessary to
consider each of these factors separately.

or beams—and the thickness of the plating u =
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9. Effectiveness of Plating Unsupported by Longitudinal
Stiffeners.—The plating between beams and frames, if sufficiently
remote from any longitudinal stiffeners, may be regarded as made up
of elemental strips of unit width, each of which acts as an independent
column under compression. As explained in SECTION 22, the strength of
such strips is best examined by means of Euler’s formula (56), regarding
the strips as fixed at the ends. We may form a general idea of the
effectiveness of the plating in different parts of the hull by assuming that
the working stress in the most strained parts of a ship subject to longi-
tudinal bending does not exceed a certain limit, which we shall take to
be 44 ts. per sq. in. for mild steel and 6 ts. per sq. in. for high-tensile
steel. Inserting these figures for p in Euler’s formula and solving, we
find the value of u at which collapse is likely to occur, viz. for mild steel

_ [44400 _
¥ \/ 4's 77
and for high-tensile steel

_ 44400
,u—\/ 6 = &iY

Now, in large vessels the value of u is about as follows :—

Flat keel plates, where intermediate frames or brackets are fitted

(sN=NZANn ) s = 20N onlless.
Sheer strakes and deck stringers, u = 48
Outside plating of standard thickness, u = 80
Inner bottom plating and light deck plating, u = 150

It is clear from these figures that the heavy and reinforced strakes
such as sheer strakes, deck stringers, and keel strakes can be reckoned to
be fully effective, while, on the other hand, the inner bottom and the
light deck plating must be considered ineffective where it is not supported
by longitudinal stiffeners. For the outside plating u falls somewhat
below the critical value, but there is practically no factor of safety to
allow for dynamic effects and it has to be borne in mind that the plating
is loaded normally by the pressures of the water. It seems safest, there-
fore, to consider as ineffective those parts of the outside plating that are
remote from the neutral axis and not efficiently supported by longitudinals.

In destroyers g is rarely less than 8o for the ordinary outside plating
and is about 5o for the heavier strakes in the shell and the deck. In
the lighter deck strakes it is often 120 or more. Hence, the conclusions
are the same as for the large vessels, viz. that heavy and reinforced strakes
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may be reckoned fully effective, other strakes only where supported by
longitudinal stiffeners. This rule will hold good even if the working
stresses are considerably different from those assumed above.

After a preliminary longitudinal strength calculation has been made,
each strake can, of course, be examined separately in cases where doubt
exists as to its effectiveness.

10. Effectiveness of Plating near Longitudinal Stiffeners.—The
spacing of the transverse stiffeners is here supposed to be so great that
the plating will collapse except where supported by longitudinal stiffeners,
z.e., generally, for mild steel u > 100.

Considering first the case of an isolated longitudinal stiffener, we
assume that a band of plating of a certain width on each side is fully
effective within the working stress. This width must be a function of
wn, but in the absence of sufficient experimental data we shall express it
simply as a multiple of the thickness of the plating. The case is distinctly
different from that where the plating acts as the flange of an individual
girder. The stress is there induced into the plating by the action of the
web, and the width of the band which is affected must be smaller—as
explained in SECTION 1I5, it is recommended to reckon it equal to 307 .
In a ship-girder, where the entire plating of the flanges is under a fairly
uniform compressive stress and where the stiffeners do not act as girders
but simply hold the plating to its duty, the effective width is probably
somewhat greater. Judging from Dr J. Bruhn’s experiments on the
strength of girders * and from an analysis of the Wolf experiments, ¢£ is
recommended to reckon as effective a band of plating of a width equal to
Gfty times the thickness at each longitudinal stiffening member—that is, a
strip of width 25¢ on each side. The members need not be continuous,
and may not themselves contribute directly to longitudinal strength, but
they must be capable of stiffening the plating and must exist for a sufficient
length amidships. Thus, the plating along intercostal hold stringers and
even along light stiffening angles fitted under a deck between the beams
will, according to this rule, be reckoned as effective.

We have, so far, considered the effect of each longitudinal stiffener
separately, but it is clear that if we imagine the stiffeners to be approached
sufficiently to each other they will combine to support the plating between
them, and finally a point will be reached where the plating is fully effective
in compression, since buckling will be then prevented by the resistance to

* These {experiments were carried out for the Committee of Lloyd’s Register. They com-
prised various forms of girders used in ship construction, and were published in a paper entitled
‘“Some Experiments on Structural Arrangements in Ships,” read before the Institution of Naval
Architects in 1905. They will be referred to several times in the following.
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bending offered by the elemental transverse strips. The spacing of the
longitudinal stiffeners for which this condition is fulfilled must be greater
than the effective width of the plating for an isolated stiffener—estimated
above at 50/. We have no means of determining this spacing accurately.
It will of course depend on the working stress and to some extent on the
spacing of the transverse frames. In bridge construction the cover plates
on the top flanges of compressive chords are, generally, limited in width

P

_____——'____-—-— 3 " \
s

r

e

~

ﬂI

- r
g
Proposed Framing System. Ordinary Framing System.

Fic. 7.—Effective Fore-and-aft Members of Light Cruiser (se¢ SECTION 48, fig. 116):
Hogging Condition.

to 40¢ between connecting lines of rivets, but the normal working stress
is there very high—7 ts. per sq. in. Judging from this and other analogous
cases, as well as from Dr Bruhn’s experiments, it is proposed to reckon the
limiting spacing of longitudinal stiffeners, for which the plating may be
assumed to be fully effective in compression, to be equal to about eighty
times the thickness.

Fig. 7 gives by way of illustration a section of the fore-and-aft
members of a cruiser in hogging condition where the ineffective parts
of the plating are removed. On the right-hand side the ship is framed
in the usual manner with a wide spacing of the longitudinals, on the left-
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hand side the longitudinals are spaced closer as recommended in SECTION
48, giving a greater effectiveness of the plating.

By following the rules here given, the effective sectional area of the
ship-girder will in many vessels be considerably smaller, and hence the
calculated stresses and deflections will be greater, than by the usual
method of calculation, where the full sectional area of all continuous fore-
and-aft members is included in the calculation of the moment of inertia,
but it is believed that the result will conform more closely to actual
conditions.

11. Actual Cases of Buckling.—Numerous cases of buckling are on
record, especially in the deck plating of torpedo-vessels, but also buckling
of the bottom plating has occurred in vessels of this class.

In a certain ship of the scout type, buckling of the main deck occurred
on the first sea trial. The deck was not sheathed with wood. The
spacing of the beams was 600 mm. and the thickness of the plating was
7 mm., giving @ = 86. After the trial the deck plating showed a
permanent set in certain places.

It must be borne in mind that buckling is generally arrested by
adjacent longitudinal stiffening members before it has reached any
considerable magnitude and before the elastic limit is passed. It
seems, therefore, likely that it occurs quite frequently in the outside
plating of many ships and torpedo-vessels without being noticed, be-
cause it is so small in magnitude and because it leaves little or no
permanent set.

12. Armor as a Strength Member.—Side armor, when in tension,
does not contribute to longitudinal strength because the plates have
no butt connections. In compression it probably always offers some
resistance, the magnitude of which, however, it is impossible to estimate
even approximately. It is likely that at small and moderate strains
this resistance will be negligible on account of the imperfect contact
between the butts of the armor plates. In extreme cases, when the
material of the hull structure is strained beyond the yield point, the
armor plates may be brought into more intimate contact with one
another at the butts and the armor may then become very effective, but
in well-designed ships this point should never be reached under ordinary
service conditions. It seems advisable, therefore, to disregard the side
armor entirely in the strength calculation and to design the hull proper
so as to possess sufficient strength without it. The side armor may
then be regarded as a reserve, which is called into play in extreme cases,
as when the ship is aground or when it is damaged in action.

Deck-armor, on the other hand, should be included in the calcula-
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tion both in tension and compression, in a measure depending on the
efficiency of the butt connections.

13. Wood Decks, Sheathing, and Backing Behind Armor.—
All members of wood are usually reckoned to be equivalent to steel
plating of one-twenty-fifth of their thickness in tension and one-sixteenth
of their thickness in compression.*

14. Effect of Rivet Holes, End-Joints, Hatches, and Other
Openings.—Along every frame, beam, or stiffener there is, when the
plating is in tension, an unavoidable line of weakness due to the rivet
holes. In a well-designed ship all other lines of weakness are made to
offer the same or a greater resistance than this line, which, therefore, is
generally chosen as the standard in all strength calculations.

In calculating the neutral axis and the moment of inertia it is
customary to deduct the area of these rivet holes from the sectional area
. of the parts in tension, while no such deduction is made for the parts in
compression. This procedure is not, however, rational, and leads to
errors in more than one way. The lines or belts of weakness produced
along beams and frames by the rivet holes are recurrent but are very
narrow, In a large ship, for instance, where the rivets are of Z-in.
diameter and the frame space is 48 in., the width of the belt affected by
the rivet holes is only about one-fiftieth of the frame space. It is clear
that such local weakening cannot greatly affect the position of the neutral
axis about which the ‘bending of the ship-girder takes place. The
neutral axis cannot have a jog at every frame, but it is likely that in its
entirety it will be raised or lowered a little according as the weakening
is found in the lower or in the upper part of the ship. Suppose, for
instance, that the ship is subject to hogging. The sectional area along
the frames and beams above the neutral axis is reduced by about one-
eighth, assuming a spacing of the rivets of eight diameters, but if this
reduction is distributed over the whole plating it will amount to only
about x5 = 4 &;, which fraction measures the average additional
strain in the upper part of the ship. This will cause the neutral axis to
move down about one-thousandth of the distance of the most strained
fibre from the neutral axis, a variation which can safely be neglected.
Hence, the neutral axis may be calculated as if there were no rivet holes
either above or below this axis, and the same reasoning leads us to dis-
regard other small openings, such as side-lights, and the weakening at
end-joints. In calculating the moment of inertia the same rule should
be followed. The tensile stress determined on this basis is correct for
the intact plating between the frames and beams, ze. for the greater

* J. H. Biles, Zhe Design and Construction of Ships, i. 263.
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part of the structure, but for the section through rivet holes and other
points of weakness it must be augmented in proportion to the reduction
in sectional area.

By this method, which was proposed by Messrs T. C. Read and
G. Stanbury already in 1894,* but which has not received the recognition
it deserves, a more correct idea of the distribution of the stresses is
obtained than by the method now in general use. We come to realise
more clearly the high stresses which may exist locally, for instance at
weak end-joints. These stresses are apt to escape attention by the usual
method of strength calculation, but may cause serious trouble even
although the general strength is satisfactory.

Where large openings are found in the plating, as for instance
hatches in the decks, and in particular where such openings are of great
longitudinal extent or recur in the same strake, the respective sectional
areas of the strakes thus interrupted should be omitted in the calcula-

tion. The great stresses found at the hatch corners must be dealt with

separately.
15. Application of Results.—If the longitudinal strength calculation

is carried out with good judgment on sound assumptions consistently
applied, it affords a valuable means of comparison between a new
design and existing ships of similar type. The calculated stresses
depend, however, so much on the underlying assumptions, which are
probably not the same in any two navies, that data from different
sources can rarely be directly compared. Every navy must rely chiefly
on its own experience. We shall not, therefore, give any lengthy
compilation of numerical results, or attempt to give any rule for the
permissible working stress, but merely state a few facts.

For the British scouts of the Pat/ifinder class the stipulated maximum
tensile stress was 6 ts. per sq. in. for mild steel and 8 ts. per sq. in. for
high-tensile steel. The maximum compressive stress was 4% ts. per
sq. in. for mild steel and 6 ts. per sq. in. for high-tensile steel. ~The
strength calculations were to be carried out by the usual method.

The British destroyer Cobra, which broke and was lost in the open
sea, had a calculated tensile stress in the keel of 9°6 ts. per sq. in. when
on a wave-hollow.

Certain torpedo-boats showed buckling of the deck with a calculated
compressive stress of 7 ts. per sq. in. Boats of the same class from
another firm showed no sign of weakness with a calculated stress in the
deck of 5% ts., per sq. in. The assumed height of wave in the strength
calculations was as usual one-twentieth of the length.

* Iust. Nav. Arck., 1894, p. 378,
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6. SHEARING.

1. Elementary Considerations.—The curve of shearing force ob-
tained by integrating the curve of loads gives the total vertical shear-
ing force acting on any transverse section of the ship, but it does not
give any information about the distribution of the shearing over the
section. By dividing the shearing force with the total area of the
section an average stress is found which, however, in a thin-webbed
girder like a ship, is much smaller than the maximum. In fact, the
shearing stress varies from point to point, but in a ship-girder the
variation is far less marked in the web than in the flanges. We cannot
determine the vertical shearing stress as such, but at every point an
equal horizontal shearing stress is found, and this we can determine,
provided the structure is not too complex.

In a solid prismatic beam the problem is simple. Let () be the total
vertical shearing force, I the moment of inertia of the sectional area
about its neutral axis, » the moment about the neutral axis of the area
above or below the point under consideration, and & the thickness or
breadth of the beam at that point. Then the shearing stress at the
point is given by the formula

= ,(2_”1 (7)
Al ’ ; , : S (>

The ship-girder presents a more difficult problem on account of its
complex structure, but since the bending under consideration is strictly
longitudinal, we need only take into 5S
account the longitudinal members. (@) T

2. The Ideal Single-Deck |
Vessel. — We shall commence by Nii:— Ted N S T _—'i_N
studying the shearing stresses in a i~
single-deck vessel without any double
bottom, bulkheads, or girders. Since
the vessel is symmetrical about the
center-line plane, we need only con-
sider one side.

[EetsS e ands N (o8 B She
two transverse sections at a distance
Ax from each other. NN is the neu-
tral axis of the ship-girder. Fig. 8, 4, e &
represents the transverse element en-
closed between S; and S,. N,N,N,'N,” is an element of the neutral
surface which we suppose to be plane and horizontal within the length
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Ar. AA,, B;B,, C,C, are lines of intersection between the outer
surface of the vessel and planes normal to this surface and parallel with
N,N, . These lines will not generally be parallel with N,;N, but will
form with it an angle 8 which represents the obliquity of the surface at
the respective points.

Consider now the equilibrium of that part of the deck which is en-
closed between section A;A, and the center-line D;D,. On A,D, there
is acting a total normal force P and, unless the bending moments at S,
and S, are equal, a force P+ AP will be acting on A,D, leaving a
resultant AP which acts parallel with the neutral axis. This resultant
must be balanced entirely by longitudinal shearing along A A, since, by
symmetry, there can be no shearing along D;D,. The deck being
practically parallel with the neutral axis, we have 6 = o

and NP =8\
: O ~
or q = T v " : ’ . (3)

For sections taken on the side of the ship, such as B;B,, AP represents
s, > again the resultant of the stresses
= normal to the sections S; and S,
: acting on that part of the structure
s ‘ : BED which is enclosed between the
" ..,,,,;4{//1{{//////7/ A respective section and the center-line,
i SU[I))pose now that the side at B,B,
B T - is oblique, forming an angle 6 with
F1G. 9. N,;N, then the elemental sectional
area of the plating is: ¢Ax secf .
(See fig. 9.) The shearing stress ¢ must here act parallel with the
contour B,;B, and its longitudinal component must balance AP .

Hence AP = g cosf tAx secl
T, A
or again ! Mo

For the section C,C, it is convenient to consider the equilibrium of
the piece enclosed between this section and the keel-line K;K, but the
formula will be the same.

If p is the normal stress at any point and y the vertical ordinate of
this point, referred to the plane of the neutral axis, we have from (1) :
My

[

?

w
|8}
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where I, is the moment of inertia of the entire section (both sides) about
the neutral axis. The force P which is the sum of the normal stresses
at any section acting between the point under consideration and the

¥ = fpz‘ds = fyai[tds

the integration to extend along the contour of the section between the
point and the center-line of the deck D or the keel K. Either in-
tegration will give the same numerical result, but that which involves the
smallest amount of numerical work should be chosen. M and I, are

center-line, is :

independent of the integration, and /ym’s is the moment about the

neutral axis of the area between the point under consideration and the
center-line. This moment we have already denoted by . Hence

we may write

Moz
Pl e
I0
P 7 da (m
and T 'I;Q_'_Mdj’(n)
Substituting in *(3),
I[ 772 d (m\
o= ?[I;Q+Ma’_r<TO>J . . . . (4)

: : 7
If the ship were of the same section throughout the length I would
0

be constant, whence

17.Q)
a . ; Lo . (5)

which is the same formula as for a prismatic beam.

In actual ships there is considerable obliquity of the sides and change
; : m .
in construction towards the ends, but the value of I will change but
0

little as long as the depth of the ship remains the same. Towards the '

mo
ends, the depth generally increases somewhat due to the sheer, i will
0

be slightly reduced, and the last term inside brackets in (4) will become
negative, causing a reduction in ¢. Generally, however, the value of the
last term will be insignificant, and the simple formula (5) may be used as

a sufficient approximation.
At the neutral axis this formula becomes :

e -2 SR Eh Fel s M -

Go = ZOIO
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II. 6. STRUCTURAL DESIGN OF WARSHIPS.

where 7, is the moment about the neutral axis of the half section above
or below this axis. It must be borne in mind that [, is the moment of
inertia of the entire section for both sides, Q is the whole vertical shear-
ing force, acting on the entire section, and
Z, is the thickness of the plating in the
neutral axis on one side. Unless 4, is
abnormally great, ¢, is generally the
maximum value of ¢.

Fig. 10 gives a general idea of the
distribution of shearing stress in a single-
deck ship when the plate thickness is
uniform. The stresses are marked off
normal to the contour of the section.
It is seen that the shearing stress de-
creases from its maximum at the neutral

axis as we go up or down, reaching zero value in the center-line at D
and K.
3. Actual Ships.—Consider now a large warship, as represented by
the diagram fig. 11,
provided with double ¢
bottom, several decks,
longitudinal bulkheads,
and constructed of plat-
ing of different thick-
nesses. Here the dis-
tribution of the stresses
cannot in all cases be
determined accurately.
For a section like
AA taken normal to
the decks above the
neutral axis, the shear-

W= o

ing stress may be found

for each deck separ- .

ately, using formula
(5), as in the single-
deck ship. The conditions for using this method are that the decks
shall be sufficiently stiff and well supported, but longitudinally inde-
pendent of each other inside (to the left of) the section AA .

For a section like CC taken inside the side bulkhead, normal to the
inner and outer shell, the case is more complex, because the longitudinals
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transmit a certain amount of shearing between the inner and outer shell.
A solution may be found, as proposed by Professor Dr K. Suyehiro * of
the Engineering College, Tokyo, by equating the moment of the shearing
forces about the neutral axis to that of the normal pressures, acting on
the elemental section enclosed between CC and the center-line plane.
Let the suffixes 1 and 2 refer to the inner and outer bottom respect-
ively at the intersection with CC . Taking moments about NN we

obtain:
Al fyptds] = y19:6A%+p,9,t,0%
Qz
or I—o = 19181+ Y2952,

where 7 is the moment of inertia about the neutral axis of the sectional area
between CC and the center-line plane. This equation, together with
the equation for equilibrium in a horizontal direction

Qme
T = @11t ¢t
will furnish the value of the shearing stresses ¢, and ¢, .

For a section like BB normal to the longitudinal bulkhead and
normal to the inner and outer shell, we can determine the average shear-
ing stress from formula (5) using 2¢ the aggregate thickness of the plat-
ing, instead of # while the value of 7 is, as usual, the moment about the
neutral axis of the entire sectional area below BB . The exact deter-
mination of the stress on each of the three thicknesses intersected: by
BB is not possible, since we have only two equations for the three
unknown stresses. The distribution of the stresses will depend on the
internal elastic properties of the structure. The dotted lines on fig. 11
which indicate the magnitude of the shearing stresses must, therefore, be
taken merely as an illustration of the general distribution of the stresses.

4. Shearing at the Turn of the Bilges.—Dr Suyehiro,’{in the
paper referred to above, has given a diagram with calculated shearing
stresses for the section of a merchant vessel with double bottom extend-
ing to the turn of the bilges. He points out that in ships of this con-
struction, where there are no longitudinal bulkheads, the bilge strakes
have to resist the entire shearing force induced into the sides (the web)
from the heavy and rigid double bottom. He thus explains the signs of
weakness which so frequently appear in such vessels in the landings of
the bilge strakes and in the tank side angles—a defect which has generally
been attributed to other causes,

* “On Shearing Stress in a Ship’s Structure,” Jap, Soc, Nav, Arch., 1912.
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In warships these conditions rarely exist. Wherever a double bottom
is fitted, there are longitudinal bulkheads, and in large ships the inner
bottom is carried up beyond the turn of the bilges to the armor shelf,
whereby the strains on the bilge strakes are relieved. If, however, light
cruisers should be built with double bottom to the turn of the bilges but
without side bulkheads, this form of weakness ought to be provided.
against by giving ample strength to the bilge strakes and their seam
connections, and by bracketing the frames above the double bottom very
efficiently to the margin longitudinals. ‘

7. WRINKLING OF THE WEB.

1. Origin and Nature of Wrinkling. — In thin-webbed plate-
girders the diagonal compressive stresses, which exist in the web due to
shearing, will tend to produce buckling. This action is strongest at
the neutral axis, and if the plating is unstiffened, it is liable to take place
at very low stresses, resulting in one or more wave-like deformations
extending obliquely from flange to flange of the girder. If ‘“web-
stiffeners” are fitted, capable of supporting the plating effectively, the
length of the ‘“waves” will be much shortened, since they will then
extend only from stiffener to stiffener. Buckling of this nature, consist-
ing of a number of wave-like deformations, is called ‘‘wrinkling.” With
closely spaced stiffeners and in unstiffened girders of small depth it will
not occur till the stresses are very great, and only if the plating is
relatively light.

Wrinkling constitutes a problem which is not yet fully elucidated,
but, on the basis of the experimental studies which, so far, have been
made and published,* an approximate solution may be given.

Fig. 12 shows the wave-formation in an experiment made by Prefessor
Lilly on a girder with unstiffened web, supported at both ends and
loaded at the middle with a concentrated load. The buckling must
have commenced directly under the load where the compressive stress
was a maximum. The lines of compressive stress were here vertical,
whence the wave at this point was horizontal with its crest about at mid-
height of the web. Immediately outside this region the lines of principal
stress curve over and soon form an angle of 45° with the neutral axis,
causing the central wave to bend upwards on both sides of the middle
and all the other waves to be inclined at an angle of about 45°, extending
from flange to flange. As appears from the diagram, the lower end

* W. E. Lilly, Engineering, 1907, vol. Ixxxiil. p. 136; J. Stieghorst, Sckiffban, 1902-03,

vol. iv. p. 263 ; F. Pietzker, Festigheit der Schiffe, 1911, p. 35.
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of each wave was, very approximately, vertically below the upper end of

the preceding wave, whence the wave-length was s where /4 is the

N
free height of the web. In other experiments, where stiffeners were
fitted with a spacing equal to /% the waves extended diagonally from
one corner to another of each section, and such was the case also
when the spacing of the stiffeners was not exactly equal to the depth
of the web.

