





























PREFACE,

ON the author’s appointment to lecture on Mechanics in the Royal
Naval College, a course of elementary lessons was commenced, based
on RANKINE'S well known treatise, with such assistance as could be
obtained from other sources. After some years this course assumed
a tolerably permanent form, and it was thought desirable to print
it, partly from the inconvenience to students of being exclusively
dependent on oral instruction, and partly from an idea that it
might be useful to others besides those who were immediately
addressed. The place which these lectures occupy in the programme
of the College will be found explained in an Appendix.

The preparation of the work for the press has extended over a
considerable period, and has been subject to many interruptions.
There is therefore not always the unity desirable in a scientific
treatise; nor is it by any means complete, even when due account
is taken of the stringent limitations explained in the Introduction.
It is, however, hoped that these deficiencies may be partly com-
pensated for by the fact that the book is the product of a great
deal of experience in teaching the subject, and a great deal of con-
sideration as to the matter which ought to find a place in a general
elementary treatise. Nearly the whole has been delivered in the
form of lectures, and some part has actually been printed from
notes taken throughout one session by a member of the junior
class (Mr. H. J. Oram, R.N.) at that time, which were afterwards
transcribed for the press by the author’s assistant. Everything,
however, of any importance has been re-written, with alterations
and additions, to make it better fit for publication. Throughout, the
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vi PREFACE,

object has been to give reasons, not rules, and details of application
are consequently subordinated to the principles on which the theory
is based. Especially has the author endeavoured to distinguish as
clearly as possible between those parts of the subject which are
universally and necessarily true, and those parts which rest on
hypotheses more or less questionable. The hook is intended to
give that general knowledge of the mechanics of structures and
machines which should accompany the detailed study either of
naval architecture or of an); special branch of engineering to which
a student proposes to devote himself. Much, therefore, is excluded
which might naturally be expected to form part of the work,
simply because, however important, it is required only by a special
class of students.

The introduction. of descriptive details is not necessary to the plan
of this work, except in certain parts of the theory of mechanism,
nor, indeed, in a general treatise would it be possible to include
them systematically within any reasonable compass. In the chapters
on mechanism, however, they are required, and elsewhere it has
been thought advisable to introduce them occasionally. Care has
been taken to select working examples almost exclusively, the plates
representing which have mostly been drawn by Mr. T. A. Hearson,
to whom the author is indebted for many suggestions and portions
of the descriptive matter, together with some assistance in revising
proof sheets and transcribing lecture notes for the press. The proofs
have been read by Professor W. C. Unwin, M.I.C.E., to whose
great technical knowledge some corrections are due. In a general
elementary work there is not room for much that is new: in the
references at the end of each chapter and in the Appendix the
various sources of information have been stated fully.

GREENWICH, May, 1884.



PREFACE TO THE FOURTH EDITION.

THE origin and object of the present work are so fully explained i
the original preface that it is unnecessary for the author to do more
than express his gratification that it has been found in some degree,
however imperfectly, to fulfil its purpose. In this, as in the third
edition, a considerable amount of additional matter has been intro-
duced, partly on subjects which have acquired additional importance
since the book was originally written, and partly where further
explanation appeared urgently required. The whole, so far as
circumstances permitted, has been revised and brought up to date.

The method of treatment originally employed has been as far as
possible adhered to. To some readers familiar with modern treatises
on theoretical mechanics it may appear in many respeci;s unduly
conservative, but the author is convinced that it is that which is
best suited to the work on hand. It is too often forgotten,that the
mechanics of the engineer has a history of its own, and has developed
in its own way. His fundamental idea—the idea of work—was long
ignored in academic lecture rooms, and has only recently been appro-
priated—for the most part without acknowledgment—by writers of
elementary text books. Apart, therefore, from the special nature of
the subject-matter, the distinction between “applied” and “theoretical”
mechanics, the mécanique industrielle and the mécanique rationelle of the
French, though happily fast disappearing, is even at the present day
much more real than many persons are disposed to admit.