In a ship-girder we may look for this action in particular where the
outer shell is not assisted in its function as a web by longitudinal bulk-
heads or by an inner bottom, and where it is not itself properly stiffened.
Let us consider a torpedo-vessel without any longitudinal bulkheads.

-]

!

F1G. 12. —From Professor W. E. Lilly’s experiments, Zngineering, 1st Feb. 1907.
Courtesy of the Editor of Zngineering.

The web is here represented by the sides, and the flange strength is
concentrated in the deck and the bottom structure. Shearing will exist
with small variation in intensity over: the entire height of the sides
between the lower bilge strakes or the garboard strakes and the sheer
strakes. The case differs from that of plate girders used in bridges, in
that the spacing of the web stiffeners—here the frames—is much closer
relative to the height of the web. Although no failure of this kind is
on record in ships, it is of interest to examine what form the phenomenon
must take when it occurs.

Suppose the vessel under consideration subject to hogging and
consider the shell in a frame space such as FFFF (fig. 13) on about
a quarter of the length from the bow. When the shearing stress reaches
a certain limit, the plating at the neutral axis will be unable to resist
the compressive stress, the effect of which is augmented by the tensile
stress acting at right angles to it. A wave-shaped buckling takes place,
comprising a wave-ridge A,A, and two wave-hollows, all inclined at 45°
to the neutral axis and extending from frame to frame. If the stress is
increased, the wave-hollows will induce further wave-formation above
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and below AyA,. Judging from experiments, we may expect the wave-

length at the neutral axis to be
S
/I = —
N2
where s is the frame space.
The general distribution of the stresses will be as on PL I., where

two frame stations

F F . FF, FF aremarked
off on fig. A.  Since
" $ P the waves will place

themselves normal
to the principal com-
pressive stress, we
may expect that be-
low the neutral axis,
where the principal

compressive stresses
become more and

more horizontal as
the lower flange (the
keel) is approached,
the waves will place
themselves more
and more vertically,
until in the flange

\' itself they will be in

\ a transverse plane.
N\ \ Above the neutral

axis, the waves will

place themselves
more and more
parallel with this axis, as the distance from it is increased. Since the
compressive stress here decreases rapidly, the wave-formation will be
weaker and weaker, and at the sheer strake, which is chiefly subject
to tension, it will have vanished.

Wrinkling in bulkheads, fitted with a pure system of vertical stiffeners,
must take the same form as in the sides. In all cases the best remedy
is to fit light secondary stiffeners—hold stringers on the sides and hori-

zontal bars on the bulkheads.
2. Calculation of the Wrinkling Stress.—In order to determine

the minimum shearing stress at which wrinkling is likely to take place,
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consider a strip of plating of unit width, normal to the waves B, and B,
(fig. 13) at the neutral axis. The strip is subject to a compressive com-
pound stress, equivalent to a virtual stress of 1°'3¢, as explained in
SECTION 8, . The whole strip spans over two waves, but we shall deal

. 5 .
with one wave-length only, / = e extending across wave A, from
2

wave-hollow to wave-hollow. Such a strip may be regarded as a column
fixed at the ends, and hence the critical stress at which wrinkling is
likely to take place may be determined from Euler’s formula (56) or from
the curve in fig. 49. The stress so obtained may be used as a means
of comparison between an existing ship and the design. The factor of
safety, 7.e. the ratio between the critical stress and the actual compressive
stress, 1°3¢, is found from the existing ship, and the ratio of frame
space to thickness of plating is adjusted in the design so that the same
factor of safety is obtained.

In order to obtain an idea, however crude, of the maximum allowable
spacing of frames or stiffeners, whether horizontal or vertical, by which
wrinkling will be precluded without having recourse to fitting of secondary

stiffeners, we shall assume a maximum shearing stress, ¢, = 4 ts. per
sq. in., and a factor of safety of 3, applied to Euler’s value for the critical
stress. We have then the virtual compressive stress 1°3g, = 52 ts.
per sq. in., and the critical stress 3x5'2 = 156 ts. per sq. in., corre-
' . : /
sponding to which Euler’s formula (curve, fig. 49) gives u = 53 = ;-

Hence s = /,/2 = 1'414x53¢ = 75¢/ but making allowance for the
support which the plating receives from the rivets and the flanges of the
frames it seems safe to reckon s = 8oz. We conclude, therefore, that
in wvessels such as destroyers, where high shearing stresses may exiSt in
certain parts of the shell plating, the shortest frame space should not, in
those parts, exceed about eighty times the thickness of the plating. The
same rule applies to bulkheads and other plate girders in ships, provided
the working stress is the same as assumed for the shell plating. It was
shown above that a spacing of 8of was required also for longitudinals
in order to prevent buckling in plates subject to a simple compressive
stress. Hence, where buckling is thus prevented, wrinkling is not liable

to occur either.
Where shearing stresses are expected to be greater than the limit

assumed above, as, for instance, in stiffeners that are to support elastic
bulkheads, discussed in SECTION 70, 2, the wave-length of the wrinkles
and hence the maximum spacing of the web-stiffeners must be calculated in-
dependently. Examples on this problem are given in SECTIONS 22 and 70.
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In the Wolf experiments the maximum shearing stress was ¢ = 4°'23
ts. per sq. in. The frame spacing was 20 in. and the plating was ‘172 in,
(7 Ib.), whence s = 116z,

20 / I4°1

We have / = s A, I4°Iin. and - = AL 82, cor-
NE I1'414 ¢ 172

responding to which Euler’s formula (56) gives a critical stress p = 6'6ts.

per sq. in. Since the virtual compressive stress was I°3¢,
: . 6 .
= §'5 ts. per sq. in., the factor of safety is only i = i o

seems to show that the plating of the Wo/f must have been very near
buckling at the point where maximum shearing occurred, viz. at the
outer edge of the cradles on which the boat rested, and where the chocks
ended abruptly.

3. Bulging of the Entire Side.—In torpedo-boats with strongly
rounded sides, with light frames, and especially when no longitudinal
bulkheads are fitted, the frames may be incapable of localising the wave-
formation as supposed in the foregoing. The buckling will then take
larger proportions and may span the entire chord between the deck edges
and the head of the floors, the frames themselves taking part in the
deformation. This action, here referred to as ¢ bulging,” is most likely
to occur in the bow on about a quarter length. As a result, the depth
of the ship-girder will be reduced, the stresses in the flanges increased,
and rupture or collapse of the structure may follow. This mode of
failure is one to which so far small attention has been given, although
it seems likely that it has contributed to certain breakdowns which
have occurred in torpedo-boats. The most effective remedy is to fit
longitudinal bulkheads, but also transverse bulkheads, deep belt frames,
and stanchions will prevent bulging.

4. Plate Girders in Bridge Design.—Wrinkling is always con-
sidered by structural engineers in the design of plate girders, and
is guarded against by fitting stiffeners on the web. According to
the rules of the American Railway Engineering Association for the
construction of bridges, there shall be web stiffeners, generally in
pairs, over the bearings, at points of concentrated loading, and at
other points where the thickness of the web is less than one-sixtieth
of the unsupported distance between flange angles. The distance be-
tween stiffeners shall not exceed that given by the following formula,
with a maximum limit of 6 ft. and not greater than the clear depth

of the web:
Z
= 4—0(12000——9) . ’ . (7
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where s and # are in inches, ¢ in pounds per square inch. Several other
formulas are used by structural engineers, and all are based on the assump-
tion that the length of the elemental strip of plating, considered as a

column with fixed ends, that is, the wave-length, is equal to s,/2 and

_ . s
not, as appears from the experiments and as assumed above, i
2

Nevertheless the formulas of structural engineers lead to about the same
result, because they include no or a very small factor of safety on

Euler’s (Rankine’s) formula. Substituting, for instance, ¢ = 4 ts. per
sq. in. = 8960 lb. per sq. in. in (7), we find the spacing of the stiffeners,
such as the frames in a ship: s = 76¢ which corresponds well with the

figure found above. It will be noticed that the greatest unsupported
distance allowed between supporting edges where no secondary stiffeners
are fitted is 607 as compared with 8of recommended above for ships.

8. PRINCIPAL STRESSES AND MAXIMUM SHEARING
STRESSES:

1. Formulas for Calculating the Stresses.—The case of most
practical interest in ship construction is when a simple direct stress p
generally due to bending, acts in conjunction with a shearing stress g.
The principal stresses are here found from the formula

o = HpLNPraFl - - . S
The angles which these stresses form with the neutral axis are given by
NN = :]:?-g. . . : . (9)

2

The principal stresses are seen to act at right angles to each other
and in opposite directions ; ze. one is compressive, the other is tensile.
One will be greater than the other except at the neutral axis, where
p = o and where, therefore, ¢ = =g¢,.

The maximum shearing stresses at any point are given by

= b JEEaE - . . . {10

which determines two equal stresses acting at right angles to each other
and always at 45° to the principal stresses. At the neutral axis, where
p = o the maximum shearing stresses - are equal to ¢, and act
horizontally and vertically.

Each of the principal stresses produces a strain e in its own direction,
and at the same time, at right angles to itself, a lateral strain of opposite
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; e ; ; . ;
sign equal to i where 2 is a factor depending on the elastic properties

of the material. Since the two principal stresses are themselves of
opposite sign, the strain which each of them produces will be augmented
by the lateral strain produced by the other. The resulting compound
strains ¢ are determined by :

M — 1 7+ 1

— s 2 2 \

Eak om PE i ' B

For shipbuilding steel we may reckon 7 = %) whence we obtain
Ee = ShpOin/fFrag = <lialde e AR)

To the strains so produced correspond fictitious simple stresses of
magnitude Ee, which will be hereafter referred to as the ‘‘virtual”
principal stresses. At the neutral axis, where p = 0 and ¢ = ¢, the
virtual stresses will be: 4-13¢,.

2. General Distribution of the Stresses.*—Figs. Ato H on PL L
illustrate in a general way the distribution of the stresses in the shell and
deck plating of a single-deck ship, and show the effect on the lines of
stress of the presence of a deckhouse and of a longitudinal side bulkhead.
The ship is supposed to be in the hogging condition. The diagrams are
not based on a numerical calculation of a definite case, but conform
approximately to the laws which govern stresses in general and to
the particular conditions of the assumed state of bending.

The direction of the principal stresses and of the maximum shearing
stresses is indicated by the direction of the lines, but it is to be observed
that the natural flow of the lines indicated on the diagrams will exist only
provided the material is properly distributed. ~Consider, for instance, the
lines of principal tensional stress in the deck (fig. C). If some of the
strakes of the deck are unduly heavy, others unduly light; a deflection
of the lines towards and through the heavy strakes will take place and
the diagram of stresses will not be the simple and ideal one represented
by fig. C. An adjustment of the stresses will take place until at every
section the longitudinal components of the strains correspond to the
distance of the deck from the neutral axis, conforming to the elastic
bending of the ship-girder at the section. Due to the deflection of the
lines and their crowding together at certain points, greater stresses and
strains will there come to exist.

* J. B. Chalmers, Graphical Determination of Forces in Engineering Structures, 1881 ;

P. Jenkins, Zust. Nav. Arck., 1890 ; J. Bruhn, Zust. Naw. drck., 1899 ; K. Suyehiro, Engineer-
ing, Sept. 1, 1911, and Jap. Soc. Nav. Arch., 1912.
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3. Principal Stresses in the Sides.—Fig. A shows the principal
stresses, tensile and compressive, in the sides of the ship and of the deck-
house. The lines of tensile and compressive stress run everywhere at
right angles to each other and cross the neutral axis under an angle of
45°.  On the upper part of the side the lines of tensile stress curve over
towards amidships and predominate on half length where they run
parallel with the neutral axis and with the deck line. Towards the ends
these lines are seen to meet the deck edge at an angle. This is due to
the obliquity of the sides relative to the center-line plane and the exist-
ence of the deck, which, so to speak, attracts and absorbs the lines of
stress in these parts of the ship, causing them to climb over the deck
edge, whereafter they continue along the deck in a fore-and-aft direction

Bt 1¥ | oL

NEUTRAL
SURFACE

3 |

B

t t t f t t
Z2)

FiG. 14.—Solid Rectangular Beam.

as shown in fig. C. On the lower part of the sides and under the bottom
the lines of tensile stress curve down and inwards to meet the keel line
at right angles.

The lines of compressive stress are seen to curve upwards from the
neutral axis, cross the deck edge at a great angle, which is go® at
amidships, and run across the deck, intersecting the center-line at right
angles. In the lower part of the side they curve over towards amidships
and arrange themselves similarly to the lines of tensile stress in the upper
part, but the majority of the lines of compressive stress dive down round
the turn of the bilges and continue under the flat bottom in a fore-and-aft
direction. No special diagram is given for the bottom, because it would
be quite similar to that of the deck.

For comparison we give in fig. 14 a diagram of the calculated lines
of stress in a solid rectangular beam supported at the ends and loaded
uniformly. It is reproduced with the kind permission of Professor
Arthur Morley from his work on S#rength of Materials.™

* Published by Messrs Longmans, Green & Co., London, 1908.
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4. Principal Stresses in the Deck.—Fig. C shows the lines of
principal stress in the deck in the absence of a deckhouse and of
longitudinal bulkheads. In order to explain this diagram, let us consider
first some simple cases. Ina solid rectangular beam, subject to the same
bending action as a ship, all the shearing will take place in vertical planes
and the lines of principal stress on the upper face will run parallel with the
center-line for the entire length of the beam. In a hollow rectangular
box-girder the action of the sides on the flanges will be one of longi-
tudinal shear, which will cause longitudinal strains and stresses in these
latter along the line of attachment. These strains will produce shearing
in the adjacent inert material of the flanges, causing the lines of principal
stress to be deflected inwards at an angle approaching 45°. Gradually,
as indicated in fig. 15, these lines curve over to a direction parallel with
the center-line and cross the middle section at a distance from the side.

————

F1G. 15.—Hollow Rectangular Box Girder : Approximate Lines of Stress in Upper Flange.

Thus the shearing action enables the inner portions of the flanges to take
part in the work of the girder. -

A ship differs from a rectangular box-girder chiefly in that the sides
converge towards the center-line at the ends. The action along the deck
edges will also here be mainly one of pure shearing, although with deep
and stiff framing a certain outward pull may be exerted by the sides on
the deck. The resultant pull on the edges of the deck will, therefore,
probably act at a small angle with the tangent to the contour of the deck.
The longitudinal components of this pull will call forth longitudinal
stresses in the deck amidships, creating or tending to create straight lines
of longitudinal tensile stress throughout the deck. The transverse com-
ponents which are of small magnitude will be neutralised by the trans-
verse components on the opposite side of the ship, causing light com-
pressive stresses directed across the deck normal to the lines of tensile
stress, intersecting the center-line at right angles. As in the rectangular
box-girder, the lines of tensile stress, when starting from the deck edges,
will be deflected inwards, but since the sides converge towards the center-
line, this deflection will here be far less pronounced. Along the central
portion of the deck the lines of stress are deflected by the hatches, at the
corners of which they run close together, causing increased local stresses.
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5. Principal Stresses in a Deckhouse and its Influence on the
Distribution of the Stresses in the Decks.—If a deckhouse is of
substantial construction, and if it is well connected to the deck, it will
form a rigid girder strongly resisting the elongation (and contraction) of
the deck. Great shearing will come to exist along the lines of attach-
ment, increasing in intensity towards the ends of the deckhouse (see
fig. ¥). The action will be the reverse of that which took place between
the sides of the ship and the deck. The lines of tensile stress will here,
as shown in fig. E, be deflected towards and absorbed by the deckhouse,
which will thus to some extent relieve the deck of the tensile stresses ;
but the greater the length and stiffness of the deckhouse, the more
violent will be the deflection of the lines of stress, and the more likely it
is that excessive local stresses will come to exist at the ends of the
deckhouse, in particular at the corners,

The arrangement of the lines of stress on the sides of the deckhouse

is shown in fig. A. It is analogous to that in the upper part of the
sides, and since the action at the line of attachment is one of pure shear-
ing, the lines of principal stress in the deck as well as in the deckhouse
will all meet the line of attachment at an angle approaching 45°. Again,
some of the lines will climb over the edge of the deckhouse and cause
tension in the deck of this latter. The more yielding the deckhouse, the
fewer lines will it absorb; if expansion joints are fitted in sufficient
number, it will follow the elongation of the deck practically as an inert
structure, and will not influence the distribution of stresses perceptibly.

On the side of the deckhouse are shown a window and a door,
illustrating the disturbing effect of these openings on the natural flow of
the lines of stress, which are crowded together at the corners of the
openings.

6. Effect of a Longitudinal Bulkhead.—A longitudinal bulkhead,
efficiently connected to the deck and tec the bottom and continuous for
more than half the length of the ship, will play the same part as the
sides, acting as an additional web of the ship-girder. Such a bulkhead
will produce in the deck a system of stress lines on each side of its line of
attachment similar in nature to those produced by the sides (see fig. G).
The transmission of forces between the bulkhead and the deck is, as in the
case of the deckhouse, effected entirely by shearing, whence the lines of
principal stress will also here meet the line of attachment at an angle of
about 45°.

The sides of the ship will be relieved in the same measure as the
longitudinal bulkheads are strained. The total tensional pull on the
deck amidships will be somewhat smaller than where no bulkhead is fitted

45




1k STRUCTURAL DESIGN OF WARSHIPS.

and the stresses will probably be better distributed, but at the ends of
the bulkhead they are apt to become excessive. It is therefore desirable
to continue such bulkheads as far forward and aft as possible. At the
ends of very long ships they should taper off to deep girders under the
deck, carried so far as to connect with the sheer strakes.

7. Maximum Shearing Stresses.—The lines of maximum shearing
stress are shown in figs. B, D, F, and H. There are two sets of lines
running at right angles to each other and at 45° to the lines of principal
stress.  In the sides, as shown in fig. B, they converge towards the
neutral axis, where the shearing stresses attain their greatest intensity
on about one-quarter of the length of the ship from the ends. Amid-
ships the lines of shearing stress are inclined at 45° to the neutral axis,
but at this axis the stresses are zero.

On the deck the shearing is greatest near the sides on one-quarter
length, as shown in diagram D ; here one set of the lines of shearing
stress runs tangentially into the deck edge, while the other set stands
normal to it. On the half length of the ship the shearing is simply a
result of the direct stress and acts at 45° to the center-line. The lines
of shearing stress everywhere cross the center-line at an angle of 45°,
but the intensity is here zero.

In way of a deckhouse or a longitudinal bulkhead one set of lines runs
tangentially into the line of attachments at its ends. (See figs. F and H.)

9. DEFLECTIONS AND: STRAINS.

1, Calculation of the Vertical Elastic Deflections.—The elastic
deflection of a ship-girder is due primarily to bending, but alsc partly to
shearing. The deflection by bending may be calculated from the formula

N .
y:f/EIdAﬂ’,t e e

The integration is most conveniently performed graphically. Assuming
M ;

E to be constant, calculate the value of T for a number of points at

different sections of the ship. Place the origin O at one end of the ship,

and construct a curve for T such as ORA in fig. 16, with the length of

the ship OA as a base. Integrate this curve twice with an integraph.

The resulting curve OP’A’ gives the vertical deflection relative to OA ,

the tangent to the neutral axis at O. Join the end points of the curve of

deflection by a straight line OA’ then the intercepts between the curve
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DEFLECTIONS AND STRAINS. IL. 9.

of deflection and this line, measured vertically, will represent the actual
vertical deflections. For instance, at any point P the deflection will be
s = P'P”

In determining the moment of inertia it is recommended to follow the
same rules as in the calculation of longitudinal strength, neglecting the
rivet holes but allowing for buckling of light unsupported plating.
Evidently the deflection depends on the average stiffness of the hull,
which cannot be perceptibly influenced by the single lines of rivet holes
which exist along the frames, while buckling of the plating, especially

1

A

when it occurs in several strakes and over a number of frame spaces
amidships, may seriously reduce the moment of inertia and thus increase

the deflection.
The deflection due to shearing is found from the formula

2

Vs = [qu‘(i)yd—Z]dx 0 : g 2 (14)
where G is the coefficient of rigidity. The double integration inside
brackets extends all over the sectional area, OY being the axis of
vertical ordinates and OZ the horizontal, transverse axis of abscisse,
which coincides with the neutral axis of the section. The final integra-
tion extends longitudinally the entire length of the ship along the axis of
OX. It is clear that the calculation will be, generally, very laborious,
since the expression inside brackets has to be evaluated for a number of
sections, and since the shearing stress ¢ must be determined for every
plate and girder on each section. Inlarge ships of complex construction
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it will not be possible even to find the shearing stress on every member,
and the method is therefore applicable only to vessels of simple con-
struction such as torpedo-boats. The final integration is easily per-
formed graphically.

A simple approximate solution can be obtained by assuming the
shearing to be uniformly distributed over the web, disregarding the

flanges. We have then

O
gk = fGAwd:L . 3 - : o )

where A, is the total sectional area of the members which constitute the
web, namely the vertical or nearly vertical parts of the outer and inner
shell and the continuous longitudinal bulkheads. The deflection will be
somewhat overestimated by this method. Ordinarily the deflection due
to shearing is much smaller than that due to bending and may be neglected,
but where the unsupported length of the ship-girder is short relative to
its depth, and where scientific accuracy is required, it should be taken into
If, for instance, it is desired to study the stiffness of the ends
keel blocks when in dock, the deflection due

account.
of a ship overhanging the
to shearing should be included as part of the total deflection.

». Observations of the Vertical Deflections.—Such observations
are of great interest, since, by comparing the measured and the calculated
deflections, a check is obtained on the assumptions on which the strength
calculations rest. Measurements of the deflections have been made on
ships when they were launched, when they were docked, and in a seaway ;
also the effects of loading and the influence of temperature have been
observed. The most accurate and complete experiments of this kind are
those on the British destroyer Wolf, which were exhaustively analysed
and should be carefully studied by all students of this question. Careful
measurements of the deflections, accompanied by an analysis, have been
made also by Mr T. C. Read and Mr G. Stanbury on two merchant
steamers. *

That the deflections, within the elastic limit, may be very considerable
was evidenced by measurements made by Naval Constructor S. F. Smith
of the United States Navyt on three soo-foot colliers, the Neptune,
Orion, and Jason. In the Neptune, which was built on the ordinary
transverse system of framing, a deflection of the deck amidships of
6} inches relative to the ends was caused by loading the ship. In the

Orion and Jason, built on the Isherwood system, the deflections were
+ Am. Socy Naw. Arch. Mar. Eng., 1913.
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about 3% inches and 3 inches respectively. It was found, moreover, that
a rise of temperature of only 7° caused a deflection of 1 inch.

3. Comparison between the Observed and Calculated Vertical
Deflections.—In all cases where such comparison has been made, the
actual deflections have been found greater than the calculated. This
discrepancy may be due to several causes :

(1) Slipping of the riveted joints. A ship is not, as assumed in the
calculation of the deflection, a homogeneous elastic structure. Long
before the elastic limit is reached, perhaps already at shearing stresses in
the rivets of 67 ts. per sq. in., a slipping will take place, beginning at
the most strained part and gradually spreading as the strains increase.

(2) Buckling of the plating between beams and frames caused by
excessive compressive stresses.