It is hardly necessary to say that the units of measurement employed
in the physical laboratory would be entirely out of place here; the
system is not used by engineers either at home or abroad, nor is there
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any reason to think that it could be practically introduced without
great modifications. Metric gravitation measure stands on a different
footing ; it is recognized in all countries, and its universal adoption for
the purposes of ordinary life is clearly only a question of time. In the
present edition it has therefore been explained in due course, though
for some time to come the system in common use must continue to
be that which is principally employed.

The note in the Appendix on the resistance and propulsion of
ships introduced in 1892 has been retained. The subject is one of
great importance, and though only a summary in skeleton of leading
facts relating to this intricate question, it is hoped that the note
may be of service to some readers in directing their attention to
the principles on which any sound treatment of the subject must
be based, and its connection with other branches of mechanics.

As in preceding editions the author has pleasure in acknowledging
the services of his assistant for the time being. In the present case
Mr. R. B. Dixon, R.N,, has read the greater part of the proofs, and
to his care many corrections are due.

GREENWICH, July, 1895.

PREFACE TO THE FIFTH EDITION.

THE changes in this edition are few. For reasons already sufficiently
indicated additional matter has been introduced on the effects of the
inertia and obliquity of connecting rods (pp. 229, 285), on the torsion
of tubes (pp. 358, 422), and on the centrifugal whirling of shafts
(p. 396). Some other changes of slight importance have been made
in the text and further notes have been added, especially on the
representation of a curve of crank effort by a Fourier Series (p. 615)
and on certain points in the theory of turbines (p. 629). The author
hopes that the book may still continue to be found useful.

Kexnsingron, October, 1900.
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‘WHAT are the conditions of a science? and when may any subject be said to enter
the scientific stage? When the facts of it begin to resolve themselves into groups;
when phenomena are no longer isolated experiences, but appear in connection and
order; when, after certain antecedents, certain consequences are uniformly seen to
follow ; when facts enough have been collected to furnish a basis for conjectural
explanation ; and when conjectures have so far ceased to be utterly vague that it is
possible in some degree to foresee the future by the help of them.—FROUDE.

A competent view of the world can never be bad as a gift; we must acquire it by
hard work.—MACH.



INTRODUCTION.

THE province of the Engineer and Architect is to control the
forces of nature and apply them to useful purposes, an object
which is effected by means of pieces of material suitably connected
and arranged. The protection of life and property from destructive
forces is accomplished by pieces rigidly connected with one another
which transmit their action to bodies to which they are not
injurious ; while the utilization of such forces in moving weights,
changing the form of bodies, and other similar operations, is effected
by a set of moving pieces which transmit their action to the required
place and modify it in some given way. In the first case the
pieces are called, collectively, a STRUCTURE, in the second, a MACHINE.
The object of the present work is to give an outline of the principles
on which structures and machines are designed.

The actual form of such a construction is almost always the final
result of a process of evolution by which it has been gradually per-
fected by adaptation from some previously existing construction.
To meet new wants the engineer selects some arrangement, suggested
by experience of some nearly similar case, which appears likely to
answer the purpose by its simplicity, facility of construction, and
adaptation to the forces which it is proposed to control and utilize.
If the new arrangement is merely a copy of the old, this may be suffi
cient and the construction may be at once proceeded with, but if there
be any important difference it is necessary, before incurring the expense
and risk of actual construction, to ascertain that the design is in
conformity with those general laws governing the action of natural
forces upon matter which reason and experience alike show to be
necessarily true in all cases. To a certain extent this has already
been considered by the designer, whose knowledge and experience
enable him to avoid at once arrangements which are obviously inad-
missible, but complete conformity can only be secured by comparison
with results deduced by reasoning and verified by experiment.
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In any branch of knowledge the explanation of a set of facts by a
general principle, from which new results can be obtained, is properly
described as a Theory of the phenomena to which they relate. When
its principles are well established it enables us to predict the results of
experiment ; when they are not, it is even more necessary, to direct the
course which experiment should take for more perfect knowledge. The
systematic study of structures and machines with a view to discover
the theoretical principles on which their construction is based, and the
deduction from those principles of results which may be useful to the
designer, forms a branch of science which, following RANKINE, we may
describe as Applied Mechanics. In some cases the subject may have
been so exhaustively studied, and may be in its nature so limited, that
all the arrangements which can be employed for a given purpose may
be foreseen and the best determined by & priori considerations. The
process of invention itself then becomes a problem in science. This,
however, is the rare exception ; in general, the use of theory is limited
to the answering of certain questions relating to an arrangement which
has already been proposed. Among the most important of these are—