(3) Bulging of the sides, deck, or bottom over large areas between
the transverse bulkheads due to insufficient stiffness of the structure
as a whole.

(4) Elastic deflection due to shearing.

(5) Imperfect workmanship. Sometimes increased deflections may
be caused by poor riveting, by strains due to improper fitting of the
different parts of the structure, or by initial buckling of the plates.

Which of these causes will predominate in augmenting the deflection
beyond the calculated amount will depend on the construction of the ship
and on the conditions under which the experiment takes place. In any
case it seems rational to make a deduction for the ineffective sectional
area of thin and unstiffened plating in compression in calculating the
moment of inertia, and in certain cases to take into account the deflection
due to shearing. By applying these corrections, the discrepancy, here
discussed, will probably in most cases disappear ; but, should the calculated
deflections still fall short of the observed deflections, equality may be
secured by assuming a reduction in the modulus of elasticity. This
reduction must depend chiefly on slipping of the riveted joints and will,
therefore, vary with the intensity of the stresses. Hence the apparent
modulus of elasticity, so obtained, is not a constant quantity.

4. Strain Measurements.—The strains may be measured locally
by means of a ¢ strain-indicator,” such as that devised by Mr C. E.
Stromeyer * and used in the Wolf experiments. The strain-indicator
gives the linear strain over a certain length, in the Wolf 20 inches (one
frame space), and if the modulus of elasticity is known, we can thus
determine the stress at every point where the strain is measured :

e —Eio ; : ; 2 (H6)

* Inst, Nav, Arch., 1886.
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where ¢ is the strain per unit length. Comparing this stress with that
found by the usual longitudinal strength calculation, we obtain a check on
this latter. If the measured stress, taken over a certain length of solid
plate, is greater than the calculated stress, it shows either that other
members of the structure have failed, generally by buckling, throwing
thus greater strains on the remaining members, or, when the measurement
is taken on a thin plate in compression, the discrepancy may be due to
buckling of this plate itself between the points on which the indicator is
fixed. If a riveted joint is found between these points, the discrepancy
may be due to frictional slip or bending of the joint, as evidenced by
measurements taken by Mr James E. Howard on s.s. Ancon,* where the
strains across the butt lap joints of the deck plating were much greater
than on the solid plate.

An interesting application of the strain-indicator was made by Sir
John Biles in the Wolf experiments. Measurements were taken at
different points all around a certain section of the boat, and the stresses
so obtained were used to determine the elastic moment of resistance of
the ship-girder at this section by means of the formula

M = f pydA

where dA is a horizontal element of the sectional area, and where the
integration extends over the whole section. The moment of resistance
so obtained was compared with the bending moment, which could be
accurately determined from the known conditions of loading.

* dm. Soc. Nave Arch. Mar, Eng., 1913, Pl 71 and 72.
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CHAPTER III.

TRANSVERSE STRENGTH.

10. Transverse Strength of a Ship in Dock:—1. General Transmission of the Load through
the Structure.—2. Strength Calculation of a Transverse Bulkhead when a Ship is Docked

on the Center-Keel only.
11. Strength of a Closed Frame-Ring. General Mathematical Treatment:—1. The
Principle of Continuity.—2. The Principle of Least Work,

12, Transverse Strength of Torpedo-Vessels :—1. Straining Actions.—2. Bulging of the Sides
due to Longitudinal Bending.—3. Application of the Fundamental Equations,—4. Typical

Cases,

13. Transverse Strength of Submarine Boats :—1. Submarine Boats of Non-Circular Section.—
2. Examples.—3. Accuracy of the Method of Calculation.—4. Submarine Boats of Circular

Section.

IN most battleships and cruisers the transverse strength is amply provided
for by bulkheads, and need not be examined theoretically except for
broad vessels in the condition of docking. In torpedo-vessels other than
submarine boats, here referred to as ‘ torpedo-vessels,” the question of
transverse strength requires to be looked into, but in submarine boats it
is vital and deserves a full theoretical and experimental study.

10. TRANSVERSE STRENGTH OF A SHIP IN DOCK.

1. General Transmission of the Load through the Structure.
The strength of the main transverse bulkheads, considered as girders, is
in a large warship enormously great compared with that of the transverse
frames, which are almost invariably intercostal in the bottom. We may,
therefore, in general disregard the frames and assume as an approxima-
tion that only the bulkheads are effective in resisting transverse bending
and shearing.

Let us examine how the weights of a ship are transmitted through
the structure when in dock. The armor and other weights supported by
the side above the armor shelf are transmitted through the side struc-
ture behind armor, which constitutes a deep and strong girder resting
on the extreme corners of the main transverse bulkheads in the hold.
The tops of the contiguous watertight floors, which may be regarded

as part of the bulkheads, abut against the armor shelf and form shoulders
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on which the side structure rests. The weight of the decks, and all that
is supported by the decks, is through sides, pillars, and minor bulkheads
transmitted to the main transverse and longitudinal bulkheads in the
hold. Coal in the lower side bunkers and other weights placed near the
sides in the hold are supported by the framing of the bottom and thence
transmitted to the bulkheads. The weights that are located near the
center-line are either directly resting on the keel structure, and hence on
the keel-blocks, or they are transmitted through bulkheads and stanchions
without causing any appreciable transverse strains, but they rarely exceed
more than about 25 per cent. of the total weight of the ship.

When a ship is docked on both center and side keels, the transverse
bulkheads are supported on three points and will not be severely strained.
Longitudinal side bulkheads, if placed immediately over the side-keels,
as they should be, will be the main transmitters of the load to the keel-
blocks, They will probably take the greater part of the load on the
main transverse bulkheads, and practically the entire load on the partial
transverse wing bulkheads, and transmit them to the keel-blocks. In
general it may be said that where side docking keels are fitted and
properly located relative to the longitudinal bulkheads, the transverse
strains in the ship when in dock will be moderate. A problem of
particular importance in modern battleships with central gun-turrets is
to transmit to the keel-blocks the enormous and concentrated load of
the double turrets with ammunition placed forward and aft. This is best
effected by fitting transverse and longitudinal bulkheads directly under
the barbettes. There should be one longitudinal bulkhead in the center-
line and one on each side, and special docking keels should be worked
directly under the latter. '

When a ship is docked on the center-keel only, by far the greater
part of the weight must be transmitted to the keel through the transverse
bulkheads, which, in large and broad vessels, will, therefore, bé subject to
strong bending and shearing. The longitudinal bulkheads may here be
regarded simply as subsidiary girders transmitting the load to the trans-
verse bulkheads. It is, generally, sufficient to examine the strength of
the bulkheads amidships, where the load is greatest, and where the bulk-
heads are more widely spaced and of greater breadth than elsewhere.

2. Strength Calculation of a Transverse Bulkhead when a
Ship is Docked on the Center-Keel only.—A main transverse bulk-
head amidships, generally between two boiler-rooms, is selected, and
the load is apportioned to it. Since the distribution of the load must be
largely a matter of judgment, it is of importance that analogous
assumptions are made in the cases to be compared. Considering the
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bulkhead as a plate-girder, supported at the middle and free at the ends,
the bending moment can be determined by a graphical process similar
to that used for the ship-girder.

The moment of inertia is determined for a section in the center-line
plane, where the bending is a maximum. In this calculation should be
included the transverse floor under the bulkhead and a strip of the inner
and outer shell plating equal to thirty times the thickness (SECTION IF).
If a bulkhead, extending from side to side of the ship above the protective
deck, is fitted directly above.the main bulkhead, it should be taken into
account, but if partial it may be neglected. The decks which are directly
connected to the bulkhead, 7.e. generally the protective deck and in some
ships the second deck, should like the shell enter into the calculation
with a strip of plating equal to thirty times their thickness. The support
which the bulkhead may receive through the sides from the upper decks,
not connected with the bulkhead, may be neglected, being indeterminate
and of small magnitude. When the moment of inertia is found, the
stresses can be determined in the usual way. The method is necessarily
crude, but may be of guidance in the design of bulkheads and their
attachments, as well as in deciding how the ship should be supported
in dock.

Example.—A battleship of 16,300 ts. displacement is docked on the
center-keel only. Find the maximum stress in a transverse bulkhead
extending to the protective deck between two boiler-rooms. An 8-in.
wing-turret is placed almost directly over the bulkhead on each side
(IR : '

In estimating the load on the bulkhead, all the weights in the ship
on one side within the length of one boiler-room were included, but a
deduction of 25 per cent. was made in the hull group and in the weight
of the protective deck to allow for the load transmitted directly to the
keel through the center-line bulkhead. The distribution of the weights
was estimated as follows :—

Hull and permanent fittings, equipment, and stores . 189 ts.
Protective deck . . ’ . . . oo B
Two boilers with uptakes, etc. . . . ; , 108
One 8-in. wing-turret complete with supports . LG
Side armor : ; : : ; ; . o IEg s
Coal . . . - y . . . o

Total load on one side of the bulkhead . . 820 ts.

The curve of loads was constructed as shown on Pl. II., and the
curves of shearing force and bending moment were obtained by integraph.
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We find for the section in the center-line :(—

Bending moment - . . . ., M = 19460 ft.-ts.
Moment of inertia . . . : . 1, = 189060 sq, in, x (ft. )
Distance of the most strained fibre from the
neutral axis (in keel plate) . ’ LR = e
10460

Maximum stress (compressive) p = 18960 X 14 %9 = I5EsRtSEpetisd 1,
The moment of the sectional area above or below the neutral axis
about this axis is, 7z, = 790 sq. in, x ft., whence the maximum shearing

stress is
NG 760 x 820

<

o = 21, = (5)18960 x 12

9°I ts, per sq. in.

and the virtual stress, tensile and compressive, at the neutral axis is
I3 s = ¢S Nt De TR s Gl o, The critical compressive stress at which
wrinkling is likely to occur is found from Euler’s formula (56),

P = 44490 | The value of w is here

2

s 48 x 16

S R T
where s is the spacing of the stiffeners, # is the thickness of the bulk-

head plating at the neutral axis. Hence p = 374 ts. per sq. in.
Since the virtual compressive stress is more than three times as great,

= e

it seems certain that wrinkling will occur.
At a point just below the bounding bars under the protective deck,

114 ft. above the neutral axis, there is a direct tensile stress

n SO0 e sl i
P = 18960)(”4 = 11'7 ts, per sq. in.

and, since the moment of the sectional area beyond this point about the
neutral axis is 589 sq. in. x (ft.), the shearing stress is

589 820 s . .
g = mTSE&;;iZ = (85 ts; PEr SH.In;

Hence the virtual tensile stress at this point is
Ee = ‘35 x 117+ '65 /(117244 x(8'5)2 = 17°5 ts. per sq. in,

Similarly, the virtual compressive stress in the bulkhead just above
the bounding bars connecting it to the inner bottom is found to be

13°9 ts. per sq. in.
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Finally, the shearing stress in the rivets in seams and butts near the
neutral axis is found from the equation

mdtg, = n %829

where md is the spacing of the rivets, z is the number of rows, ¢ is
a factor allowing for excess in size of rivet hole above size of rivet, and
g is the shearing stress in the rivets. With two lines of %-in. rivets,
spaced 4 diameters apart, and with § = 1°1 we find

- 4x(j)x91x2

rx(Px12 97 ts. per sq. in.

which, with an ultimate shearing strength of 22 ts. per sq. in., gives a
factor of safety of little more than two.

It is seen that throughout the bulkhead the stresses are excessive,
whence it appears that a ship of this type and size could not be safely
docked on the center-keel only, even if we allow for the assistance which
the bulkhead receives from the transverse frames. In fact, the ship
from which these data are taken is provided with side-keels.

11. STRENGTH OF A CLOSED FRAME-RING. GENERAL
MATHEMATICAL TREATMENT.

The frame-ring is assumed to be transverse and its neutral axis in one
plane, in which all the straining forces act. In torpedo-vessels the ring
consists of a frame on each side and a beam, often stiffened by pillars or
longitudinal bulkheads. In submarine boats it is usually formed of one
circular or oval frame, but in some boats the contour differs little from that
of an ordinary torpedo-vessel. Pillars or longitudinal bulkheads often
support the frame-ring. We shall hereafter generally refer to the frame-
ring simply as the ¢‘frame.”

1. The Principle of Continuity.—Whatever the form of the frame,
the strength may be determined by an approximate method, based on
an axiomatic law, which will be here referred to as the *‘ principle of con-
tinuity.” This law expresses the simple fact that as long as the frame
is not fractured or strained beyond its elastic limit at any poz’m‘ the con-
tinuity of its neutral axis must remain uninpaired.

Let the closed curve OAO (fig. 17) represent the neutral axis of a
continuous frame of any form, loaded by a system of known forces to
which it adjusts itself without being strained beyond its elastic limit.
Take any point O as origin and the tangent OX at this point as the
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axis of abscisse. Let OY normal to the curve at O be the axis of
ordinates. Regard the axes of co-ordinates as fixed in space. The
frame will deflect relative to the axes, except at the origin where we
imagine the frame to be held *“fixed,” Z.e. OX remains a tangent at O.
Since the deflection is elastic there will be no abrupt change of curvature
at any point and since there is no rupture, any two consecutive points
will remain consecutive after the deformation. If, then, we integrate
the deflections, angular and linear, all round the contour, the sum must
be zero for each of them. We shall now show how this process can be
used for finding the unknown internal reactions. Consider any point on
the frame A the
ordinates of which,
before the forces were
applied, were xz, and
7. while the tangent
at this point formed
an angle 6, with
OX. Due to the
deformation the tan-

N

gent will turn through
anangle A#, relative
to OX and the point
will be displaced
X through a distance
Ax, parallel with
OX and Ay, par-
allel with OY rela-
tive to O. The deformation is due partly to bending, partly to
compression or tension and shearing, but in the cases here under con-
sideration it is ordinarily sufficient to take only the bending into account.
The bending moment of a curved girder is given approximately by the

M.\ﬁ

formula

M=IE<%{—}J> R

where p and R are the radii of curvature before and after bending
respectively.

Let the angular increment at any point, due to the original curvature
of the frame, be df corresponding to an element of the girth ds
(fig. 18). Then

/‘)de —

U
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After bending has taken place, the angle @f becomes df+ Adf and

the el t ds is cl d to 4 d. v
he element s is changed to ds+ Ads ds T+ bl
whence R(d0+ Adb) = ds+ Ads

df+ad6O
Neglecting Ads the elongation of ds we obtain R

R R
Substituting from (17) we find do
M
whence the total angular deflection at A relative to
| the tangent at O is Fic. 18.
}, AM
AHA = LTE[l’S . 3 5 . (18)

The change of co-ordinates of the point A due to bending of the
frame may be found approximately by a method which we shall here
briefly explain. On the curve between O and A consider any point B
the co-ordinates of which are # and y. Due to the angular deflection of
the element of the curve at B the line BA will turn through an angle
Adf and the point A will move along a circular arc to s e bRt
angle which BA forms with OX be ¢ then the linear displacements
of A parallel with the axes of co-ordinates due to turning of the element

at B will be
dx, = —AA'sing and oy, = AA' cos¢
J L Tl A= - Xy —X
Now, AA’ = BAAdO, sing = BA and cos¢ BA
whence we obtain
v, = —AdNy,—y) and Sy, = AdO(x,—x)

Substituting the value of Adf found above and integrating from
O to A we find the total change of co-ordinates of A *

* We here neglect not cnly the shearing but also the tension or compression due to the direct
force P which acts at any point along the tangent to the neutral axis, This latter force may be
A
- : ; : 13 : )
taken into account, if desired, by adding a term f Eﬁdx to the expression for Axa in (19) and
o]
A 1)

mdy to the expression for Ay, in (20).
oE
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Az, = fo,\—y)mds o B o B

A= f(,tA—x)Il\—;[ids ; 2 1(20)

If, now, we extend the integration all round the contour from O to O
we shall have #, = o, y, = 0o, A¥, = 0, and Ay, = 0, andsince
E is a constant we obtain the following fundamental equations *

%445 ) " ; " (Zn)
_}/—I\Ii[ds = 0 . 3 ‘ . (22)
,1'}\]4ds = 0 } . . Y (2a)

In frames that are symmetrical about one axis, as is usually the case
in ships, it will be sufficient to integrate round half the contour. Other
special conditions may exist which will reduce the extent of the integra-
tion. When the integration begins and ends at points other than the
origin and outside the axes of co-ordinates, say at any points A and B,
between which the integrals of the deflections are known to be zero, the
equations take the form

* By interchanging the variables in the equations for 8xx and 8y, we obtain dx, = - Abdy
and 3y, = A8dx

A
SM ,
‘he Axpy = - it dy . ; 5 ¥ T
whence YA ( [/ IEdS] Y (19')
and AYa f[/sﬁ{{\ ix . ; g . 0 (20)

and the corresponding fundamental equations may be written

O
M
—ds |\dy
f [[ Ia’A]t}
and J[ \Ea’s dx 0 o B v . 223

which are equivalent to (22) and (23).

These integrals are most conveniently evaluated by the integraph, but in general it involves less
labor to use the equations (22) and (23), which, moreover, present the advantage that they can be
integrated readily by Simpson’s Rule.

(22')

I
]
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STRENGTH OF A CLOSED FRAME-RING. TIY.-z1;

I\I—qu =0 . : : ; ssi(2n) !

f(y _yA) ds = o . . . . (25)

(1 Z)T et o N ,!,

A
Whatever be the limits of the integration, these equations will furnish the j
values of the unknown internal reactions that enter into the expression ’
for M ordinarily a couple, a direct force, and a shearing force at the }
origin, and when these are determined, the bending moment, the direct |
force, and the shearing force at any other point can be found. I
The stress can now be calculated from the following approximate ’l
i

out sensible error in most cases occurring in naval construction. *

The Principle of Least Work.—The formulas here given for the
calculation of the strength of a closed frame-ring may be derived also ‘
from the so-called ‘‘principle of least work,” the enunciation and proof !

1
|

formula : i
M M y i

= A+Ap+ e AT . !?!f

Iak= Il

P "1‘.

which for p = o becomes il
P M ; i

@ = 3 : . : . (28) ”“

This is the ordinary formula for a straight girder, and can be used with- ll

of which, as well as its application to engineering, are due to Alberto
Castigliano.T According to this principle, the deformation of a structure,

* The formulas (21) to (28) are all approximative, but will generally be sufficiently accurate for
all practical purposes provided the depth of the frame in direction of the radius of curvature is not
greater than from about one-fourth to one-sixth of the length of this radius. If this condition is not ;,‘

il

%
fulfilled, I must be replaced by the expression P/yTJ/dA where y is the distance from the neuatral
P

axis of an elemental strip, of area @A, of the cross-section of the frame and where the integration
extends over the whole section. The error committed in each given case by using I instead of this

expression can be easily estimated., Where the frame consists of a simple bar, or a bar with reversed - ' il
frame, its depth is usually smaller than one-sixth of the radius of curvature, but in some submarine i1l
boats, where deep bracket or lattice frames are employed, it may be necessary to use the more exact It
Likewise, the additional terms’(given in the preceding footnote) which ; f

expression instead of I.
If the radius of curvature is very small,

take account of the direct force P are only approximative,
A

M A M |

a further term ——dx must be added to the expression for Axs in (19), and L ——dy to the
o EAp }LA |
|

I
expression for Ay, in (20). }
1 Théorie d’bquilibre des systémes élastigues, Turin, 1879. : ‘4‘
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strained under the action of a given system of forces, will be such that
the elastic work done on the structure is a minimum. In other words,
the structure adapts itself with the minimum of effort to the applied forces.

In order to apply this principle to a given structure, it is necessary
first to write down the mathematical expression for the work done in the
different elastic straining actions, bending, tension or compression, and
shearing (in ship problems generally only bending need be taken into
account). The minimum value of this expression is found by differen-
tiating it with respect to each one of the unknown forces or couples that
enter into it, and equating the partial differentials so obtained to zero.
The resulting equations will be found to be the same as those given above
for the deflections, expressing simply the conditions of continuity. This
method, which appears to be used in many cases by civil engineers, has
been applied by Dr. J. Bruhn to the determination of the transverse
strength of ships.® In the problems occurring in ship-construction, it
appears simpler, however, to write down at once the expressions for the
deflection as explained above instead of going through the lengthy process
of applying the principle of least work, which, being less tangible to the
mind, is more apt to lead to mistakes.

12. TRANSVERSE STRENGTH OF TORPEDO-VESSELS.

1. Straining Actions.—In torpedo-vessels the bulkheads in the
engine- and boiler-rooms are spaced far apart, wherefore the frames are
here of great importance in point of transverse strength. This fact, as
well as the claim to light scantlings, renders it desirable to examine the
strength of the frames carefully. The straining effects may be grouped
as follows :—

(1) Deformation due to the forces of weight and buoyancy.

(2) Deformation due to dynamic actions. When a vessel is rolling,
the inertia forces will tend to distort the {rames. When it is forced up
against the sea and driven into the waves, the transverse pressures of the
water will cause a panting of the frames which is ordinarily most pro-
nounced in the bow, but may be considerable even amidships. In a
certain torpedo-boat, where the deck was weakened by a very long
hatchway, an actual transverse crushing of the hull took place, resulting
in a permanent deformation, whereby the hatchway became narrower
at the middle. T

(3) Bulging of the entire side from the gunwale to the head of the
floors due to shearing, as explained in SECTION 7, 3

* Inst. Nav, Archs, 1901, 1904 1 Sir John Thornycroft, /nst. Nav. drch., 1905, i. p. 111,
60




TRANSVERSE STRENGTH OF TORPEDO-VESSELS. III. 12.

(4) Bulging of the sides caused indirectly by longitudinal bending of
the vessel.

None of these actions demand explanation except the last, which, to
the author’s knowledge, has not formerly been discussed in this connection.

2. Bulging of the Sides Due to Longitudinal Bending.—Consider
a portion of the ship-girder amidships, enclosed between two adjacent
transverse bulkheads or other strongly stiffened transverse sections,
spaced a distance / from each other. When the vessel is subject-to
longitudinal bending, these sections come to form an angle ¢ with each
other (fig. 19). The resultants P, of the stresses which, as ex-
plained in SECTION 6, =, act in opposite directions above and below the

Fi1G. 19. Fi1G. 20.

neutral axis of the sections will now, due to the deflection of the ship-
girder, have vertical components y which tend to force the deck and
the bottom together. Unless the transverse framing possesses sufficient
stiffness in itself, or is supported by internal stiffening members, such as
longitudinal bulkheads and pillars, these forces will cause outward
bending of the sides, eventually accompanied by longitudinal, upwards
bulging of that flange which is in compression. The action is the same
as may be observed when bending a rubber tube, where ultimately a
complete flattening of the tube takes place at the point of maximum
bending.

In a ship-girder this action is greatest amidships, where the bending
moment and hence the curvature is a maximum. The resultant vertical

forces are
Moz,

I

X = 1)045 =

where , is the moment of the area of one of the sections above or below
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the neutral axis about this axis. Approximately the angular deflection
is given by
M/
IE

if we assume the bending moment and the moment of inertia to be
constant between the sections under consideration. Substituting in the

expression for y we obtain

M2yl

In order to obtain the force acting on one frame, / is put equal to the
frame space s.