(1.) What should be the dimensions of the parts of the construction
that they may be strong enough to resist the action of the forces to
which it is exposed?

(2.) Will the construction be sufficiently stable and rigid ?

(3.) Are the natural forces, which it is proposed to utilize, sufficient
for the proposed purpose and are they under proper control?

It is only in the very simplest cases that these and similar questions
can be answered completely, without reference to the direct results of
experience in order to interpret theoretical reasoning and render it
applicable. Even, therefore, after the general plan of a construction is
decided on, the work of the practical designer includes much which
cannot be reduced to a mere process of deduction from given data,
Nevertheless the part of theory in controlling and directing inventive
power is of great and constantly-increasing importance, by furnishing
principles of universal application, in conformity with which every
mechanical construction must be designed, and by which the researches
of the experimentalist must be guided.

The mechanies of structures and machines is based on the properties
of materials, and on those general laws connecting matter and motion,
the study of which is the object of Abstract Mechanics, but the special
nature of the subject-matter occasions a certain difference in the
methods employed. In the elementary branches of purely abstract
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mechanics the number of bodies considered seldom exceeds two; if
more are introduced the questions to be considered become impractic-
ably complex considered as abstract mathematical problems. In applied
mechanics a number of pieces are connected with comparatively little
freedom so as to form an organic whole, and the results of experience
or of mathematical investigations too complex for ordinary use are ad-
mitted freely for the purpose of simplification. Hence the calculations
employed are of a coarser type, and, in particular, graphical methods
are everywhere employed when possible, not only to exhibit, but also
to obtain, numerical results. On the other hand, no investigation
is considered as complete until it has been checked by reference to
experience, and unless its errors are approximately known. The
elementary principles of abstract statics, dynamics, and hydrostatics
must be supposed already known, and some practical knowledge of
machines and structures is presupposed.

The classification of mechanical constructions depends in great
measure on the number of pieces connected and on the mode of
connection. We have first the broad distinction between structures, in
which the pieces have no movements except such as may be due to
changes in their form and dimensions consequent on the forces to which
they are exposed, and machines in which the object is attained by
means of such movements. This distinction is so fundamental that
there is no word in common use which includes both.

Structures may be ranged in order of simplicity according to the
degree of constraint with which their parts are connected as follows :—

(1.) Structures with pin joints without redundant parts.

(2.) Structures with pin joints which include redundant parts.
(3.) Blockwork and earthwork structures.

(4.) Structures with riveted or other forms of fastened joints.

A pin joint, such as is shown in a simple form in Figs. 1 and 2, Plate
VIIL, page 463, is one in which the pieces connected are united by a
single pin fitting into holes in the pieces, and, in consequence, neglect-
ing friction, the mutual action between the pieces connected necessarily
passes through the axis of the pin. A redundant part is one which may
be removed without destroying the structure if the remaining parts be
sufficiently strong. The first class of structures therefore possess a
peculiar characteristic which renders their theory much more simple
than that of any other, namely, that the forces acting on each piece
depend only on the external forces acting on the whole and not on
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the material or the dimensions of the pieces. In the theory of struc-
tures, then, this class is first considered, and the answer to the first of
the general questions propounded above consists in the solution of two
genera] problems.

(1.) Being given the load on the structure, it is required to find the
forces acting on each part.