This expression shows that for a given bending moment x will be,
roughly, inversely proportional to the product of the cube of the depth of
the boat and the sectional area of the deck or bottom structure. The
leverage with which the forces x act, tending to bend the sides of the
vessel, must increase with the beam. Hence the tendency to bulging due
to this cause will be greatest in boats of small depth and great beam, and
where the deck and bottom are of light construction.

In a certain torpedo-boat of about 300 ts. displacement and 200 ft,
length, I = 2746 sq. in. x (ft.)2, m, = 347 sq. in. x ft., / = 29°5 ft.
(the aft boiler-room), E = 13500. When the boat is placed on a wave-
hollow, the bending moment under ordinary standard conditions is found

M = 3753 ft.-ts. Hence

_ (3753)*x 347 x 29°5
~ (2746)*x 13500

Since there are twenty frame-spaces in the boiler-room, the force per
frame-space will be only 159 lb., or, approximately, the weight of one
man. The effect will be about the same as if a number of men were
lined up on the deck over the boiler-room, one man on each frame.

In this case, then, the force appears insignificant, but it has to be
borne in mind : First, that this load is added when the deck is already
subject to a great compressive stress and, therefore, apt to sag and
buckle, if not properly stiffened by pillars or other means. Second, that

the height of the waves may sometimes be much greater than one-
In fact, French observers have

—

twentieth of the length as here assumed.
recorded waves from 200 to 300 feet long of a height equal to one-tenth
of the length.* Third, that due to the vertical oscillations of (the center
of gravity of) a boat steaming up against the waves, dynamic actions will

* Sir W. H. White, Manual of Naval Architecture, London, 1900, p. 214.
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occur which will greatly increase the bending moment, especially when
the boat is astride a wave-hollow. Fourth, that when the frames yield
by bulging out sideways, the depth of the ship-girder is reduced, the
moment of inertia decreases rapidly, x will increase, and the condition
will be still further aggravated.

While, therefore, this action can be ignored under ordinary conditions,
it may in extreme cases of straining be serious. In fact, it seems not
unlikely that bulging of the sides may have been in some cases the
ultimate cause of structural breakdown of torpedo-vessels. This mode
of failure should therefore be carefully provided against in such craft

by fitting pillars or
other means of
stiffening between Y
the bulkheads so as
to maintain strictly
the transverse form
of the hull under all
conditions.

3. Application
of theFundamental
Equations. —We
shall now show how
the formulas, given
in SECTION II, may
be used in practice
for calculating the
strength of frames
in torpedo - vessels
and ships of similar,
simple construction.

Comnsidersthie
frame-ring of a tor-
pedo-vessel as shown
in fig. 21. Since
there is symmetry of e
form and symmetry
of forces about the center-line there will be no angular deflection and
no linear deflection normal to this line at the points where it intersects
the frame. It is of advantage to choose one of these points as origin
and the axis of symmetry as one of the axes of co-ordinates, since the

expressions for the bending moments are then simplified and the integra-
63
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tion needs only to be extended round half the contour of the frame.
We shall here place the origin at the keel and the axis of ordinates
along the center-line. The tangent to the curve of the neutral axis at
O will be the axis of abscissa. If a pillar is fitted in the center-line,
as in fig. 21, the deflection along this line will be zero.

In order to evaluate the integrals of formulas (21), (22), and (23),
where the integration in this case extends from O to D itis necessary
to resort to some approximate method, as for instance Simpson’s Rule,
or the integration may be performed graphically. In order to employ
Simpson’s Rule, the curve of the neutral axis, the heavy line in fig. 21,

is divided into a number of equal intervals and the value of 1 is

determined for each point of division. Where the frame joins the beam,
at E, the curve has a rather sharp bend, but with a proper end con-

nection of the beam there will be no actual discontinuity. There will
be probably, however, at E an abrupt change in the value of —I\l—/[
which renders it necessary, in order to apply Simpson’s Rule, to perform the
integration for each of the members, the frame and the beam, separately.

The moment of inertia I is calculated from the given design of
the frame, a band of shell plating of width 307 being included, as
usual. The moment of inertia at the beam knee will depend essentially
on the riveted connection ; ordinarily it may be assumed to be the same
as that of the beam. When the frame-ring is of constant section
throughout, I will disappear from the equations.

The bending moment M at any point A (fig. 21) is now ex-
pressed in terms of the unknown internal elastic reactions at O and the
known external forces. The former are completely defined by a direct
force P, a shearing force Q, and a couple M, . Let the ordinates of
A be x and y and consider the equilibrium of the piece OA . Taking
moments about A we have

M = Mg+ Py —Qr+2ZEM,;
where =M, comprises the moments of all the external forces acting

on OA . Let the inclination of the tangent at A to the axis of
abscissee be @ then the direct force acting on the section at A is

P = P,cosf+Qp sin@+ [the sum of the components of all the external
forces acting on OA resolved along the tangent at A ].

The shearing force at A is determined by a similar expression,
obtained by resolving all the forces along the normal to the curve at A
64
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The external forces acting on the frame may be grouped under the
following heads :—
(1) W the weight of the frame with other attached structural parts

that are supported by it. .
(2) L the weight of the internal loads, cargo, machinery, or other

parts carried by the frame.

(3) H and V the horizontal and vertical components of the buoy-
ancy which acts on the frame-space under consideration. If the ship is in
dock, the reactions of the blocks take the place of the forces of buoyancy.

(4) S the shearing force resulting from the reaction of adjacent
frames due to inequality in the weight and buoyancy forces acting on the
frame. S is equal to the difference between the total vertical shearing
forces acting at the two sections which enclose the frame, and may be
obtained from the curve of shearing forces. It may with sufficient
approximation be taken to act at the vertical or nearly vertical parts of
the frame, 7z.¢. near the side of the boat, since the shearing stresses are
practically concentrated in the web of the ship-girder. We here dis-
regard the couple created by S which has its axis in the plane of the
frame and tends to bend it out of its plane. If longitudinal bulkheads
are found, a certain part of S will be carried by them.

(5) X the vertical forces due to longitudinal bending discussed in
Article 2 of this section.

Using appropriate suffixes we may now write down the expression
for the moments of the external forces, referred to above as 2M;

ZMl = Mw+M|.'—MH_Mv:tMS_MX e . (30)

The signs of the different terms are chosen so as to conform to fig. 21.

Having determined the complete expressions for M substitute them
in the formulas (21), (22), and (23), and integrate. From the equations
so obtained M,, P,, and Q, may be found, and thence M, P,
and Q as well as the stresses at the different points of the frame-ring.

4. Typical Cases.—We shall now discuss in detail some cases typical

for torpedo-vessels and similar light ships.
(1) . The frame-ring is unsupported by pillars.— Assuming symmetrical

loading, there will be no shearing force at O whence )y = 0 and
the equation for the bending moment becomes

M = M,+ Py +2M, . . « (31)
Since A8, = o and Az, = o the equations to be used are

f%d_v = @ and fyl\T/Ids = @
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Having determined the value of l\—f‘ and ),/I\I_/[ at each point of division,

the integration is performed by Simpson’s Rule, whereupon the equations
are solved for M, and P,. The bending moment can now be de-
termined at any desired point. The direct force P acting along the
tangent at A is given by

P = (P,—H) cos6+[Qs— W—-L+VS+X]sin0 . (32)

(2) The frame-ring is supported by a pillar in the middle.—The pillar
exerts a simple push or pull, Y, at the points O and D, and may
here be considered as incompressible. The bending moment at any point
of the frame is

M = My+Py—Qpx—2M; . : S RBE)

Since Af,, Ax,, and Ay, are all equal to zero, the equations to

be used are

J-I\I/[a’s = [._«V]\l/[ds =0 J'xl\lll-ds = ©

J O

from which the unknown reactions can be determined. P is found from

: (32), and Y = 20Q),.
M E (3) The frame-ring is supported by one pillar
€ on cach side (fig. 22).—Q, will be zero, but the
YI pillars will be subject to an unknown force Y
which will enter into the expressions for the bend-

ing moment and for the direct force at all points
on the girth GEF. The pillar is assumed to be

hinged at the ends and, therefore, incapable of
l transmitting any bending moments. While the

| < bending moment for points between O and G
\'() P A and between F and D aregiven by equation (31),

M, it is for points between G and F of the form

FiG. 22. M = M0+]’0;/+Y(,1‘—c)+2M1 . (34)

where ¢ is the distance of the pillar from the middle.

We have again

J‘l\l—/[a’s =0 and [‘;/I\I/[a’s = ©

»

but since the total vertical deflection is now zero from G to F the
ends of the incompressible pillar, the third equation takes the form
66
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F M
f(_x—c)Tds = @ - ; : . (35)

The equation for P is the same as in case (1), only between G and F
the thrust of the pillar —VY must be
added inside the brackets in the last

term, N

The equilibrium of the frame at such
a point as G where it is directly sub- Qe
ject to the thrust of the pillar, is main- Qos B,
tained by the combined action of the G

direct forces P,. and P, and the
shearing forces Q,, and (.. on each
side of the pillar, as shown in fig. 23.

If the pillar is normal to the frame, as in the case of a central pillar,
we have P,, = P, and the shearing forces are, each of them, equal to
+Y as stated above. If the pillar is not normal to the frame, as in
fig. 23, the direct forces and the shearing forces are no longer equal, and
it is, therefore, in such a case necessary, if we want to find the maximum
stresses at G to determine the values of P and Q for each side of

the pillar and to use the larger of these forces

D in the calculation of the stresses. The different
forces, shown diagrammatically in fig. 23, are
actually the resultants of a complicated system
of stresses.

(4) The frame is stiffened by a second deck
and by a line of pillars in the middle (fig. 24).
—The conditions to be fulfilled are in this case
that at the points O, C, and D, all on the
center-line, the tangent to the neutral axis will
remain horizontal, and no horizontal or vertical

B,
Fi16. 23.

M° . .
I Fie. 24. displacement of these points will take place.
4 Hence, we must have :
D D D M
fl\—l/la’s = @ [‘yl\r/[a’s = (des =

the integration extending from O through H and E to D, Further:

flll/[ds — (¢ fyl\lﬂ/lds = @ (x¥ds = [0

v C

the integration extending from C through H and E to D. These six
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equations will give the six unknown reactions : Py, Qo, and M, at O,
and P., Q., and M. at C, whereafter M, P, and Q) can be found
at any point of the structure.

The expression for the bending moment at points on the frame below
the lower tier of beams will be as for a single-deck ship, but for points
above H it will take the form : ‘

M = M.+ Poy—OurtMct Py —p)— Qe +EM;, . (30)

In =M, we must now include the load on the beam CH. The load
on the lower pillar is" 20, and on the upper, 2(Qo— Qo)

13« TRANSVERSE STRENGTH OF SUBMARINE BOATS.

. Submarine Boats of Non-Circular Section.—The foregoing
treatment applies also to submarine boats, but it is necessary to add a
few remarks on the special conditions which obtain in these vessels.

Since the weight of a submarine boat is practically always balanced by
the buoyancy forces, and since these latter are small compared with the
total external water-pressures at the maximum depth of immersion, we
commit no great error by neglecting the weight and by assuming that the
pressure is uniform all round the contour of the boat and equal to that at
its axis. Suppose, for instance, that the maximum head, which a boat
is required to withstand, is 150 feet and that the depth of the boat is
12 feet, then the maximum error will be &5 or 4 per cent., but this error
is reduced from the fact that the principal weights rest directly on the
lower part of the frames.

Submarine boats of oval or elliptic sections are sometimes symmetrical
about a horizontal as well as a vertical axis, in which case only a quadrant
of the frame needs to be considered in the strength calculation. The
pure elliptical section can be dealt with by a more algebraical method
than other sections, although it is necessary to evaluate the elliptic
integrals graphically or by some other approximate method, but the work
is simpler and the solution for a given eccentricity can be readily applied
to all elliptical frames of the same eccentricity, whatever their dimensions. *

2. Examples.—We shall apply the method here described to the
frame of a submarine boat in the three typical cases discussed above—
when the frame is stiffened by a pillar on each side, when it is stiffened
by a pillar in the middle, and when there is no pillar, Fig. 25 shows

* A solution of this problem is given in a paper by {he author: *The Strength of Elliptic
Sections under Fluid Pressure,” where the equations (22) and (23') are used, /nst. Nav. Arch.,

1900,
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III. 13. STRUCTURAL DESIGN OF WARSHIPS.

the frame, the position of the pillars, and cross-sections of the frame at
various points. It gives also the neutral axis and the curves of bending

moments,
Referring to the line of the neutral axis, the principal dimensions are :
half-breadth = 82 in., depth = 1141 in., frame space = 18 in. The

boat is to withstand the pressure at a depth of 150 ft. Assuming this
pressure to be uniform all round the contour, the load everywhere on the

frame will be
S = 11—2 ):( ;éo = 336 ts. per in, of girth.

The frames are channels 6 in. x 3 in. x 3 in., strengthened by floor-plates
at the top and bottom of the boat. The standard thickness of the shell
plating is ¢ in. ; the flat keel-plate is § in.

(1) One pillar on cach side.—The pillars are placed at a distance of
30 in. from the center-line. The girth from O to D is divided into
12 intervals, numbered from O to I2. The length of the intervals from
o to 2 and from 10 to 12 is 1500 in., between 2 and 10 it is 20°32 in.

Neglecting the weight of the boat, the bending moment at points on
OG and FD is

M = M,+Pyy—3w@@®+7?%)

At points on GF the bending moment is
M = M,+Pyy+ Y(x—x,)— L (® +9%)

Since the pressure is uniform, the direct forces at O and D must
be equal to half the total horizontal component pressure, whence

P, = W%y = }x 536 x 114°1 = 30°58 ts.

There remain only two unknown quantities, M, and Y which are

determined by the two conditions :—
First, that the sum of the angular deflections along the girth from

o to 12 shall be zero, as expressed by the equation

2 10 12
J-%/[a.’s-{-J pfds—i—f —1\14({5 = O
0 2 10

Second, that the sum of the vertical deflections from 2 to 10 shall
be zero, assuming the pillar to be incompressible. This condition is

10
f (_x—lfz)l\l/—.[d.\‘ =
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TRANSVERSE STRENGTH OF SUBMARINE BOATS. III. 13.

Tables VI. and VII. show how the calculation can be conveniently

carried out, The quotient STM Simpson’s Multiplier divided by the

moment of inertia, which recurs in all the integrations, is first calculated.
On account of the difference in intervals, the summation of the columns
must be carried out in three sections. The interval in the middle section,
2 to 10, is regarded as the standard, whence the sums for the two other
sections, o to 2 and 10 to 12, must be multiplied by the factor
1500
2032
intervals 2—3 and 9-10, it is necessary here to introduce half ordinates.
The measurement of the ordinates as well as the calculations must be
carried out with great accuracy, since small errors will produce great
differences in the results. The final equations with numerical values
inserted are formed and their solution given underneath the respective
columns in Table VI.
The direct force at points on OG and FD is found from

738.  Due to the rapid change in the value of I in the

P = (P,—wy)cosO+ wxrsinf
At points on GF
P = (P,—wy)cosO+ (wxr— Y)sinf

At the points G and F, P will have two values, one to the left of
the pillar, determined by the upper equation, and one to the right of the
pillar, determined by the lower equation. The angle 6 is obtained
graphically, The stresses are calculated from the formula (28)

P My
P = p1tp = R'i' I

which in this case gives practically the same results as the more complete
formula for curved girders (27), since y, the distance of the most
strained fiber from the neutral axis, is everywhere small relative to the

radius of curvature p and since o small. It must be observed
p

that since p, is always a compressive stress, p, should ordinarily like-
wise be compressive, as in Table VII. When the bending is excessive,
the tensile value of p, must also be considered.

The results of the calculation are summarised at the foot of Table VII.
It will be seen that the greatest bending moment is found at points o
and 12, viz, 102 in.-ts., and at point 10, where it is 96 in.-ts. At this
latter point the direct force P is 318 ts. to the left of the pillar, and the
stress is 9'8 ts. per sq. in., which is the absolute maximum stress in the

7F




III. 13. STRUCTURAL DESIGN OF WARSHIPS.

frame. The bending moments at O and D, the lowest and highest
points of the frame, are equal, as they must always be with a uniform
pressure and a symmetrical arrangement of the pillars. Although the
bending moments are great at these points, the stresses are moderate
on account of the great strength of the frame. The curve of bending
moments given in fig. 25 is plotted on lines normal to the frame at each
point. It will be seen that the bending moments are well distributed in
this case. The importance of a proper location of the pillars is obvious.
On account of the strongly rounded form of the frame the stress due to the
direct force forms everywhere a considerable fraction of the total stress.
(2) One pillar in the middle.—The same intervals are used as in case

(1). The bending moment is
M = My+Pyy+iYr—Lw(x?4y?)

The conditions to be fulfilled are that the sum of the angular as well
as of the vertical deflections shall be zero from o to 12, whence

12 12
M
f %4({3‘ = 0 and f.rfl-a’x = 0
0 0 .

The bending moment reaches its absolute maximum at the head and
toot of the pillar, 229 in.-ts, The stress is a maximum at the head,
where it is 10°9 ts. per sq. in., but another maximum is found at point 7,
where it is 108 ts. per sq. in.

(3) No pillar,—The only unknown quantity is in this case M,
which is found from

12
{ M{/s = 0
I
)
where M = M+ Poy —3w(@?*+y?). The bending moments and hence

the stresses are excessive. The bending moments reach a value of 571 in.-
ts, at the points o and 12, and the stresses have a maximum of about
38 ts. per sq. in. between points 6 and 7. Collapse will take place by
inward bulging at the top and bottom of the frame and breaking at the
sides. At some points the tensile stresses will exceed the compressive
stresses given in the table.

3. Accuracy of the Method of Calculation.—Since small errors
will have a great influence on the resulting bending moments, great care
must be exercised in measuring the ordinates, in bending the frames,
and in the calculations. The form in which the calculations are here
presented may be considered as typical, but the integration may of course
equally well be performed by the trapezoidal rule and should be checked
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TRANSVERSE STRENGTH OF SUBMARINE BOATZS, III. 13.

by graphical means. In practice it will generally be advisable to use a
greater number of ordinates than in the examples here given, where the
number of ordinates might with advantage be doubled in order to obtain
sufficient accuracy. It must be borne in mind that Simpson’s Rule does
not give very accurate results where the figures in the columns change
value very abruptly, as, for instance, in the intervals 2—3 and 9-10 in
the column for 1}4 - Intermediate ordinates must, therefore, be intro-
duced in such cases. Special care should be bestowed on the products
(x—x,)(2*+y*) and x(x*+9?) and derived columns, which likewise
change value very rapidly. It may here be advisable, besides increasing
the number of ordinates, to introduce one or two more significant figures,
since ultimately the result depends on small differences. The numerical
calculations given in Tables VI. and VII. must, in fact, be regarded
merely as illustrative of the method.

4. Submarine Boats of Circular Section.—Consider first the
ideal case of a circular frame of uniform section without any internal
stays or other supports and unaffected by the proximity of transverse
bulkheads., When such a frame is exposed to a uniform external
pressure it will not be subject to bending or shearing, but a uniform
compressive stress will exist everywhere, normal to the cross-sections of
the frame. This stress is given by the formula

_P_a’w
=g =m . . @D

where J is the diameter of the circle formed by the neutral axis, A is
the area of a cross-section including the effective strip of adjacent shell
plating, and w is the pressure-load per unit length of girth on an annular
belt one frame space wide. Such uniform distribution of the stresses
is the one most favorable to strength, wherefore the circular section is
the strongest under a uniform pressure. In a submarine boat the
pressure is not indeed strictly uniform, but increases somewhat from the
top to the bottom, and the most favorable form must, therefore, deviate
somewhat from the circle. As explained above, this lack in symmetry
of the external forces is, however, largely offset by the action of the
internal weights, and the circular form is, therefore, preferred in practice,
except where special reasons make it necessary to depart from it.
Breakdown of a circular frame will, in general, occur due to structural
instability before the compressive stress reaches the crushing point. The
frame first flattens to an oval shape, then bulges inwards over one or
two large arcs, and finally collapses in the same way as when a column
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1L, %3 STRUCTURAL DESIGN OF WARSHIPS.

crushes by bending. The critical pressure-load will probably vary with
I

{—l,,,:* whence we may write

I
74

where v, is the pressure-load per unit length of girth, I is the moment
of inertia of the frame including the effective strip of shell plating, % is
a coefficient to be determined from experience with other boats. For a

plain cylindrical shell unstiffened by frames the critical load per unit area
: ‘ 2
will accordingly vary as 7

w, = k (38)

In the presence of transverse bulkheads, sufficiently close together,
collapse will fake place in smaller arcs, depending on the distance between
the bulkheads. Experiments carried out by Fairbairn and others have
shown that for a simple cylindrical shell without frames we may use the

approximate formula
[2
o /cld i : : . (39

where w, is the critical pressure per unit area and / is the distance
between the bulkheads or other effective stiffening members.t It appears
that no formula has been proposed for determining the critical load for
a cylindrical shell supported by bulkheads as in a submarine boat and at
the same time stiffened by frames, but it seems reasonable to assume
that we may in such a case substitute I#¥ for #2 in (39), and z, will
then be the load per unit length of girth for one frame space.

The resistance to simple crushing of a submarine boat of circular
section should also be examined, for it is conceivable that the crushing
pressure may be reached before collapse due to instability occurs. From
(37) we obtain the crushing load

. 2f A

W, = ; : : . (40)

where /. is the ultimate crushing strength of the material, Where no
frames are fitted, this formula becomes

o0
2= j{; . . : ER(GT)

* Cotterill, Applied Mechanics, London, 1890, p. 320.

+ Lloyd’s Rules give the following formula for circular furnaces, where the length of the plain
cylindrical part exceeds 120 times the thickness of the plating :
1,075,2004%

Working pressure in Ib. per sq. in. = b7
{2

l, ¢, and & are given in inches, & is the outside diameter of the furnace.
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. ; . &
where . is the pressure per square inch. It appears that the ratio 7

in submarine boats with unstiffened shell lies, generally, between i
and 41; depending on the specified maximum depth of immersion.
This construction is suitable only for small boats and small depths of
immersion and for the ends of larger boats.

A circular or nearly circular frame should not generally be stiffened
by pillars or longitudinal bulkheads, because bending moments will then
be created which do not exist in an unstiffened frame. Where for some
reason such stiffening members must be introduced, the top and bottom
of the frame should be reinforced by deep floors as in fig. 25.

75

—




CHAPTER 1IV.

STRENGTH OF INDIVIDUAL GI/RDERS.