(2.) Being given the forces acting on a piece of material, it is
required to find its dimensions that it may be sufficiently strong and
stiff. :

The first forms a part of the subject which may be properly described
as the “Staties of Structures”; while the second, which depends on
the properties of the materials of construction, is known as the
“Strength and Stiffness of Materials.” The results obtained are in
continual requisition in the theory of the more complex structures, but
require to be supplemented by further investigations and by results
derived from direct experience, peculiar to each class. The present
treatise, being simply introductory, refers to the more complex struc-
tures only incidentally.

A Machine is a structure the parts of which are in motion. The
motion introduces new forces, often of great magnitude and importance,
which must be taken into account in its design; but we have, in addi-
tion, to consider the third general question mentioned above, namely,
the adaptation of the natural forces available, to the work which the
machine has to do. The simplest machines consist chiefly of a number
of rigid pieces, and their theory is divided into two parts—one con-
cerned with the motion of the machine, the other with the work it
does. In many of the most important machines fluids are used, and
their theory forms a distinet branch of the subject not less important
than the rest, some account of which is indispensable. Thus the whole
subject is divided into five parts.

Since the parts of structures as well as machines possess, though to a
very limited extent, freedom to move, and since such movements often
have to be supposed for the purposes of an investigation, the most
natural arrangement perhaps would be to commence with the first part
of the theory of machines, and then pass on to the statics of structures.
In the present treatise it has, however, been found convenient to invert
this order, and we now, therefore, commence with structures.



PART I—STATICS OF STRUCTURES.

CHAPTER I

FRAMEWORK LOADED AT THE JOINTS.

1. Preliminary Explanations and Definitions.—A frame is a structure
composed of bars, united at their extremities by joints, which offer no
resistance to rotation. In the first instance we may suppose the centre
lines of the bars all in one plane, and in that case the joints may consist
simply of smooth pins passing through holes at the ends of the bars,
which are to be imagined forked, if necessary, so as to allow the centre
lines to meet in a point. A large and important class of structures,
known to engineers as ‘‘trusses,” approach so closely to frames that
calculations respecting them may be conducted by treating them as if
they were frames. The difference between a truss and a frame will
appear as we proceed.

The frame may be acted on by forces applied at points in one or
more of its bars, or at the joints which unite the bars together. An
important simplification, however, is effected by supposing, in the first
instance, that the joints only are loaded, an assumption which will be
made throughout this chapter, except in a few simple examples. It
will be shown hereafter (p. 75) that all other cases may be derived
from this by means of a preliminary reduction.

Assuming, then, that the frame is acted on by forces at the joints,
due either to weights or other external causes, or to the reaction of
supports on which the frame rests, the problem to be solved is to find
the forces called into play on each of the bars of which it is constructed.
These forces are caused by the pressure of the pins on the sides of the

holes through which they pass, and it at once follows, since no other
C.M. A
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forces act on vthe bat‘ thaf, for each bar these pressures must be equal
and: Oppcsfte%then* com"non'lme of action being the line joining the
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I PRRISEIE . o sov'v centres of the holes. There are two

Eigs:da,ib; possible cases shown in Figs. la, 1b;
in the first the bar is acted on by a
pair of equal and opposite forcestend-
ing to lengthen it, and in the second
to shorten it. The pairs of forces are
called a Pull and a Thrust respectively,
while the bars subjected to their action are called Ties and Struts
respectively. Between a pull and a thrust there is no statical difference
but that of sign; the constructive difference, however, between a tie
and a strut is great. The first may theoretically be a rope or chain,
and the second may be made up of pieces simply butting against one
another without fastening, while a rigid bar will serve either purpose,
though its powers of resistance are generally entirely different in the
two cases.

It often happens that it is unknown whether a bar be a strut or a
tie, and the pair of forces are then called a STRESS on the bar. This
word “stress” was introduced by Rankine to denote the mutual action
between any two bodies, or parts of a body, and here means, in the
first instance, the mutual action between the parts of the frame united
by the bar we are considering. If, however, we imagine the bar cut
into two parts, 4 and B, by any transverse section, as shown in Figs.
1a, 1b, those parts are held together in the case of a pull, or thrust
away from each other in the case of a thrust, by internal molecular
forces called into play at each point of the transverse section, and acting
one way on 4 and the other way on B. As 4 and B must both be
in equilibrium, it is obvious that these internal forces must be exactly
equal to the original forces, and thus it appears that the stress on the
bar may also be regarded as the internal molecular action between
any two parts into which it may be imagined to be divided. Stress
regarded in this way, will be fully considered in a subsequent division
of this work; it will be here sufficient to say that its intensity is
measured by dividing the total amount by the sectional area of the bar,
and is limited to a certain amount, depending upon the nature of the
material of which the bar is constructed.

It is further manifest from what has been said, that the stress on a
bar may likewise be regarded as a mutual action between the bar and
either of the pins at its ends which are pulled towards the middle of
the bar in the case of a pull, or thrust away from it in the case of a
thrust; each pin is therefore acted on, in addition to any load which
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may be suspended from it; by forces, the directions of which are the
lines joining the centres of the pins, from which it follows at once
that every joint may be regarded as « point kept in equilibrium by the load
at that joint and by forces of which the bars of the frame are the lines of
application. This principle enables us to find the stress on each bar of
a frame loaded at the joints whenever such stress can be determined
by statical considerations alone, without reference to the material
or mode of construction, that is to say, in all cases which properly
belong to the present division of our work.

Forces are measured in pounds, or, when large, in tons of 2240 lbs.
They are often distributed over an area or along a line, and are then
reckoned per square foot or per “running” foot, the last expression
being commonly abbreviated to ¢foot-run.”

The bars need not be connected by simple pin joints as has been
supposed for clearness, provided that their centre lines if prolonged
meet in a point through which passes the line of action of the load on
the joint. This point may be called the centre of the joint, and we
may replace the actual joint by a simple pin, or, if the bars are not in
one plane, by a ball and socket which has the same centre. We shall
return to this hereafter, but now pass on to consider various kinds of
frames, commencing with the simplest.

SkEcTiON I.—TRIANGULAR FRAMES.

2. Diagram of Forces for a Simple Triangular Frame.—The simplest
kind of frame is a triangle.

In Fig. 2a, 4CB is such a triangle; it is supported at A4 B so that
AB is horizontal, and loaded at € with a weight /7. Then evidently
the effect of the weight is to compress 4C, BC, and to stretch 4B,
which is conveniently indicated by drawing AC, BC in double lines,
and 4B in a single line. Also the weight produces certain vertical
pressures on the supports 4, B, which will be balanced by corresponding
reactions P and .

To find the magnitude of the thrust on 4C, BC, the pull on 4B, and
the reactions, the diagram of forces Fig. 2b is drawn; ab is a vertical
line representing 7/ on any convenient scale, while a0, b0 are lines
drawn through a, b respectively, parallel to 4C, BC to meet in 0, and
finally On is drawn parallel to 4 B, or, what is the same thing, perpen-
dicular to ab. Now, applying the fundamental principle laid down
above, we observe that C is a point kept in equilibrium by three forces,
the load at C, namely /7, the thrust of 4C which we will call S, and the
thrust of BC which we will call Z. In the second figure the triangle
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Oab has its sides parallel to these forces, and hence it follows that Oa,
Ob represents .S, R on the same scale that a represents //'. Again, 4 is
a point kept in equilibrium by three forces, the thrust of 4C, the pull
of the tie 4B, which we will call H, and the upward reaction P of the
support 4. But referring to the figure 2b, On, an are respectively
parallel to the two last forces, so that, by the triangle of forces, they
represent /, P on the same scale that Ou represents S. The same
reasoning applies to the point B, and therefore bn represents the other
supporting force @, as is also obvious from the consideration that
P+ Q=W. We thus see that all the forces acting upon and within the
triangular frame 4 CB are represented by corresponding lines in Fig. 2b,

'R G .S

§
iN
f

which is thence called the “diagram of forces” for the triangular frame.
Such a diagram can be drawn for any frame, however complicated, and
its construction to scale is the best method of actually determining the
stresses on the several parts of the frame.