14. Simple Rolled Bars :—1. Barsin General.—2. The I-Bar.—3. The Channel Bar.—4. The
Zed-Bar, ‘

15. Rolled Bars Connected to Plating:—1. Reinforcement of the IFlange.—2. Tripping and
Bending of the Web.

16. Continuous Plate Girders:—i1, Strength Calculation for Longitudinals inside the Double
Bottom,—2. Example.

17. Intercostal Girders:—r1, Intercostal Girders inside the Double Bottom,—2. Intercostal
Girders outside the Double Bottom.—3. Intersecting Girders,

18. Working Stresses.

THE structure of a modern warship consists of a network ‘of rigid surfaces
or diaphragms: bulkheads, decks, sides, and the double bottom, which
mutually support each other, and it is chiefly through them that the
neutralisation of the forces of weight and inertia, of buoyancy and
horizontal water-pressures takes place. These forces act both in the
plane of and normal to the diaphragms, which must, therefore, be capable
of resisting tension and compression, bending and shearing in their own
plane, as well as of transmitting the normal load to the adjoining rigid
boundaries on which they rest. In order to fulfil these functions, the
diaphragms must be provided with a well-developed system of stiffening
girders. It is, in particular, such girders, whether simple rolled bars or
plate girders, that will be considered in this chapter. Girders formed by
the diaphragms themselves, as for instance by transverse bulkheads, have
already been discussed in previous chapters, notably in SECTION Io.

14. SIMPLE ROLLED BARS.

1. Bars in General.—In calculating the strength of a bar, it is
usually supposed to be loaded in the plane of the web, and the neutral
axis NN of the cross-section is assumed to coincide with a line OX,
drawn normal to the web through the center of gravity O and hence
parallel with the axis of the bending moment (fig. 26). The ordinary
formula for bending

M g
1 =2

is applied.
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This method is, however, far from correct in many cases. Due to
unsymmetrical form of cross-section, the neutral axis is not always normal
to the web or parallel with the axis of the bending moment ; nor is the
load always acting in the plane of the
web. There results an unsymmetrical N ‘
distribution of strains and stresses, which ,
acts prejudicially on the strength of the
bar, increasing the deflection and stresses
and producing several peculiar straining
effects.

2. The I-Bar (fig. 26).—The I-bar S—-—-
is symmetrical about both principalaxes,
and if loaded in the plane of the web, as X
is generally the case, the ordinary for-
mula for bending will apply, since the ’
axis of the bending moment is parallel ‘ H{

il
|
|

X

with one of the principal axes, which Rl ‘
will then coincide with the neutral axis. il
When the bar deflects, the tension in the lower flange and the compression '
in the upper flange will call forth resultant forces X X in the flanges as
explained in SECTION 12, These forces
will tend to bend the flanges towards
each other and will cause a slight com-
pression of the web, but the effects will
generally be insignificant.

|
g
3. The Channel Bar (fig. 27).— ’

This bar is symmetrical about OX,
which is, therefore, one of the principal
axes of the section. When loaded in
the plane of the web, the axis of the
bending moment is parallel with OX,
whence this axis will again, as in the
[-bar, coincide with the neutral axis, l (
il
|

and the ordinary formula for bending
will apply. The channel bar is not,
however, symmetrical about OY, the line parallel with the web through i
the center of gravity of the section, and certain unbalanced forces will, |
therefore, be called into play. i
As in case of the I-bar, forces X will act on the flanges, tending it
to bend them towards each other, but since the flanges are here on one 1
side of the web only, there will result a bending moment on the web

: i
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(fig. 28). Bending of the web is not indeed likely to take place in ship-
building channels within the limit of elasticity, but by cold bending,
where this limit is passed, it has occurred and has caused considerable
difficulty and expense. It has been studied theoretically and experiment-
ally by Mr K. G. Meldahl * by bending channel bars of
different section. He found that the resistance of a
channel bar to bending of the web is proportional to
blil;" where & is the width and '#, the thickness of the
flanges, 7, the thickress of the web, showing that notably
the width of the flanges and the thickness of the web are
determinative of this quality. Meldahl recommends that
the value of this expression shall not exceed 50, a con-
dition which is fulfilled for channels of British Standard
Section of maximum web thickness, but not for those of
minimum web thickness. Thus,fora 104 in. x 3} in. x 3} in.

Tag channel bar with a thickness of flanges of ‘575 in., the
quantity ;_5
thicknesses ‘675 in. and 473 in. respectively.

Consider now the strains in the flanges (fig. 27). These strains will
be greatest near the web, along the edges A and B, and will decrease
towards the outstanding edges C and D . The upper flange, being
subject to greater contraction along A than along C will tend to warp,
Z.e. bend and deflect, towards the right in its own plane, and when this
occurs a reduction in the compression or perhaps even a tension in the
outstanding edge C will exist. The lower flange will be subject to
elongation, but the edge B will elongate more than D whence this
flange will tend to warp to the left. The result will be a twisting of the
bar, and when this occurs the principal axis OX, will no longer be
parallel with the axis of the bending moment, the loading will be un-
symmetrical, and sideways bending will take place. This action will
now be explained for the case of a zed-bar, where it is more pronounced.

4. The Zed-Bar.—The section of the zed-bar has no axis of symmetry.
Assume such a bar, as shown in fig. 29, to be loaded in the plane of the
web, which is here supposed to be originally vertical. Let the co-ordinate
axes normal to and parallel with the web be OX, and OY,. The
bending moment then has its axisin OX,. The principal axes of inertia,
OX and OY form an angle 6 with OX, and OY, respectively. OX
is the axis about which the moment of inertia is a minimum, OY is the

L

W

Sy ey

-

has the values of 23 and 66 corresponding to the web

* Schiffb. Ges., 1903, p. 406.
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axis about which the moment of inertia is a maximum. The angle
between the axis of the bending moment and the principal axis OX is
called 8 but since in this case the axis of the bending moment coincides
with OX, we have 8 = 6.

Under these circumstances, where #ke axis of the bending moment is
not parallel with any of the principal axes, the girder will not deflect in
the plane of the bending moment, nor will it deflect in the plane of any
of the principal axes,
but in a plane normal l
to the neutral axis NN i
which forms an angle ¢
with OX. The distri-
bution of the stresses in
the flanges will be as ex-
plained for the channel y._
bar, but since the lower SR
flange is on the side e
of the web opposite to ey
the upper flange, both —.—.
flanges will tend to de-
flect in the same direc- ,'/
tion in their own plane, Ji A
as indicated by arrows "/5 i ¥
in fig. 29. Hence the b 7 J
whole bar will deflect C T
sideways, in fig. 29 to ° -
the right, while, at the /A
same time, it will deflect
a certain amount down-
wards. An adjustment of the stresses will take place until equilibrium
is established. ~All parts to the right of (or below) the neutral axis will
be in tension, all parts to the left of (or above) this axis will be in
compression. The couple resulting from all the stress forces on the
section will have its axis parallel with that of the bending couple and
will be of the same magnitude.

The bending takes place about the neutral axis under the action of
the component of the bending moment normal to this axis, and the
stress at any point P may be determined by the formula

Fic. 29.

Mcos(B—¢) _ 2
0 oy
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IV. 14. STRUCTURAL DESIGN OF WARSHIPS,

where I, is the moment of inertia and y, the ordinate of P both
referred to the neutral axis. It is, however, simpler to proceed as
follows :—

Resolve the bending couple in two components, M cos@B and M sin3
having their axes parallel with OX and OY respectively.  Then the
stress at any point (#, y)—the co-ordinates referred to the principal axes
—may be determined as the sum of the stresses due to each of these
components, which may be assumed to act independent of each other.
Hence, if I, and I, are the moments of inertia about the principal axes

OX and OY respectively, we have

3 y cosf3  x sinf
])—M[Ix-'_ly] J ; - (43)

which can be used without any knowledge of the exact position of the
neutral axis, provided the most strained points of the section can be
located by inspection, as in the present case.

From this formula the equation to the neutral axis can be found by

putting # = o which gives

ry _ L
& tan 3

X

whence tan ¢ = —y tanB . g ; . (44)
= 4

Now the neutral axis can be drawn in on the figure, and the ordinate
9, of the most strained fiber at points A and B can be measured. The
maximum stress can then, if desired, be found from equation (42).

It remains to show how the principal axes are determined in cases
where, as in the zed-bar, they cannot be located directly from symmetry.
Take the center of gravity of the section as origin, and choose the initial
axes so as to give a simple calculation of the moments of inertia. In the
zed-bar the horizontal and vertical axes OX, and OY, fulfil this con-
dition. Since the product of inertia about the principal axes OX and

QY is zero, we have

JrrdA = o I e el
but since
2 =g SO 2516050
¥ = ¥, cosh—x, sinf

we find by substitution in (45)

gl = —r2 . . . . (48)
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where L, = [frfdA L, = [pfdA 7, = frydA
This equation gives 6 the angle between the principal axis OX and

the initial axis OX,.
The moments of inertia about the principal axes are found from :

I, = I, sin?0+1, cos*—Z, sin20 }

I, = L, cos?0+1,, sin?6+Z, sinzf “7)

In a zed-bar not stiffened by plating and loaded in the plane of its
web, the sideways deflection will often be much greater than the vertical
deflection. When the bar is prevented from deflecting sideways, as in
the case of a beam attached to deck plating, the deflection in the plane of
the web will be much reduced, as shown by Bruhn’s experiments. *

Example.—Find the stress and the deflection at the middle of a zed-
beam, 6 in. x 3% in. x 3} in., as given in fig. 29, of 18 ft. length, fixed
at the ends and loaded with a vertical uniformly distributed load of 1} tons
in the plane of the web.  Using the units inches and tons, we find :

L, = 295 L, = 11°% Zy = 1473
The angle between OX, and the principal axis OX is given by :
tan 20v= —I;f%"i—y—n = —1'60
26 = 122° and @ = 617
Since the axis of the couple is horizontal, 8 = 6 = 61°.
From (47) : I. =36 and I, = 374

The angle between the neutral axis and the principal axis OX is
given by

tang = —%’tanﬁ = — 172
I

¢ = —93° and B—¢ = 0—¢p = 51{°
The moment of inertia about the neutral axis is found from
I, = 1,sin?¢p+1, cos?p = 4°55

The distance of the extreme fiber from the neutral axis is measured
from the drawing, y, = 201 in.
The bending moment at the middle is

= B e L T B LSRR s 3 et B D eetis?

* Inste Naw. Arch., 1905, i. 128,
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The stress may be found from (42) :

ﬁ = % COS(B-(i)) — 37 s, per Sq. in.
or from (43): .
p = M[ 2T

where y = 1'60in. and ¥ = 2°'53 in. (measured from the drawing) are
the co-ordinates of the extreme fiber referred to the principal axis. The
deflection takes place normal to the neutral axis and is found from :

yCOS’B - sm,B] = 7ts per sq. in.

_ Mjcos(B—g)2 . .
W= 7*161'-‘:1“ = 40 1n.
giving a vertical deflection: ¢ cos(@—¢) = -25 in.,, and a horizontal

deflection : ¢ sin(0—¢) = 371 in.

15. ROLLED BARS CONNECTED TO PLATING.

Rolled bars, whatever their section, are in a ship practically always
riveted to plating, which they serve to stiffen and support. At the same
time the plating assists the bars in two ways: first, by reinforcing the
flange to which it is attached ; secondly, in case of unsymmetrical shapes,
by counteracting their tendency to sideways deflection and twisting.
The influence of these actions being determined, the strength is calculated
as usual.

1. Reinforcement of the Flange.—Through the action of the con-
necting rivets, stresses will be induced in the plating, which is thus forced
to participate in the work of the bar, but this action extends only to
within a certain distance from the rivets, beyond which the plating will
be practically unaffected or will shirk its duty by buckling or bulging.
Hence, only a certain width of the plating on each side of the rivets can
be reckoned to be effective and considered as an integral part of the bar.
This width will depend primarily on the nature of the riveted connection
and on the thickness of the plating, but since the stress lines are curved
and since the plating may be supported and stiffened at certain points by
intercostal girders or angles crossing the bar in question, the effective
width will not be the same everywhere. Bearing in mind the comparative
nature of strength calculations in ship construction, it appears, however,
allowable to assume that this width is constant and, under ordinary con-
ditions of spacing of the intercostal girders, proportional to the thickness
of the plating.
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On the basis of an analysis, undertaken by the author, of numerous
bulkhead tests,® it is recommended to reckon the effective width of the
plating on each side of the bar to which it is connected equal to 15 times
its thickness. This estimate appears conservative, judging from Bruhn’s
experiments + on frames of various sections with plate bands representing
the shell plating riveted to them. The total width of the plate bands
was in these experiments 40 times the thickness and appeared to be fully
effective in all cases except where the riveted connection between the
frame and the plate was insufficient and gave way by shearing.

The width of 15 times the thickness on each side, here proposed, is
to be reckoned outside the lines of rivets which connect the bar with the
plating. If, then, there is only a single row of rivets, the total effective
width will be 30 times the thickness, but where there are two rows of
rivets, as in case of an I-bar, the width will be increased by the distance

5 5t = =
Il‘—-l tT‘ —.‘Lj al = 15¢ ','L :—I5t—-l =

T ¥ 4

L

F1G. 30.

between the rows. Where the plating is supported by intercostal girders
crossing the bar under consideration, the effective width may be reckoned
somewhat greater.} Attention must always be paid to the riveted con-
nection between the plate and the bar ; if this connection is too weak, the
rivets will shear before the full strength of the plate is developed. In
Bruhn’s experiments the rivets were in single row but were only spaced
from five to six diameters apart in most cases.

2. Tripping and Bending of the Web.—While the plating will
generally prevent sideways deflection and twisting of the bar as a whole,
there will remain a tendency to distortion, called ¢ tripping,” due to the
strains in the free outstanding flange. The tripping takes place away
from the heel of the free flange and is probably accompanied by a certain
bending of the web and turning of the flange as indicated in an ex-
aggerated measure in fig. 31. The tripping is counteracted by the
tendency of the free flange to bend towards the other flange, causing

* Am. Soc. Nav. Arch. Mar. Eng., 1910.

t Inst. Naw. Arck., 1905, i, pp. 140-143, pl. xxxix.

+ See Bruhn’s experiments on intercostal girders fitted under deck beams, where a plate of a
width equal to 967 proved fully effective. The beams were there spaced 60z apart. /us/. Naw.
Areh,, 1905, i, pp. 133-130.
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a bending of the web and a turning of the flange in the opposite
direction, as shown in fig. 32. Both actions will be greater the deeper
and thinner the

web and the

heavier and

l broader the flange;;

- ) they will increase

alsowith thelength

of the bar and will

1 X be influenced by

! the bevel, if any.

T D Theresulting tend-

4 ency to deforma-

T B tion is small with

the sections ordin-

arily used in ship-

building, as shown by Bruhn’s experiments, but it appears that tripping
is more likely to occur than bending of the web.

Fic 31. FiG. 32.

16. CONTINUOUS PLATE GIRDERS.

In a warship continuous girders constructed of plates and angles occur
as bulkheads, already dealt with in SECTION Io0, as floors, longitudinals,
girders under the decks, and as web stiffeners on bulkheads. We shall
here as a typical example show how to calculate the strength of a
longitudinal. -

1. Strength Calculation for Longitudinals inside the Double
Bottom.—The longitudinals span the distance between the transverse
bulkheads and are loaded with weights from the inside and water-pressures
from the outside. These opposing forces do not, generally, neutralise
each other completely. Free forces, in many cases of great magnitude,
remain, and the resultant forces and couples have to be transmitted to the
bulkheads, whereby the longitudinals will be subject to shearing and
bending.

Fig. 33 gives a diagrammatic sketch of a system of longitudinals in a
boiler-room of a battleship. The hatched parts indicate the effective
width of the inner and outer bottom plating, determined in accordance
with the rule given in last Section.

The longitudinals receive a certain support from the transverse floors,
depending on the construction of these latter. With a system of longi-
tudinals and transverse floors of perfectly uniform distribution and of
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IV. 16. STRUCTURAL DESIGN OF WARSHIPS.

identical construction, we might even regard the rectangular portion of
the double bottom abcd (fig. 33), enclosed between two transverse
bulkheads, a side bulkhead, and the center-line bulkhead, as an elastic
homogeneous plate, but the construction of the different floors is generally
very dissimilar and their strength small relative to that of the longitudinals.
We shall, therefore, assume that the sole function of the transverse floors
is to transmit a certain load to the longitudinals, but in so doing we, of
course, somewhat overestimate the load on these girders, in particular
those nearest to the boundaries.

Based on these assumptions, the solution may be worked out by a
graphical process similar to that employed in calculating the longitudinal
strength of the ship-girder. The curve of loads is constructed, con-
sidering each longitudinal as an independent girder carrying the full
load of weight and buoyancy on a belt of the bottom structure of the
same width as the spacing of the longitudinals, and after that the curves
of shearing force and bending moment are obtained by integration.

2. Example.—Determination of the maximum stresses in the second
longitudinal in the central boiler-room of a battleship. The longitudinal
here chosen, BB in fig. 33, is midway between the center-line bulkhead
and the side bulkhead, and since it is similarly loaded in the forward and
aft boiler-rooms, which are of the same length as the central boiler-room,
it is considered as fixed at the ends. (Pl IIL.)

The section modulus was calculated for the weakest sections in those
parts of the longitudinal that are exposed to the greatest bending moments,
exemplified by the sections AB, CD, EF, and GH. A strip of plating,
10°3 in. wide for the inner bottom and 184 in. wide for the outer bottom,
was included as effective. ~ Also the upper, continuous angle bar was every-
where included, but the lower bar only where it is continuous through
the section under consideration, as for instance across the lightening
holes. Deduction was made for the rivet holes, since it was desired to
obtain and compare the stress at the different weakened sections.

The curve of buoyancy is seen to be a straight, horizontal line. It
represents the pressure corresponding to a head of 235 ft. and a spacing
of the longitudinals of 6 ft. The weights carried by the longitudinal
consist, besides the structure itself, essentially of the boilers, which are
placed against the transverse bulkheads with a fire-place in the middle.
Since each boiler is resting on three seatings, of which the middle one is
placed very nearly over the longitudinal BB, one-third of the weight of
the boilers was included in the load. The curve of weights is symmetrical
about the middle of the longitudinal. It will be seen that the forces of
buoyancy are far in excess of the weights in way of the fire-place and
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that, hence, the longitudinal is subject to hogging strains at the middle.
The curve of loads was constructed and was integrated by means of the
integraph. The curve of shearing force thus obtained could be at once
transferred to its correct position in this case, since, by symmetry, the
shearing force at the bulkheads must be of the same magnitude but of
opposite sign.

By integrating the curve of shearing forces a curve of bending moments
was obtained, but since this curve came to zero at both ends it had to be
adjusted, in this case moved upwards parallel with itself, to allow for the
unknown bending moments at the ends. In order to find the amount of
the correction, the curve of bending moments was integrated, by which
a curve of slopes was obtained. The end ordinate of this curve, divided
by the length of the base-line, applying the appropriate scale factors,
gave the bending moment at the ends and hence the correction needed
for the adjustment of the curve of bending moments. On the diagram
all the curves are shown in their correct position.

Table VIII. gives the section modulus, bending moment, and maximum
stress at each of the sections indicated on Plate III.

TaBLE VIIL—BENDING MOMENTS AND STRESSES IN LLONGITUDINAL.

Section Bending Maximum
Section. Modulus. | Moment. Stress.
Sq. in. xin, In.-ts. Ts. per sq. in.

AB: Through rivets at bulkhead . 3 333 3830 1) 1
CD : Through buttlap (shearing of the r1vets) 336 1610 48
EF: Through rivet holes at non-watertight :

floor and notch for transverse frame bar . 340 2090 61
GH : Through lightening hole . : : 351 2150 60

It will be seen that an excessive or at least a very high stress is found
at the bulkheads due to the great bending moments at these points, Else-
where the stresses are moderate.

7. INTERCOSTAL GIRDERS.

The term ‘* intercostal” refers chiefly to the web of a girder, implying
that it consists of insertions between continuous frames or beams. When
the web is entirely non-continuous, the girder is considered purely inter-
costal even if the flanges are continuous. When a considerable part of
the web is continuous while the rest is intercostal, we shall refer to the
girder as ‘‘semi-intercostal ” ; such girders often possess practically the
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same ultimate strength as continuous girders. In many cases a girder
built as a pure intercostal may obtain an appreciable girder strength by
riveting the flanges or angle bars of the intercostal parts to each other
through the web of the continuous intersecting girders. Evidently a
great variety of intercostal girders exist.

1. Intercostal Girders inside the Double Bottom.—Generally
the transverse floors are intercostal, but the inner and outer shell plating
form continuous flanges and sometimes the outer frame angle is con-
tinuous ; the inner or reversed frames are usually intercostal and serve
merely to connect the web to the inner flange. Several varieties of
floors exist, described in SECTION 50. In bracket floors (fig. 129) the
web is entirely broken between the brackets, wherefore these frames do
not possess any girder strength whatever. In solid plate floors lightened
by holes (fig. 128) the web strength depends on the riveted connection
between the floors of adjacent panels. When the floor plates are flanged
in opposite directions and connected to the longitudinals by openly
spaced rivets, the resistance to shearing and hence the strength of the
frame as a girder must be small ; but when the floors are connected to
the longitudinals by angle bars turned the same way and riveted directly
to each other through the longitudinals, a greater measure of strength
is obtained. Watertight and especially oiltight floors, connected to the
longitudinals by double angles with closely spaced rivets, possess a
girder strength which probably approaches that of a continuous frame
(fig. 130). To the author’s knowledge no experiments have been made
to determine the relative strength of the different types of floors.

2. Intercostal Girders outside the Double Bottom.—Such girders
occur as hold stringers and as girders under the decks. They are as a

Deck BEAM—\ Sect. AA
W
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F16. 34.—Girder under Deck Beams with Intercostal Plate.

rule semi-intercostal. Fig. 34 shows a typical girder of this kind. The
web is here continuous below the beams, where two continuous angles,
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connected by lugs to the beams, form the lower flange of the girder,
Experiments * have shown that the strength of girders constructed in this
way is about the same as that of continuous girders. In fact, the
strength can be estimated with practical certainty by the ordinary formula
for bending, including in the moment of inertia the entire sectional area
of the intercostal parts and making deduction for the rivet holes only.
Failure will not occur till the calculated stress, determined in this way,
reaches the ultimate stress of the material.

On the other hand, if the web is entirely intercostal, consisting of
separate plates in short lengths inserted between the beams, there is an
appreciable falling off in strength, and a much greater loss in strength
takes place when the web plates are entirely omitted. Where inter-
costal girders are required to distribute the load over larger areas, they
should, therefore, be provided with a partly continuous web. Purely
intercostal girders should be used only where their functions are strictly
local, viz. to distribute the load to
the nearest continuous girders and
to prevent their tripping. 2

3. Intersecting Girders.—Sup-
pose two intersecting girders to be R L g B
constructed in such a way that both
of them preserve a certain continuity
at the point of intersection and de- =
flect together at this point. Consider Frc. 35
first the simple case of the girders
(1) and (2) on fig. 35 intersecting in the middle O each loaded with
a uniform but different load and supported only at the ends.

The deflection at O is given by the general formula

C

fwlt

¢ = 5y

where £ is a factor which depends on the way in which the girders are
supported at the ends. When a girder is freely resting on the supports
ko= 5 and when it is fixed at the ends # = ——
1384 384
In order that the two girders shall deflect as if they were independent
of each other, we must have : '

k. d4 ottt byt
llil = 212“ " 3 4 . (48)

* J. Bruhn, /nst. Nav. Arck., 1905, pp. 133-136 and pl. xxxvii,
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which, for the same mode of support and loading, gives

Il 114

L, 1F . . ‘ : (49)
This shows the rapid rate of increase in moment of inertia with an
increase in length of a girder if this condition is to be fulfilled.

If equation (48) is not satisfied, the relatively stronger girder will
have to support the weaker by carrying part of its load. Let (1) be the
stronger girder, then it has to carry: W,+ W, while (2) has to carry :
W,—W, where W, = w,/,, W, = w,/,, and W, is the reaction
between the girders acting as a concentrated load at the middle. W,
can be found by equating the expressions for the deflection.

Where one deep girder is intersected by a number of very light
closely spaced girders, as for instance in a bulkhead with one heavy
horizontal girder and a number of light vertical stiffeners, an approximate
solution can be found, but so many assumptions are involved that the

result will hardly be of any practical value.

18. WORKING STRESSES.

Where the girders are of simple construction and the load is definitely
known, the calculated stresses can be used directly and independently as a
measure of strength. As examples of such cases may be mentioned deck
beams in ammunition rooms and girders fitted under the decks for the sup-
port of machinery and other known weights. From the experiments on
intercostal girders, referred to above, it appears in fact that in all girders
of fairly rational construction under known conditions of loading, the calcu-
lated stresses can be used directly in connection with a factor of safety.

When all static and dynamic forces are taken into account, a factor
of safety of 4 may generally be used. This gives a working stress in
bending of about 16,000 lb. per sq. in. or 7 ts. per sq. in. for ordinary
mild steel. For the rivets the shearing stress will be about 12,500 Ib.
per sq. in. or 5} ts. per sq. in. This is in good accordance with the
practice of Structural Engineers in steel railway bridges. - Allowing for
dead and live load, dynamic actions, and forces incidental to the special
conditions, the working stresses in such structures are as follows : *

Axial tension on net section 16,000 lb. per sq. in.

Bending stress . . : . ; £ © 16,0007 1, o
Shearing stress on rivets . . o D2,000 hy 55
Shearing stress on the webs of plate girder

(gross section) . ; . g S LG, 0E08 N, "

* Am. Railw. Eng. Ass., General Specifications, 1910,
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CHAPTER V.

STRENGTH OF A RECTANGUEAR PLATE
UNDER FLUID PRESSURE,

19. Determination of the Stresses:—i1. Specification of the Problem.—2. Influence on Strength
of the Ratio between the Sides.

20. Experimental Solution of the Problem.

19. DETERMINATION OF THE STRESSES,

1. Specification of the Problem.—The plating of a ship is on the
whole flat and is usually supported by a network of equidistant frames or
stiffeners running at right angles to each other. The pressures vary but
little within each of the areas enclosed between the stiffeners. We shall
therefore limit the discussion to plane rectangular plates fixed at the
edges and subject to a uniform fluid pressure. The complete determina-
tion of stresses and deformations even in this simple case is a difficult
problem of which, so far, no satisfactory theoretical solution has been
found. It is, however, for practical purposes unnecessary to know the
stresses and strains at every point of the plate. It is of some interest to
know the maximum stress and the point where it occurs, but even these
facts are not necessarily required for determining the thickness of the
plating, nor are they in all cases sufficient for this purpose. The informa-
tion which the designer must possess is in fact less specific. In one class
of cases, where conditions are such that the plate must not be overstrained
at any point, it is merely required to know the head at which the elastic
limit is reached. In another class of cases where a moderate permanent
set can be accepted, it is required to_know the head at which the permanent
set has acquired a certain magnitude or at which it begins to increase
rapidly. It is also sometimes of interest to know the maximum head
which the plate will stand without rupture.

These heads can be determined experimentally for all cases occurring
in practice, but at present the experimental material is so limited that it
is impossible to give a complete and general solution. The following dis-
cussion must be regarded chiefly as an attempt at indicating the direction
in which a solution may be found. ;
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V. 19 STRUCTURAL DESIGN OF WARSHIPS.

The determinative elements of the problem are /% the head of water,
s ¢ 2
po= the ratio between the length of the short side of the rectangle

and the thickness of the plate, and #» the ratio between the long and
the short side.

2. Influence on Strength of the Ratio between the Sides.—
Suppose the rectangular plate abed (fig. 36) to be made up of a number
of elemental transverse strips of which AA is the middle one. If the

rectangle is of very great

LI, ur T length relative to its
1 breadth, the strip AA
M will not receive any sup-

= port, directly or indirectly,
from the end boundaries,

but will have to carry the

S__ __ entire load of the pressure
T on its surface unassisted
by adjacent material.

] Since the plate is fixed
s at the edges, the strip will
behave as a beam fixed

‘ at the ends, and since it
cannot slip, it must be

‘l subject to a certain ten-

T
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=]
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sion. Hence the maxi-
d mum stress in the strip
will be tensile and must
occur at the ends on the
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Fic. 36.

pressure side, and here a permanent set must first appear. If we now
imagine the short edges to be brought nearer together, a point will be
reached where they come to carry an appreciable part of the load, while
at the same time the load on the long edges and the stresses at these
edges will be to some extent relieved. It appears that the central strip
must obtain the least relief in this way and that, therefore, the absolute
maximum stress in the plate must be at the points AA, the middle
of the long sides. Another maximum will be found on the short edges
probably somewhere between the middle point B and the corner, but
this maximum must always be smaller than that at the points A until
the rectangle becomes a square, when the stress will be the same at
A and B.

The ‘late Marine-Sclhiffbaumeister Pietzker of the German Navy
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proposed to determine the stress at the points A by means of the
ordinary formula for elastic bending, applying a factor to allow for the
relief which the strip AA obtains from the short boundaries.® His
formula gives

£y o= $Kapr . . . . (50)

where = is the load per unit area of the strip and K, is a factor
which depends on 7. Pietzker gave a curve for K, reproduced on
Pl 1V., based chiefly on experiments carried out by the German Navy
Department and by Professor C. Bach. This curve must, however, be con-
sidered only as provisional ; in fact, it does not correspond entirely with
Bach’s experiments, which give somewhat smaller values for K, .
According to the curve, K, varies from ‘64 for » = 1, Ze for a
square, to unity for » = 3. When the ratio is greater than 3 the
influence of the short sides on the stress at A is negligible.

20. EXPERIMENTAL SOLUTION OF THE PROBLEM.

It is here proposed to base the determination of the thickness, not on
calculated stresses, but on observed deflections, or, in other words, to pass
directly from the results of experiments and tests to the design of the
scantlings. The only published accurate experiments available for this
purpose are those of Bach,t but we are able to supplement them with
several practical bulkhead tests carried out with great care in ships of the
United States Navy.

Bach’s experiments were four in number and comprised two square
plates : 1., 800 mm. x 800 mm. x 84 mm., and II., 800 mm. x 800 mm. x
16'8 mm., and two rectangular plates: III., 800 mm. x 400 mm. x
86 mm., and IV., 800 mm. x 400 mm. x 16'5 mm. The head was
increased in stages from zero to the maximum, which for one of the
plates reached about 1100 feet. The total deflection as well as the
permanent set were measured for each stage at a great number of
points on the plates, and the stresses were calculated for the head at
which the elastic limit was reached, as determined by the deflection at
the center.

The distribution of the stresses along the edges of plate I'V., shown
in fig. 37, is seen to exhibit the characteristics which, according to the
foregoing discussion, might be expected. The absolute maximum is

* Festigheit der Schiffe, Berlin, 1911, p. 45.

1 “Versuche iiber die Forminderung und die Wiederstandsfahigkeit ebener Wandungen,” Ver.
Deutsch. Ing., 1908, pp. 1781, 1876, from which the diagrams figs. 37 and 38 are reproduced with
kind permission of Professor Bach.
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found at the middle of the long edges and a secondary maximum is found
near the corners on the short edges. The stresses in plate III. do not,
indeed, conform to this mode of distribution, but probably the behavior
of this thin plate was strongly influenced by the edge fastenings, On
the whole, the edge fastenings in Bach’s experiments did not give con-
ditions exactly similar to those that obtain in the plating ofa ship, where
complete fixity may be assumed to exist along the lines of support.

Fig. 38 gives the curves of total deflection and permanent set for
plate 1I., measured at the center. The deflection is strictly proportional
to the pressure up to a head of 79 feet. At this point the elastic limit

DEFLECTION IN INCHES

W

St 79 68 60
‘l\::' HEAD IN FEET OF ﬁﬂ_ﬂ WATER
Fi1G. 37.—Maximum Stresses at the Edges and Center F16. 38.—Curves of Deflection,
of Rectangular Plate IV. (Bach). Plate II. (Bach).

is reached somewhere in the plate, for then a permanent set begins to
appear, increasing slowly until it amounts to about 18 per cent. of the
total deflection, at a head of 264 feet. After that the permanent set
increases rapidly and both curves rise steeply, approximating to straight
lines. The vertical intercepts between the two curves represent the elastic
deflection, which is fairly constant, and which, at extreme pressures,
forms but a small fraction of the total deflection. The maximum head
was 660 feet, at which the plate was still unbroken and did not even
show any crack. The other plates exhibited similar characteristics.
There are seen to be three stages in the behavior of the plate. The
first stage is one of pure elastic strain. The second is characterised by a
local breakdown of the elastic strength, beginning probably at the middle
of the long edges and spreading gradually to other parts of the plates.
The point of transition between the second and third stages is sharply
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marked for plate I1., as also for plate IV., but for the thinner plates I. and
II. it is less pronounced. At this point the permanent set is about one-
fifth of the total deflection and the tension is already an appreciable
fraction of the total stress. Since the deflection is still small, the tension
does not, however, carry much of the load, which is transmitted to the
edges essentially by shearing. During the third stage the elastic deflection
remains practically constant, whence it appears that also the tension
must be constant ; but since the deflection, and therefore the inclination
at the edges, goes on increasing rapidly, the tension is enabled to carry a
greater and greater part of the load. At the maximum head, the
plate has a vaulted shape and the total load is carried chiefly in virtue
of the tension. The plate is in this condition capable of supporting an
enormous pressure-load, many times greater than at the point where
the elastic limit is reached, a feature which is most pronounced for thin
plates, and when u is large. This fact is of great interest and may
be used to advantage under certain circumstances, as explained in
SECTION 0.

The following table gives the principal facts of Bach’s experiments :—

TasLe IX.—BacH’s EXPERIMENTS : SUMMARY OF RESULTS.

| Ratio Ratio ‘
Weieht ‘ of . Wy between | Total
r‘;j]g Length Long | Head in | Head | Head in | Ratio Perm. |Total De-| Deflec-
Pl P altl- of Short S to feet at | in feet | feetat | between | Set and |flection in| tion at
ate. (g m b | giqen | # = 4 | Short|EL Limit.| at Max. | Headat| Total [inchesat| C, per
pe; SEY inches. Side. Pressure. Defl. at cent. of
b B in per
s 7 A. B. (] Cand A. | cent. (6} G
I | 35| 31°50| 95'2 | 1 | 200 | 66| 792 | 400 | 206 | 2°2 i
IL. | 270 | 31°50| 47°6 | 1 | 790 | 264 | 660 | 83 | 183 | 13 | 40
ITL 138 | T575|.46% [ 2 | 52:8 | 158 | 924 | 17°5 [ 21'7 | 1°I 70
IV || 265 (L1575 (S 2aizill 2 [Tg8to | Bo4 | T122 ( t7 | 2018 oif 38

Since the behavior of the plate at different heads depends only on
wn and 7 it is possible to standardise the results by referring them to a
certain value of 7. We shall here take » = o as the value of reference ;
in other words, we take the rectangular plate in which one side is of
infinite length as the standard. In order to use this method we must
know the factor for any given value of » with which the actual head
must be multiplied to obtain that head which in a rectangle of infinite or
very great length would produce essentially the same degree of elastic
and plastic deflection. Within and up to the elastic limit this factor
must be practically the same as that referred to above as K, and given on
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a separate diagram on Plate I'V., but we shall here apply K, not only to
the head at the elastic limit, which point will be denoted by A as in
fig. 38 but also, in the absence of experiments, to the head at the second
point of breakdown B where the permanent set is about one-fifth of the
total deflection and where it begins to increase rapidly. We are thus able
to draw standardised curves, respectively A and B on Plate IV., con-
necting K,z and u for these characteristic points.

Curve A is drawn through the four points obtained from Bach’s
experiments, after having multiplied the actual heads by K, the values
of which are ‘64 for the quadratic plates and ‘96 for the rectangular plates.
It will be seen that, practically, the points for plates 1I. and III. coincide,
as they should do, provided the values for K, are correct, since u is
nearly the same for both plates. The curve for K, isthus corroborated
for that point.

In order to compare the experimental results with practice, a number
of spots are plotted representing the outside plating in warships of different
types provided with double bottom. In computing the value of g,
¢ was taken equal to the standard or ordinary thickness of the plating
under the bottom amidships between the keel strake and the turn of the
bilges. Thespan s was the frame spacing minus the width of the flange
of the frame angle. The head /% was the draft of the ship in normal
condition, and K, was found from the diagram on Plate 1V. corresponding
to the given distribution of floors and longitudinals in the respective ships.
It will be seen that most of the spots fall very near the curve A show-
ing that as a rule the outside plating is probably not strained beyond the
elastic limit when the ship is at rest in still water. In the fully loaded
condition and in a seaway it is likely that the elastic limit will be passed
occasionally in most vessels, but probably the strain will be local,
occurring only at the middle of the long sides of the rectangular fields of
plating, and the permanent set will ordinarily be so small as to be of no
practical importance.

Curve B is likewise based primarily on Bach’s experiments and is
obtained by first plotting the four points corresponding to the condition
where the permanent set is about twenty per cent. of the total deflection.
The curve is traced through point I1I. instead of between points I1. and
III. on account of the uncertainty in the value of K, and because point
I11. cannot be moved much to the right without K, exceeding unity.
The direction of the curve is such as to pass through point IV., which
falls outside the diagram. A few spots plotted for the shell plating of
submarine boats corresponding to the test pressures are seen to fall
very close to the curve, but the deflection at these pressures is unknown.
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SCALE FOR RATIO BETWEEN BREADTH AND THICKNESS OF PLATE
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EXPERIMENTAL SOLUTION OF THE PROBLEM. V. 20.

It would probably not be difficult to obtain reliable spots for submarine
boats corresponding to the head where the permanent set is about twenty
per cent. of the total deflection. The upper part of the curve is obtained
by plotting the results of a number of tests of bulkheads and one test
on a platform deck, all carried out in ships of the United States Navy.
The spots correspond to the maximum test head, and the permanent set
was about fifteen per cent. of the total deflection. The measurements of
the deflections were made with great care.

On the whole, spots that are in accordance with good practice corre-
spond fairly well with the respective curves, although the head involves
the somewhat uncertain value of K, . The curves require of course to
be further verified by experiments and eventually modified, but such as
they are, they may be used with discretion for determining the thickness
of the plating or the spacing of frames and stiffeners in various parts of
a ship. Curve A may be used for the outside plating of ordinary ships
with double bottom and, as explained in later chapters, it may also be
used for the bulkheads of deep water tanks and for the inner bottom
plating in feed-water and oil tanks. The lower part of curve B may
be used for the shell plating of submarine boats, the upper part for the
plating of ordinary watertight bulkheads, platform decks, and the inner
bottom plating in way of ballast tanks in the double bottom, in fact in
all cases where a moderate permanent set can be tolerated.

In ships without a double bottom, and in particular in torpedo-vessels,
the thickness of the plating is determined by actions other than the
pressures of the water. Spots for such vessels plotted on PL IV. will
generally fall well below the curve A, showing that the thickness is much
greater than required for carrying the water pressures.

We shall illustrate the application of the curves by two examples :

(1) A battleship is to have a draught of 28 ft., a transverse frame
spacing of 8 ft. and a spacing of longitudinals of 4 ft. (SECTION 48).
The shell flange of the outer frame angles is 34 in. wide. Determine the
thickness of the outside plating.

We have » = 2, whence from Plate IV. K, = '96 and K,%
= 96x 28 = 269 ft. Corresponding to this value of K,z curve A
gives u = 65,andsince s = 48—3'5 = 44°5in., we find the thickness
of the plating

44°5

t = th'n
e or about — in.

(2) In a light cruiser the mean draught is 15°5 ft., the standard
thickness of the bottom plating is ‘40 in. or about 16 1b. per sq. ft., and
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the spacing of the longitudinals within the double bottom is about half
as great as the spacing of the transverse frames (SECTiON 48). The
outer flange of the frame angle is 3 in. Determine the greatest per-
missible value of the spacing of the longitudinals.

We find K, = 96 and K,z = 149 ft., corresponding to which
curve A gives w = B89+ [lence § = 4089 =356 intvand the
maximum spacing of the longitudinals is about 39 in. The same
numerical result would, of course, be obtained if the frame spacing

were reversed.
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STRENGTH OF COLUMNS AND PLATING
UNDER COMPRESSION.

21, Columns :—1t. Ship Columns in General.—2, Causes of Secondary Stresses.—3. Moncriefi’s
Formula.—4. Column Curves.—s5. Construction of Columns.—6. Factors of Safety.—7. Com-
pression Members in Railway Bridges.—8. Examples.

22. - Platinig under Compression :—1. Simple Compression,—2. Compression due to Shearing.

21, COLUNNS,

1. Ship Columns in General.—In warships columns occur chiefly
as hollow or solid ‘¢ pillars” or ¢ stanchions,” * placed as supports under
the beams. The problem of column design is in ship censtruction less
definite than in civil engineering, where the conditions under which com-
pression members work can be more accurately determined. The magni-
tude of the load, statical and dynamical, which stanchions in a ship have
to carry, is'generally very difficult to estimate, and the structural members
to which the stanchions are attached are subject to angular deflections and
unsymmetrical loading which will cause unknown secondary stresses in the
stanchions. '

Cases are found, however, where a fair estimate can be made of the
load, as when stanchions are fitted under barbettes, conning-towers,
boats, or other heavy concentrated weights. Also the load on stanchions
placed between the keel and the central passage admits of at least a com-
parative estimate. Secondary stresses can indeed be practically avoided
by using pin-ended stanchions, but ship-stanchions are nearly always
fixed at the ends, being riveted to the hull structure. This method is
preferred, probably because it is simpler and cheaper and because it
gives, at least apparently, a greater solidity. It may not, however,
always be the best, and there are some cases where, as explained below,
pin-ended stanchions should unquestionably be used.

Columns may break down in two distinctly different ways, by in-
stability or by a gradually increasing strain. In both cases the break-
down is ultimately due to bending, but there is the difference that in

* The terms ““pillar” and ‘‘ stanchion ” are here used synonymously.
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the condition of instability, when the load reaches a certain magnitude,
the smallest deviation from ideal central loading will cause instant and
complete collapse, even although the stress is at that time everywhere
within the elastic limit, whereas by the latter mode the column at
moderate, eccentric loads bends over to a certain position of stable
equilibrium, and as the load is increased it gradually deflects more and
more until the stress at some point passes the elastic limit, when break-
down will take place.

The load at which breakdown by instability occurs is found by
Euler’s formula, which will be given and discussed in SECTION 22. It
applies with great accuracy to long and slender columns, and will be used
here in all cases where the ‘‘length-ratio,” ze. the ratio between length

. . 4. !
and radius of gyration of the column > 1s greater than 175. For solid

stanchions of circular section this corresponds to a ratio, length to

~

. / A
diameter - of about 45. For moderate and smaller values of these

a
ratios, such as occur in the stanchions of warships, columns will generally
break down by simple bending before the point of instability is reached,
depending always on the deviation from the ideal conditions. The
formula to be used for stanchions in warships must therefore be one for
bending under certain assumed conditions of eccentric loading.

2. Causes of Secondary Stresses.—LEven with the most careful
construction of a column and the most minute precautions in fitting it,
the load will never be absolutely central. A small initial curvature will
exist in the axis, a small eccentricity is unavoidable in the application of
the load, and, even in a pin-ended column, a bending moment may be
transmitted to it through the friction of the pins. In other words,
conditions are never ideal in practice, and any formula, which is to
determine the breaking-down point in bending, must take account of this
fact. We shall here consider such small and unavoidable deviations
from the ideal conditions as quite distinct from the gross deviations
which often occur in practice and which, although not always subject to
an exact estimate, are known or suspected to exist, and we shall speak
of a column, which is not known to be eccentrically loaded and where
everything is done to avoid secondary stresses, as ‘‘centrally loaded.”
The more serious causes of secondary stresses require to be discussed
separately, in their pure form (figs. 39, 40, and 41).

(1) A column supports a beam resting freely on its top, loaded by two
unequal weights P; and P, placed at such distances from the column
that the beam is in equilibrium. Evidently the shearing forces P; and
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P, acting on the beam on each side at the top of the column, will be
unequal, and hence the load P = P, +P, will be eccentrically applied.
(2) A column supports a beam which is rigidly connected to it and

Fic. 39. Fic. 40. FiG. 41.

acted upon by two equal and opposite forces P . In this case the pillar
is not loaded vertically at all, but will be subject to the action of a pure
couple M.

(3) A force P directed obliquely at an angle 6 to the axis, is applied
at the center of the top of a column. Resolving the force into a vertical
and a horizontal component, we obtain a central
axial force Pcosf which produces simple compression — pese] 1 /
in the column, and a transverse force Psinf which ; :
produces a bending moment increasing from the
top downwards.

All these actions may coexist in a ship-stanchion
fixed at the ends. The beam supported by the ‘
stanchion may be unsymmetrically loaded, causing ;
an eccentric force parallel with the axis, it may [
be subject to angular deflection producing a pure '
bending moment in the stanchion, and when the [
ship is in an inclined position or when the structure o
suffers distortion for some reason, the load may be Al [
obliquely applied. @ Whatever the cause of these
actions they may be represented by a single re-
sultant force P acting on the top of the stanchion
at a certain distance ¢ from its center, and directed at an angle 6
with its axis. Resolve P into its vertical and horizontal components,
Pcos@ and Psinf and imagine two equal and opposite forces Pcosf
to be acting at A the upper end of the axis. It is then seen that
the force P is equivalent to a central load Pcosf a couple Pecos
and a transverse force Psinf acting at A .

It is clear that a stanchion is ill adapted to resist a transverse force
such as Psinf which will cause it to deflect sideways as indicated
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in fig. 43, and a highly undesirable state of loading will come to exist,
consisting in a combination of a bending moment and eccentric loading.
In a warship, however, the stiffness of the hull is ordinarily so great that
the distortion of the structure is arrested before the deflection of the
stanchion becomes appreciable. * In general, therefore, the transverse
forces may be neglected, but cases occur where
they must be considered and provided against
by diagonal bracing or otherwise, as when
stanchions are fitted under skid beams for sup-
porting the boats.

Consider next the couple Pecosf which is
transmitted to the stanchion through its head.
If the stanchion is rigidly fixed at the lower
end B the couple will there be resisted by
another couple of exactly equal magnitude and
of opposite sign, which may be represented
by two forces Pcosfl one acting downwards
at B the other acting upwards at a distance
e from B. Since an upwards directed force
Pcos@, the reaction of the central load, already acts at B the downwards
force due to the couple will be neutralised. Thus we are finally left with
two free forces, of magnitude Pcosf, one at the top and one at the
bottom, acting in opposite directions along the same vertical line at a
distance e from the axis of the stanchion, and these two
forces, together with the lateral force Psinf are the re-
sultants of all the forces that act on the stanchion. In
other words, neglecting the lateral force, we have the pure
case of an eccentric load producing throughout the stanchion
an axial compression and a uniform bending moment. If
the stanchion is hinged at the lower end, the reaction due
to the couple will here take the form of a horizontal force
F as shown in fig. 44, since no couple can exist at B
other than the small one due to pin friction. This force
must fulfil the condition: F/ = Pecosf and the result will be a bend-
ing moment increasing from B to A . If the stanchion is ‘“fixed” at
the lower end but the structure to which it is attached is of a yielding
nature, while still offering some resistance, the result will be intermediate
between that for rigid attachment and pin-end. Both a couple and a
horizontal reaction will then act at B producing a combined uniform and
increasing bending moment in the stanchion.

In ship construction pillars are either fixed at both ends or hinged at
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both ends, and we need only consider the horizontal reaction F when
the ends are fixed and when the structure is at the same time very yield-
ing, but in warships the stiffness of the structure is generally so great
relative to that of the stanchions that F can be neglected. e are,
thervefore, justified in disvegarding all forces normal to the stanchions and
need only consider central or eccentric loading, parallel with the axis.*

Where there is known to be a considerable eccentricity of loading it is best
to use pin-ended columns in order to avoid secondary stresses. Such may be
the case in submarine boats when stanchions are fitted on the sides as shown
in fig. 23, and as further explained in the example at the end of this Section.

3. Moncrieff’s Formula.—Consider first the ¢‘centrally loaded”
column. We have seen that a formula for calculating the ultimate load
on a centrally loaded column should make allowance for the unavoidable
small deviations from ideal conditions which always exist in practice.
Such allowance must necessarily be of an empirical nature, but should be
based on experiments and experience. The formula should otherwise
rest on a rational basis and should conform to all the recorded reliable
experiments, The formula proposed by Mr J. M. Moncriefft fulfils
these conditions. It is based on more than two thousand tests made by
. various experimenters, including practically all reliable tests up to the
year 1900, and is corroborated by the results of later tests. Moncrieff
adjusted the amount of assumed eccentricity so that the formula came to
correspond with the lower limit of the probable ultimate strength of the
columns as determined by the experiments. If, for columns of a certain
material, a curve is constructed from the formula on the length-ratio as
absciss® and the unit load as ordinates, it will fall just below all the
spots which represent the points of failure in the experiments. Hence,
irrespective of the way in which the formula is derived, it represents as
a matter of fact the results of the experiments. Fig. 45 gives one of
Moncrieff’s diagrams, illustrating his method.

We shall not here go through the complete development of the
formula, but only indicate the principal steps and assumptions. The
formula is derived from the fundamental equation

_ P P(e+Ay
Jo= Rt T
or fe = p<1+(————et2A)y>

* This question has been here dealt with rather fully, because it has been recently the subject of
much controversy. See various articles in /uternational Marine Engineering during the years
1910, 1911, 1913, 1914, by Mr R. Earle Anderson and Mr A, J. Murray.

1 ¢“The Practical Column,” 4m. Soc, Civ. Eng., 1901, vol. xlv.
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\
y where 7. is the ultimate compressive stress of the material, which for
' steel, wrought iron, and compositions may be taken equal to the ultimate
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i ! tensile stress. For the various kinds of wood, the ultimate compressive
stress is given in Table V. The quantity e is the eccentricity, com-
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prising the actual eccentricity of the load as well as that due to the
initial curvature of the column. p is the average or unit load, and with
the value assigned to ¢ by Moncrieff it becomes the lowest unit load at
which the column according to the experiments is likely to fail. A is
the deflection at the middle of the column.

Moncrieff now assumed that the curve of deflection is a parabola,
whence, for a column with rounded ends,

. pel
A SE—5pl2

The value of E the modulus of elasticity, to be used in this
formula for different materials, is given in Table IV, Substituting this

value of A in the expression for /. and solving for ;{ we obtain

48E<f~;— I —%}

N ATV C)

Based on the experimental results, Moncrieff assigned to the term
¢y

2 the value ‘6 which for a solid cylindrical column corresponds to an

eccentricity of ‘37 and he thus obtained the formula

N 7 ) S
r = A - 8%) | |

From this formula the Column Tables issued by the Bureau of Construction
and Repair of the United States Navy are calculated.* It holds good
whenever columns fail by excessive compressive stress, which alone need
to be considered in ship-stanchions where the materials are wrought iron
or steel, and where flat-ended columns are not used. In cast-iron and
flat-ended columns failure by tensile stress may occur, and certain changes
of sign must be made in the formula.

When columns are loaded eccentrically and the eccentricity e is known,
it may be taken into account by adding ¢ to the unavoidable eccentricity

* These Tables were prepared by Mr R. Earle Anderson, who compared Moncrieff’s formula
with later tests and proposed a change in his method of applying the factor of safety. A full exposi-
tion of Mr Anderson’s work in this connection is found in an essay entitled, ‘‘ Column Tables
for Ship Work,” which he contributed to Znternational Marine Engineering, 1910, pp. 409, 514,
and 1911, p. 25.
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¢ in the foregoing formulas. Giving to the term e_;; the value ‘6 as
7

before, we obtain the equation for eccentric loading

r '9.6E[/;—p<1~6+{-§>] 5

4. Column Curves.—Based on formula (51) for the centrally loaded
column with rounded ends, the curves in figs. 46 and 47 are prepared.*
The curves can be used for columns fixed at both ends by simply entering

; / : / s
with > 28 argument instead of = Where it is suspected that true

. : : : ! /
fixity of the ends is not attained, a value intermediate between 3 and —

should be used. ’
By means of these curves we avoid altogether the cumbersome formula

and place the problem on the same plane as by using the simple so-called
““straight-line ” formulas adopted by Civil Engineers.

As apparent from the curves, columns with a small length-ratio if of
high-tensile steel will carry a much greater load than such columns of
mild steel, while long and slender columns will carry about the same
load whatever be the quality of the steel. This is because the dominat-

L VA .. oy

ing factor at small values of S s J—really the limit of elasticity—
which is much higher in the harder grades of steel, while the
dominating factor at great values of ; is the modulus of elasticity,

which is practically the same in all kinds of steel. This was borne out
by some experiments undertaken by Commander Y. Hiraga of the
Japanese Navy,T who found that for ratios of fz from 12 to 26, columns
of high-tensile and nickel steel were nearly 40 per cent. stronger than
mild steel, but this advantage decreased with the length of the column,
and for very long columns all three materials exhibited practically the
same resistance to collapse.

~ The curves in fig. 46, as well as the following recommendations concerning the construction
of columns, are given in Mr Anderson’s essay, referred to above, Fig. 46 has been reproduced from
International Marine Engineering, 1911, p. 27, by kind permission of the Aldrich Publishing
Company.
+ Jap, Soc. Nav, Arch., 1913,
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For columns of non-uniform cross-section fixed at the ends the area
and radius of gyration should be computed from the smallest cross-
section., Where pin connection is used and, in general, where the plane
of failure can be predicted from the construction of the end attachments,
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H
the radius of gyration to be used as argument is that corresponding to
the probable plane of failure, provided it is not greater than twice the
least radius of gyration of the cross-section, in which case the latter
should be used.

5. Construction of Columns.—Fixed-ended columns should be of
uniform cross-section throughout. Pin-ended columns may be tapered
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towards the ends. In columns or other compression members, built up
of plates and angles, the thickness of each part should be at least one-
thirtieth of the distance between its connections to supporting parts. In
the case of outstanding parts the thickness should be at least one-tenth
of the outstanding breadth. In tubular columns the thickness of the
wall should not be less than one-thirtieth of the diameter. These rules
for the thickness have for object to prevent wrinkling and buckling ; they
are clearly defined by the sketches on fig. 48.

o~ =0 —1 L t“'l ;
¥ 5
t
< A4 <
F1a. 48.

6. Factors of Safety.—Moncrieff’s formula, used with the value of
assumed eccentricity proposed above for ‘‘central” loading, gives the
smallest load for which a column, according to all recorded reliable
experiments, is liable to fail. It differs in this respect radically from
other formulas which conform to the average and not to the lowest results
of the experiments. This must be borne in mind in selecting the factor
of safety, for evidently it is permissible here to use a smaller factor than
usual. The load determined by Moncrieff’s formula is probably very
near that at which the elastic limit is reached at some point in a column
and it seems therefore reasonable to reduce the factor of safety in about
the same proportion as the ratio between the ultimate strength and the
elastic limit. Instead of using, for instance, a factor of safety of four,
as would ordinarily be employed where the load, including both static
and dynamic forces, can be estimated with reasonable certainty, it is here
recommended to use a factor of from two to three, varying in accordance
with the nature of the material. Where the load cannot be accurately
determined, a greater factor of safety should be used. Wherever a
direct comparison can be made with another column, placed under similar
conditions in a completed vessel, it should be used to determine the factor
of safety.

The factor of safety is in practically all problems in engineering
applied to the stress, but in most cases this is tantamount to applying it
to the bending moment or the load. For instance, in the ordinary formula
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for elastic bending the result will be the same whether we apply the
factor of safety to the bending moment or to the stress. Moncrieff’s
formula may be regarded as simply expressing the result of a great
number of experiments, and any attempt at determining or adjusting the
stresses in a column is futile. It seems best and simplest, therefore, to
apply the factor of safety directly to p the unit load on the column.*

7. Compression Members in Railway Bridges.t—It is of interest
to compare the rules here given with the practice of Civil Engineers. In
the construction of railway bridges American railway engineers allow an
axial compression on the gross section of columns, determined by the
formula

= (16000—7&1 1b i 3

w. = 7') . per sq. in, . s . (53)

This is a ‘‘straight-line ” formula, and g, is the working stress or
unit load, which is not to exceed 14,000 lb. per sq. in. It will be seen
that here also the factor of safety is applied to the unit load and not to
a stress involved in an elaborate formula. Comparing the values of
p. obtained from this formula with those determined by the Column

o ' . / ;
Curves, it is found that, for ratios of 3 between 30 and 150, g, gives

a factor of safety of from 2% to 2, which is in good accordance with the
rule given above.

The length of main compression members in railway bridges is not
~allowed to exceed one hundred times their least radius of gyration

Z s Z : .
<—<IOO> and at this limiting value of - the compressive working
v i

stress is not allowed to exceed 9ooo lb. per sq. in. Since the Column
Curves give a unit load of about 19,500 Ib. per sq. in. for this length-
ratio for ordinary structural steel, the factor of safety, according to
Moncrieffs formula, would in this case be 22, which, again, conforms to
the rule here proposed.

8. Examples.—ZExample 1.—Determine the factor of safety in an
8-in. pipe stanchion under the central passage in a 22,000-tons

battleship.
External diameter of stanchion 8% in., thickness 4 in. Radius of
gyration, » = 2°'88 in. Length 17 ft. 7 in. = 211 in. Regarding the

stanchion as fixed at the ends, the length-ratio to be used for the Column

* The mode of selecting and of applying the factor of safety here recommended is in accord-
ance with the practice of the Bureau of Construction and Repair of the United States Navy. See
Mr E. Anderson’s essay in /nt, Mar, Eng., 1910, pp. 516-517.

't Am. Railw., Eng. Ass.
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’ / ; . :
Curves is = 36'6. From the curves the ultimate unit load with

Jf. = 60,000 lb. per sq. in. is p = 34,500 Ib* per sq. in. Sectional
area of stanchion, A = 1276 sq. in. Hence the smallest total load at
which the stanchion is likely to break down is

1276 x 34500

e = 1965 tons

R

Let us assume that when the ship is in dock, one-quarter of the total
weight of the ship is distributed uniformly on the central keel, and that
the length of support of the blocks is 416 ft. There is a stanchion on
every frame, z.e. for every four feet, whence the load on each stanchion

will be
22000 x 4

B EE e G X
P = %o §2°g ts,
196°5 .
and the factor of safety SW = 3%

This factor, of course, is of value chiefly as a means of comparison with
other similar cases.

Example 2.—To examine the strength of the pillars in a submarine
boat. '

In the example worked out in SECTION 13 for the strength of a frame
section of a submarine boat supported by two pillars, one on each side,
the load on each pillar was found, Y = 1550 ts. Length of pillar,

if fixed at the ends, / = 8 ft. 14 in. = g7°5 in. Extreme diameter
g in,, thickness § in. Radius of gyration, » = 1'64 in. Sectional
area, A = 5’45 sq. in. fo = 60,009 Ib. per sq. in. = 268 ts. per
sq. in.

(1) Suppose first that the pillar is fixed at the ends and loaded

; / A
centrally, then, corresponding to =y 297, the Column Curves give

35500 lb. per sq. in.
15'8 ts. per sq. in.

?

whence
545 x15°8 = 56

15°5

(2) Actually the load is applied eccentrically, since the vertical
shearing force to the left of the pillar is 30x 536 = 16°08 ts. acting
inwards, while the shearing force immediately to the right of the pillar
is 16:08—15'50 = °'58 ts. acting outwards. We shall assume that

‘ ]

Factor of safety =
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the resultant of these actions is a compressive force 15°50 ts. acting on

the pillar at each end at a distance from the center, ¢ = 2°32 in.
Hence Z€=w=“'6
< 72 (1:64)2 2k
Let E = 13,500 ts. sq. in., and substitute in the formula (52) for

eccentric loading,
96 x 13500268 — (1 6+ 2°16)]

(297 = /)[26-8 +p<2'TI6_ '88)]

which gives the quadratic equation

2?—1293p+8790 = o

whence 7 = 618 ts, per'sq, m'
and Factor of safety = 5—4’% =l

It is seen that due to the eccentric loading the carrying power of the
pillar is reduced by 57 per cent.
(3) Suppose the pillar to be pin-ended and / = 91 in. between the

axes of the pins, then 7{ = i% = 555, corresponding to which the
Column Curves give p = 30700 lb. per sq. in. = 13°7 ts, per sq. in.,
and we get
Factor of safety = 545 X_—IU = 4°8
15°50

showing that the pin-ended pillar under these circumstances will carry
safely twice as great a load as the fixed-ended, eccentrically loaded
pillar.

Ezxample 3.—A 5-in. deck stanchion is placed under the beam of a
deck, loaded with 300 lb. per sq. ft. The beams are spaced 4 ft, apart
and the greatest unsupported length is 18 ft. The ends of the stanchions
are supposed to be fixed.

300 X I8 X 4

2240

Load on stanchion = 964 ts,

Length of stanchion, 81 in. External diameter, 5°56 in. Internal
diameter, 5°05 in. The Column Curves give an ultimate load of 69°3 ts.
for central loading, or a factor of safety of 7°2. If we assume the load
to be applied at the periphery of the stanchion, 265 in. from the axis,
the factor of safety is found to be 3°9, 7 e. the carrying power is reduced
to about one-half of its value under a central load, but there is still a
good margin of safety.

b 112




PLATING UNDER COMPRESSION. VI. 22,

22, PLATING UNDER COMPRESSION.

1. Simple Compression.—We shall deal first with plating under a
simple compressive stress when no shearing force is acting, such as may
. be found in the deck and bottom plating amidships in a vessel subject
to longitudinal bending. The plating is supported by beams or frames
running normal to the direction of the stress, but is supposed to be other-
wise unstiffened. This condition is probably fulfilled if the part of the
plating under consideration is at least forty times the thickness distant from
the nearest stiffeners on either side parallel with the direction of the stress
(SECTION 5, z0). We may then regard an elemental strip, spanning the
distance between two beams or frames, as an independent column of
radius of gyration » = 3—%5 but the degree of fixity as well as the
eccentricity of loading of such a column are difficult to determine.
Where the plating is under a considerable normal load, its column
strength will be destroyed. For instance, the outside plating under the
bottom possesses probably no resistance to compression whatever, except
where it is under the direct stiffening influence of longitudinal members.
The experimental material concerning these questions is very limited,
and a fully satisfactory solution of the problem cannot be given at
present. Of the various formulas which have been proposed to deal
with it, Euler’s formula seems to be the most suitable. It is at once
rational and simple and is found to give excellent results for very long

: : I
columns such as those here under consideration, where u = 5 s usually

b
greater than 50 and, hence, - greater than 175.
7

For a column with rounded ends Euler’s formula is
=E

()
which for plating, with E = 13,500 ts. sq. in., may be written
= IIMIO ts. per sq. in. ’ : . (55)

where p is the critical unit load or average stress at whlch buckling will
occur. When the ends are fixed, the formula is

—
47;1;: = ‘54/—?‘20—0 ts. per sq. in. . \ . (56)
()

ﬁ:
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The latter formula is represented by a curve on fig. 49, the former on
fig. 46. When the plating is continuous over a number of beams or
frames, it may probably be considered as being fixed at these, zZe. a
strip of plating of length equal to the spacing between the stiffening
members may be treated as a column fixed at the ends to which (56)
can be applied. Generally a factor of safety of 4 may be used, and a
factor of 3 should be considered a minimum value.

When a ship is
in dock, the vertical
keel and the longi-

tudinals over the side
CURVE FOR CRITICAL UNIT LOAD

FOR keels are in a  state
MILD STEEL PLATING UNDER COMPRESSION .
33 of stress, which, al-

LEIIER BASED ON
though not free from

N
ur

S ——

=
o

EULER'S FORMULA FOR COLUMNS
=i =1 WITH FIXED ENDS shearing, will ap-
p:’*—[‘lll]‘f- s S 1 proach the condition
i \\ - of pure compression
immediately over the
\ 2 L =12 keel-blocks.  Where

o

the angles are double,
as in the vertical keel,
the plating may be
regarded as fixed and

I

|
ua

|
&

SCALE FOR UNIT LOAD [ P] - TONS PER SQ.IN.

|
[ |
) RNEEI [
% Ir % ~ i [l ' IT formula (56) may be
[ 1] S5 ] = used,but where single
(] 50 100 150 200 250 300

angles are found the
condition will prob-
ably be intermediate
between the cases of round-ended and fixed-end columns. When g is
smaller than 45, the Column Curves should be used.

2. Compression Due to Shearing.—We have seen how shearing in a
ship subject to longitudinal bending will cause strong compressive stresses
in the outside plating at the neutral axis, and, hence, a tendency to
wrinkling.  Similar conditions exist in bulkheads subject to shearing,
and in longitudinal and transverse continuous frames under the action of
concentrated and unevenly distributed loads and reactions. For instance,
when a heavily loaded pillar stands on a frame, the web directly below
the pillar will be subject to a simple compressive stress and the strength
is calculated as explained above, but on both sides of the pillar great
shearing stresses will exist in the web, tending to produce wrinkles.
As explained in SECTION %7, we here consider an elemental diagonal strip

I14

SCALE FOR RATIO OF SPAN TO THICKNESS -/u.

F1a. 49.
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of plating of a length / = % where / is the depth of the web
between flange angles. Regarding this strip as a column under compres-
sion, we find the critical load from Euler’s formula, and if this does not
leave a proper margin of safety as compared with the calculated virtual
compressive stress (1°3¢g,) web stiffeners must be fitted. The distance
between the stiffeners s must be smaller than the clear depth of the web.
We shall illustrate this by an example.

Example.—1 et the depth of a frame web between flange angles be
32 in., and the thickness of the web } in. Suppose that the maximum
shearing stress ¢, is found to be 10 ts. per sq. in., and that the re-
quired factor of safety is 3.

Examine first whether there is any necessity for fitting web stiffeners.

Virtual compressive stress on column formed by elemental strip
I'3g9, = I3 ts. per sq. in.

Length of column / = 727; = 22'6im., which gives @ = 2x 226
= 452, and the corresponding critical stress according to Euler’s
formula (56)

o= (11-‘%2())2 =RoT A S per Se i,
. 21°7 ‘
Hence the factor of safety is only o = 1'67. It is, therefore, neces-
sary to fit web stiffeners. For a factor of safety of 3, the critical load on
the column is 3 x 13 = 39 ts. per sq. in., whence
/44400
\/ 39 fe

and A= Bagaie = Tl
which gives the required spacing of the web stiffeners s = 16°9,/2 or
about 24 in.

In practice and under ordinary conditions of loading stresses will
never reach such high figures as here assumed in a girder of this kind,
and web stiffeners are ordinarily not required in ship frames, but, as will
be shown in the Section on elastic bulkheads, cases may arise in warships
where it is necessary to design the structure to stresses approaching

the elastic limit.
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CHAPTER VII.

RIVETS AND RIVETED CONNECTIONS.

23. The Rivets:—1, Materials Used for Rivets,—2. General Features,—3. Rivet Heads.—
4. Rivet Points,.—s5. Rivet Holes.—6. Screws Used instead of Rivets.—7. Screw Bolts
with Nuts.

24. General Features and Conditions Influencing the Strength of Riveted Joints:—
1. General Features,—2. The Grooving-Effect of Rivet Holes.—3. Weakening of the
Material by Punching.—4. Frictional Resistance,—5. Bending of the Joint,

25. Modes of Fracture:-—1. Elements of a Joint and Modes of Fracture..—2. Minimum or
Standard Strength of a Joint.—3. Flow of the Material. —4. Effects of Excessive Bearing
Pressure on the Plates.—s. Limiting Value of the Diameter Determined by Bearing Pressure.
—6. The Diameter Used in Practice.—7. Mode (@): Breaking of the Edge of the Plate in
Front of the Rivets.—8. Mode (4): Lengthwise Shearing of the Plate in front of the Rivets. —
9. Distance of Rivets from the Edge, and Distance between the Rows.—r1o. Mode (c):
Shearing of all the Rivets,—11. Mode () : Crosswise Tearing of one of the Plates through
an Outer Row of Rivets. Spacing of the Rivets.—12. Comparison of Crosswise Tearing of
the Plate with Crushing in Front of the Rivets,—13. Comparison of Crosswise Tearing of the
Plate with Shearing of the Plate as by Mode (4).—14. Mode (¢) : Tearing Across of one
Plate along an Intermediate Row of Rivets.—15. Mode (f): Tearing Across of both Plates
along the Same or Different Rows of Rivets.—16, Summary,

THE strength and watertightness of the hull depend ultimately on the
nature and quality of the connection between the individual pieces of
which the structure is built up, The connection can be effected in three
different ways, by welding, soldering, and riveting.

In welding, the union of the metals is effected by hammering or other-
wise compressing them while they are in a plastic state, before the
melting point is reached. In this way the parts to be united are brought
in intimate contact with each other and come to form virtually one piece.
In ship construction this process is employed in heavy pieces of wrought
iron such as stems and sternposts.

Soldering is employed in the processes known as ¢‘autogenous weld-
ing.” * The union is here effected by fusion either of the metals to be
joined, or of a separate piece of metal of similar character used as a solder,
In the oxy-acetylene process the heat is produced by a blowpipe, in

* C. Campion and Wm, C, Gray, ‘“On the Strength of Welds produced by the Oxy-Acetylene
Process,” Eng. and Shipb. of Scotl., July 1914 ; T, G. John, *‘Shipbuilding Practice of the Present
and Future,” and Discussion by Mx P. A. Mudd, Zust. Naw, Arch., July 1914.
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‘“electric welding ” by an electric arc, in the ¢ Thermit” process by a
chemical reaction in the solder. These processes have been used quite
frequently in ship construction in recent years, especially for repair work ;
for instance, for welding cracks in stems, stern and rudder-posts, for
welding landing edges of leaky seams such as box-keel plates to stern-
posts, etc. They have been used also in new work to some extent. In
certain structural parts of submarine boats, such as coamings, conning-
towers, and in the union of complicated castings, the oxy-acetylene
process has been successfully applied.

The connections thus effected are not, however, always fully reliable.
The zone of metal adjacent to the weld is apt to be injured, and the weak-
ness may appear when the structure is exposed to shock or fatigue. At
the present standpoint of the art these processes, therefore, should not
be used where stresses are very high or in parts exposed to strong and
often-repeated dynamic action; in fact, their application, like that of
ordinary welding, is very restricted.

Riveting is, as yet, with the few exceptions referred to above, the
only practicable means of uniting the different parts of a ship’s structure,
and many difficulties will have to be overcome before any process of
soldering can take its place.

23 TEIESRINETS,

1. Materials Used for Rivets.—As a general rule rivets should be
of essentially the same material as the parts they connect, but the ductility
should be somewhat greater. This rule is, on the whole, followed in
warships and rivets are, therefore, generally of steel, mild or high-tensile.
At first, when high-tensile steel was introduced, difficulties were ex-
perienced. Rivets of this material tended to harden in cooling, they
were apt to crack, and the heads were liable to fly off. Mild-steel rivets
were reliable, but lost in shearing strength when used in connection with
the harder material, and it was necessary to increase the number or size
of rivets disproportionately in order to attain a certain strength. The
difficulties in the use of rivets of high-tensile steel are now largely over-
come, and rivets of a special steel (nickel or crucible), generally driven by
hydraulic power, are used for this purpose. Some builders, however,
maintain that mild steel is the best material for all rivets that are to be
heated, 7.e. rivets of more than §-in. or {-in. diameter.

Rivets of less than #-in. diameter, whether of iron or steel, are,
generally, riveted cold, because, if put in hot, they are liable to waste too
much by scaling. Steel rivets of #-inch diameter or more should always
be put in hot whenever watertightness, oiltightness, or strength is
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required. According to Mr S. W. Barnaby,* steel is not so suitable for
small rivets as iron, because, if put in hot, steel rivets are cooled so
rapidly on being put into the holes, that they are liable to suffer by
the hammering. If riveted cold they are apt to become brittle and
treacherous,

In merchant vessels iron rivets are still extensively used in connection
with steel plating, the chief reason being that steel rivets require a higher
grade of workmanship, which cannot always be secured with certainty.
The shearing strength of iron rivets of good quality is more uniform and
reliable than that of steel rivets, especially those of the harder grades,
but, when used in steel plating, the strength of iron rivets falls off as
stated in SECTION I.

2. General Features.—Rivets consist in general of a smooth
cylindrical ‘¢shank,” provided with a projection at one end, called the
““head,” while the other end, after being hammered up by the riveter,
forms the ““point.” Generally the shank in pan and button head rivets
is given a slight cone under the head so as to fill the countersink of the
plate formed by punching. No cone is used where the hole is drilled or
where it is punched small and reamed to size, nor is any cone used in
small rivets. In ““tap-rivets” and ““screw-rivets ” the shank is screw-cut.

The length of the rivets should be sufficient to ensure a proper point.
A rivet should rather be too long than too short. The allowances for
length, over and above the sum of the thicknesses connected, are deter-
mined by experience and are usually given in a table.

Pl. 'V shows the standard forms of rivets used in the United States
Navy.

3. Rivet Heads.—Ordinarily, the ‘“pan head” rivet is used; it
possesses great strength and clamping power, it is well adapted for hold-
ing up, and is easily tested. The ‘‘countersunk head” is used where
necessary to obtain flush work and in staples and bounding bars where
watertightness is of great importance or difficult to obtain. Counter-
sunk heads are often used in oiltight work, generally in connection with
countersunk points ; they are also used in three-ply riveting, and where
both sides of a watertight partition are calked. Countersunk heads
are easier to calk than other rivet heads ; in fact, in many places it may
not be possible to calk the whole of a pan head. Countersinking should be
carefully done. If the angle of countersink in the plate is smaller than
that of the rivet head, watertightness or oiltightness may not be secured.

The ““button” or ‘“snap head” is often used where the rivets are
closed by power.

* Inst, Nav. Arch., 1902, p. 4.
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4. Rivet Points.—The ‘ hammered point” is the one most generally
used for internal work. It is strong and easy to make, and it requires
no chipping.

The ¢ Liverpool point” is a little more full than the hammered point
and is countersunk to a depth equal to one-half the thickness of the plate.
It has a somewhat greater clamping power than the hammered point. It
is well adapted to light work.

The ¢ countersunk point” is used where flush work is required, as in
the outer shell and in all watertight work of importance. It is always
used in oiltight work, and wherever it is required to calk the rivets. Also
hammered points may be calked, but the result is not so reliable as with
countersunk points. The countersunk point possesses great clamping
power, and presses the tapered edge of the plate round the hole tightly
against the other plate, producing in this way an annular watertight area
round the rivet in the faying surface, Often the countersunk points in
the outer shell are made slightly convex, ‘“full,” to provide for corrosion
and to increase the strength.

The ““button” or ‘“snap point” is used for finished appearance or
where rivets are closed by hydraulic power. Sometimes snap points are
made with a pneumatic hammer provided with a special die.

The countersunk point, if full, is probably the strongest, the hammered
point comes near to it in strength, but the snap point is not so reliable
or so efficient unless very accurately centred.

5. Rivet Holes.—The holes in plates of less than 1 inch in thickness
are ordinarily punched. Punching should, wherever possible, take place
from the faying surface. In all work of importance the punched plates
should be annealed, or the holes should be punched {4 in. to # in.
smaller than required and reamed out to size, so as to remove the injured
material. Rivet holes through material of more than about 1 inch in
thickness should be drilled or punched small and reamed to size after-
wards.  All rivet holes through high-tensile steel should be drilled.

Rivet holes must be of slightly greater diameter than the rivets before
they are closed. '

The holding power of countersunk rivets is greater the deeper the
countersink is, and, within certain limits, the greater the angle of
countersink, The countersink is, therefore, in light plating, where the
rivets are relatively large, carried through the full thickness of the plate
and the angle of countersink is great, up to 60°.- In heavy plating the
countersink usually stops a little above the bottom of the hole, leaving a
small cylindrical portion, and the angle of countersink is smaller, down
to 32° in very heavy plates. The diameter of rivet holes and the angle
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of countersink, as used for the various thicknesses of plating in the
United States Navy, are given in Table X.

6. Screws Used instead of Rivets.—‘ Tap rivets” are screws,
generally with a countersunk head provided with a stud which is chipped
off after screwing up. The term rivet applied to tap rivets, as also to
screw rivets, is really a misnomer, since they are not riveted. Tap rivets
are used where ordinary rivets are inapplicable, as, for instance, where the
shell plating lands on heavy parts of the stem or sternpost, or where
structural parts are connected to armor. Ordinary rivets would there,
on account of their great length, be exposed to fracture by contraction
on cooling. Generally, rivets should not be longer than about 6 inches,
although rivets of much greater length are actually used in many cases,
as, for instance, in sternposts of merchant vessels, Where strength
is of importance, tap rivets should penetrate to a depth not less than
1 diameter, and should penetrate 1} diameters where the thickness of the
metal will allow.

““Screw rivets” have the advantage that they have no head, which is
liable to fly off when the plating is exposed to vibrations by the impact
of projectiles. Hence they are used in ceiling or mantlet plates, fitted
inside the framing of the armored parts of a ship where men are to be
stationed in action, such as casemates or gun-turrets. Screw rivets have
no power of drawing the plates together and are, therefore, ill adapted
for structural work of any importance.

7. Screw Bolts with Nuts are used in wood decks, sheathing, and
backing behind armor. They are also employed in the steel structure
where the work is required to be removable.

24. GENERAL FEATURES AND CONDITIONS INFLUENC-
ING THE STRENGTH OF RIVETED JOINTS,

1. General Features.—Plates may be connected by ‘“lapped” or
‘“butted” joints. Since, in the latter case, straps must be used, which
overlap both plates, each butted joint consists really of two lapped joints.
Hence the overlap is the fundamental form of joint, which should be first
considered in a general discussion of the problem.

Angle bars and shapes are connected by ‘“bosom pieces” or by
straps, single or double. The joints so formed are quite similar to those
formed by butted plates, and their design is governed by the same
principles.

Let us, then, consider the fundamental case of two plates overlapping
each other. The connection is effected by rivets, generally arranged in
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straight lines, ‘‘rows,” parallel with the edge of the joint. If the rivets
in the different rows are placed abreast of each other, ze. in straight
lines normal to the rows, the arrangement is called ¢ chain-riveting.”
If the rivets are displaced relative to each other in the different rows,
the arrangement is referred to as ‘zigzag,” ‘“reeled,” or ‘‘staggered”
riveting, the two latter terms being used where the spacing is open
and the rows are close together. In fact, reeled or staggered riveting
is obtained by slightly displacing the rivets in an ordinary single row
alternately to one side and the other, so as to form an extremely flat
zigzag line.

The strength of all riveted joints, whatever their nature, is influenced
by certain conditions, the effects of which are imperfectly known and
difficult to estimate. These effects will be here briefly discussed.

2. The Grooving-Effect of Rivet Holes.—Due to the peculiar
arrangement of the lines of stress round the rivets, an

increase in tensile strength of the metal between the holes

is produced, often referred to as ¢‘the excess strength due [

to perforation.” According to Professor A. B. W. Kennedy’s I
experiments,* this excess strength, for plates of § in. to [ k

# in. in thickness, appears to be roughly 10 per cent. when mf,m

the spacing of the rivets is 3 diameters and about 5 per cent. Fic. 50.—Lines of
when the spacing is 4 diameters. Prineipal 5teess
‘ 5 . around a Rivet.

Fig. 50 shows the stress lines round a rivet, as deter-
mined experimentally by Professor E. G. Coker and Mr W. A. Scoble.t

3. Weakening of the Material by Punching.—When holes are
punched in a plate, a state of strain is created around the holes, which is
equivalent to a local weakening of the material. This weakening depends
in some measure on the thickness of the plate, being greater the heavier
the plate. The strain may be relieved by annealing, or the injured
material may be removed by reaming out the hole. In drilled holes the
effect does not occur.  The gain in strength by the grooving-effect and the
loss by punching counterbalance each other to some extent. Neither of
them is accurately known and they will, therefore, be disregarded in the
following.

4. Frictional Resistance.—The strength of a riveted joint is also
influenced by the friction between the plates at the faying surface. The
friction will depend on the roughness of the surfaces in contact and on the
force with which the rivets press the plates together, It increases some-
what during the first years after the ship is built by the formation of rust.
We are unable, at present, to predict what the force required to overcome

* By, Inst. Mech. Eng., 1885, p. 249, t Znst. Naw. Arch., 1913, i. p. 214 and pl. xxvi.
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the friction will be in any given case. Experiments by Wildish,* Bach,t
Kennedy,} and by the German Navy Department § have given varying
results, and further investigation is needed to clear up this difficult
question. With power-riveting the resistance is greater than with hand-
riveting. As an average of these experiments we may reckon that the
resistance offered by a riveted joint at the point where frictional slip occurs
is from about 7 to 8 ts. per sq. in., referred to the shearing area of the
rivets. Before this point is reached, a small displacement of the plates
relative to each other is indeed observed when refined methods of
measurements are used, but this slip is largely elastic and practically
insignificant. The joint will, therefore, behave essentially as a solid plate
as lﬂong as the friction is not overcome.

The elastic limit in shearing of the material of the rivets will not be
reached until the pull is considerably greater than that at which frictional
slip begins; in case of mild-steel rivets this limit occurs probably at a stress
of about from 13 to 14 ts. per sq. in. After that the frictional resistance
appears to have little influence on the strength of the joint, and it seems
certain that it has no influence on the ultimate strength.

Summing up, the frictional resistance, at low and moderate stresses,
gives to riveted joints an almost perfect solidity, preventing all straining
and looseness of the rivets within the point where frictional slip occurs.
This is of particular importance in structures exposed to alternating and
dynamic forces and where absolute tightness is required. It follows that
in the important strength members of a ship, as also in machinery and
gun supports, and in oiltight work, the working stress ought not to reach
the point at which frictional slip takes place. In structures where such
severe conditions and claims do not obtain, as, for instance, in ordinary
watertight bulkheads, the working stress in the rivets may be allowed to
approach the yield point of the metal in shearing.

With our present limited knowledge of the subject we cannot make use of
the point at which frictional slip occurs in calculating the strength of riveted
joints. We are forced, here as elsewhere, to base the calculation on the
ultimate strength of the material with due regard to the relative position
of the yield point. We should, however, provide an extra great shearing
area of the rivets in all joints where frictional slip cannot be tolerated.

5. Bending of the Joint.—When an overlapped or single strapped
joint is subject to tension or compression, a bending moment will come
to act on the joint, because the forces acting on the plates do not lie in
the same plane. Let us first consider a joint in tension.

* Inst. Nav. Arch., 1885, T Maschinenelemente, 1891-92, p. 117.

t Br. Inst. Mech. Eng., 1885, § Pietzker, Festigheit der Schiffe, p. 52.
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The plates will bend as indicated in an exaggerated manner in fig. 5I.
Great tensile stresses will be created in the plates at the faying surface
and an uneven distribution of the bearing pressures between the rivet
and the plates will take place. The rivets will come under a tensile
stress, they will tilt and, in extreme cases, they may pull out or they
may shear at a smaller stress than usual. The neutral axis which has
a curved jog at the joint will tend to
straighten out, whereby the joint will
elongate; at the same time the leverage
of the bending couple will be reduced.
The bending effect is greatest in heavy
plates and in single-riveted joints, but
since single riveting is never used in ship
construction in heavy plates or where \
great strength is required, and since the Fic. 51.—Rivet in Lapped Plates under Ten-

7 y sion. Dotted line indicates neutral axis,
butts are always stiffened by adjacent
material, this source of weakness may, generally, be disregarded when
joints are in tension.

When a joint is subject to compression the consequences may in
certain cases be serious. Consider a butt midway between the frames
or the beams. Whether overlapped or single strapped, the bending will
in compression increase the jog in the neutral axis and will tend to start
buckling. In torpedo-vessels, where the working stresses are high, this
action may seriously impair the strength of the plating, whence double
butt straps should be used in the important strength members of such
vessels, notably in the deck and in the sheer strakes. . For the same
reason joggling of the plates at the butts should be avoided wherever
strength is of importance, and should never be used in strength members
of high-speed vessels.

25. MODES OF FRACTURE,

Notation.
= Thickness of plating.
= Thickness of strap.
4 = Diameter of rivets.

=
<

p = Pitch or spacing of rivets, z.e. distance from center to center of
rivets in the same row. '

i — fg = Pitch-ratio or spacing-ratio referred to the diameter of the
rivets.

n = Number of rows of rivets in a joint.
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2+ = Tensile stress.

2. = Compressive stress.

#s = Shearing stress.

J+» = Ultimate tensile stress.

Je = Ultimate compressive stress.
J« = Ultimate shearing stress.

6d = Diameter of rivet hole at the faying surface of the plates.
adt = Sectional area of rivet hole in a plate, a being a factor that takes
account of the increase in area due to countersink and other
causes.
¢ = Efficiency of a riveted joint, 7 e. ratio between the actual minimum
strength of the joint and the strength of the intact plate under
a simple tensile stress.

7= 2;562 = A factor often occurring in the strength calculations of
e
riveted joints.
¢, ¢, and o have the same meaning as #, d, and a, but apply
to straps.
1. Elements of a Joint and Modes of Fracture.—Apart from
the general features discussed in last Section, the strength of a joint
depends essentially on the following elements :—

The diameter of the rivets relative to the thickness of the plates.

The distance of the rivets in the outer rows from the nearest edge of
the plate and the distance between the rows. y

The number of rows.

The spacing of the rivets in the rows.

We shall show how these elements may be determined and regulated
through a consideration of the different modes of fracture.

Imagine a simple overlapped joint to be exposed to a uniform pull,
acting in the plane of the plates and at right angle to the rows. If this
pull is sufficiently increased the joint will ultimately be torn asunder,
either by the rivets pulling through the plates or by actual fracture of
the plates or the rivets. In the majority of cases joints give way by
actual fracture, which may occur in the following different ways, here
considered analytically, independent of each other :—

a. Breaking of the edge of a plate in front of the rivets in an outer row.

6. Lengthwise shearing of a plate in front of the rivets.

¢. Shearing of all the rivets.

d. Crosswise tearing of one of the plates through an outer row of rivets.
The term “‘outer” refers to the joint, not to any of the plates.
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These fundamental modes of fracture may be combined. The most
important combinations are :

¢. Tearing across of one of the plates along an intermediate row and
shearing of all the rivets outside this row.

/. Tearing across of both plates along the same or different rows, in
the latter case eventually combined with shearing of the
intervening rivets.

2. Minimum or Standard Strength of a Joint.—The ideal joint
is one that offers the same resistance to each of the different modes of
fracture. In ship construction it is, however, for reasons that will be
explained later, generally impossible to attain such complete uniformity
of strength. A certain mode of fracture is selected to which the joint is
made to offer a certain minimum or standard resistance, and the strength
by all other modes of fracture is made the same or greater. It will be
shown in the following that rupture by modes @ and 4 can be and is,
generally, precluded by following certain rules as to diameter and dis-
position of rivets. In selecting the mode of rupture which is to possess
the standard strength we need, therefore, only consider fracture by shear-
ing of all the rivets and crosswise tearing of the plate.

In some navies, as, for instance, the British, the end joints are
ordinarily double riveted and the strength of the plates is considerably
greater than the strength of the rivets. In merchant vessels, on the
other hand, the spacing of the rivets is closer and there are more rows,
so that the strength of the rivets is considerably greater than that of
the plates, especially where steel rivets are used. )

Now, tearing of the plate is more dangerous than shearing of the
rivets, because tearing of the plate occurs without warning, and a rent,
when once started, is liable to extend further and further. Moreover,
the strength of the plate is apt to suffer by corrosion and wear. Hence
it would seem rational to make the plate stronger than the rivets. On
the other hand, straining of the rivets or, at any rate, visible slip of the
joint, is likely to occur very early, probably long before the plate reaches
the elastic limit, even although the rivets may ultimately be stronger
than the plate. Such slip is highly undesirable and may be dangerous,
Owing to the alternating stresses to which a ship is subject, the rivets
are liable to work more and more adrift, great strains will be thrown
on the adjacent structural members and rupture of these may occur.
From the days of iron shipbuilding, when the rivet area in the butt
fastenings of the shell in merchant vessels was relatively smaller than it
is now, many cases are on record where the butts, notably of the sheer
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strake, worked adrift. In general, neither the plates of the sheer strake
nor the butt-straps were fractured, but often the strake below the sheer
strake was torn down through the solid plate immediately under the
sheer-strake butt, * :

On the whole, it seems best in warships to give a joint practically the
same resistance to tearing and shearing, in which case it is immaterial
which we call the standard. It is here recommended to use the
strength of the rivets as the theoretical standard of reference in the
calculations for riveted joints, simply because it is more convenient
for this purpose than the strength of the plate. The ultimate resistance
offered by the plate is less definite, and therefore less suited as a standard,
for while the plate ordinarily tears along the outer row it will in some
cases tear along the second row.

Hence, in designing a joint we begin by adopting a rivet area which
will give the desired minimum strength, generally about four-fifths of the
strength of the solid plate, and after that we give to the plate the same or
a slightly greater strength. With the rivet area so determined we shall
in general preclude frictional slip, since the ordinary working stresses
in the rivets will then rarely exceed the stress at which slip occurs,
probably from 7 to 8 ts. per sq. in. In the most strained parts of the
structure, however, such as the sheer strakes and the stringer plates,
especially in lightly built, fast vessels, stresses may under exceptional
circumstances exceed this limit. In such strakes, therefore, it is desirable
to augment the ultimate shearing strength of the rivets beyond the
standard requirement, by adding one or more rows, while there will be
no object in correspondingly increasing the strength of the plate. This
point will be again referred to in later chapters. (See Example,
SECTION 28, 5.)

[t is of interest to note that structural engineers in the design of
girders aim at a similar equality of strength in shearing of the rivets and
tearing of the plates as here recommended for warships.

Merchant vessels are not so well stiffened by internal diaphragms as
warships, and are subject to more long-continued, hard service, whence
the riveted joints will be more severely strained and will require greater
solidity. This may explain why the rivet area in the joints of merchant
vessels is made so much greater relative to the plate area than in war-
ships. Another reason may be that weakness in the rivets is apt to lead
to frequent and expensive repairs of the joints,

3. Flow of the Material.—With such ductile materials as are
ordinarily used in shipbuilding, rupture will always be preceded by and

* H. H. West, /ns/. Nav. drck., 1884, p. 274.
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induced by a certain flow of the metal, whether in the rivets or in the
plates or both.

On the sides of the rivet holes the tensile stress in a plate may be
perhaps five times as great as the mean stress in the intact plate and
will be greater the closer the spacing of the rivets * (fig. 50). When
the stress becomes excessive the material will begin to flow in the same
way as in the section of greatest contraction in a test piece. The plate
between the rivet holes will elongate and decrease in thickness and the
holes will stretch oval. Ultimately the plate may tear crosswise between
the rivet holes.

At the same time the metal of the plate in front of the rivet, and of
the rivet itself, will be subject to compression due to the bearing pressure
between the rivet and the plate. The bearing pressure is not uniformly
distributed, but has a maximum on the foremost part of the front surface
of the rivets, where the compressive stress is probably even greater than
the tensile stress on the sides of the hole. If the joint is bent, there
will be a further inequality in the distribution of the pressures. Hence
the intensity of stress at certain points will be much greater than the
calculated mean value of the bearing pressures, and at such points the
metal will begin to ““flow ” or ‘“crush ” when the bearing pressure reaches
a certain limit. The crushing of the material does not, however,
ordinarily exhibit itself so wvisibly as the stretching just referred to,
although it may contribute to the holes stretching oval. Before the
crushing takes visible shape it will, generally, due to a local flow of the
metal, cause premature shearing of the rivets or tearing and shearing of
the plate, whichever is of the softer material. Crushing must, therefore,
be considered as the primary or initial cause of several modes of fracture,
but not as a mode of fracture in itself.

4. Effects of Excessive Bearing Pressure on the Plates.—We
shall here, in particular, discuss the effects of the bearing pressures on
the plates in cases where the rivets are so hard
and strong as not to suffer any great deformation.
If one plate is much thicker or of much stronger
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material than the other, only the thinner or softer @
plate will suffer. The rivets in such a case keep 5
their position in the stronger plate, while the Fic. 52

metal of the weaker plate will flow at the rivets.
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