The force I requires special notice : it is called the * thrust” of the
frame. In the present case the thrust is taken by the tension of the
third side of the triangle, but this may be omitted, and the supports 4
and B must then be solid and stable abutments capable of resisting a
horizontal force /1. In many structures such a horizontal thrust exists;
and its amount and the mode of providing against it are among the
first things to be considered in designing the structure. Besides the
graphical representation just given, which enables us to obtain the
thrust of a triangular frame by constructing a simple diagram, it may
also be calculated by a formula which is often convenient. Let 4C be
denoted by b and BC by a, as is usual in works on trigonometry, and
let AN, BN their projections on 4B be called ¥, ¢/, and let the height
of the triangle be 4 and its span /, then by similar triangles,

P_an _CN I
H On AN F”
Q I CN b

B On” BN &
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f{’_ab —kl 1
H™0n~ (17*‘5')

or H=W flkﬁ
In practical questions it often happens that ', ¥, & are known by the
nature of the question, whence H is readily determined. The case
when the load bisects the span may be specially noticed: then

a'=b'=1l and

Therefore, by addition,

wi
Jol= o
When the height of the frame is small compared with the span, this
calculation is to be preferred to the diagram, which cannot then be
constructed with sufficient accuracy.
The simple frame here considered may be inverted, in which case the
diagram of forces and the numerical results are unaltered, the only

change being that the two struts have become ties and the tie a strut.

3. Triangular Trusses.—Triangular frames are common in practice,
and the rest of this section will be devoted to some of the commonest
forms in which they appear,

Fig. 3a shows a simple triangular truss consisting of a beam, 4B,
supported by a strut at the centre, the lower extremity of which is
carried by tie roads, 4C, BC, attached to the ends of the beam. If
now a weight, /7, be placed at Fig.3a.
the centre, immediately over A [w] B

the strut, it does not bend the o2 D h
beam (sensibly) as it would do

c

c

if there were no strut, but is
transmitted by the strut to the
joint C, so that the truss is
equivalent to the simple tri-
angular frame of the last article. i
This, however, supposes that “jg= — T T Do
the strut has exactly the proper NRLEE PR R R
length to prevent any bending of the beam; if it be too short or too
long the load on the frame will be less or greater than 7, a point
which will be further considered presently. It should be noticed that
D is not necessarily at the centre. :

Fig. 3b shows the same construction inverted. €D is a tie by which
D is suspended from C'; we will suppose this rod to pass through 4B
and a nut applied below, by means of which D may be raised or lowered.

Fig.3b.




6 STATICS OF STRUCTURES. [PART 1.

Let AB now be uniformly loaded with a given weight, then the bending
of 4B is resisted by CD, which supports it and carries a part of the
load, which may be made greater or less by turning the nut. If, how-
ever, we imagine 4B, instead of being continuous through D, to be
jointed at D, then the tie C'D necessarily carries half the weight of 4.D
and half the weight of BD, that is to say, half the whole load, whatever
be its exact length. This simple example illustrates very well the
most important difference between a truss and a mathematical frame ;
namely, that in the truss one or more of the bars is very often con-
tinuous through a joint. Such cases can only be dealt with on the
principles of the present division of our work, by making the supposition
that the bar in question, instead of being continuous, is jointed like
the rest. The error of such a supposition will be considered hereafter ;
it is sufficient now to say that in order that it may be exact in the
particular case we are considering, the nut must be somewhat slackened
out so that D may be below the straight line 4B, and that being
dependent on accuracy of construction, temperature, and other varying
circumstances, such errors cannot be precisely stated, but must be
allowed for in designing the structure by the use of a factor of safety.
The supposition is one which is usual in practical calculations, and
will be made throughout this division of our work.

The foregoing is one of the simplest cases where, as is very common
in practice, the bars of the frame are loaded and not the joints alone.
When such bars are horizontal and uniformly loaded, the effect is
evidently the same as if half the load on each division of the loaded
bar were carried at each of the joints through which it passes. This
is also true if the loaded bars be not horizontal, but the question then
requires a much more full discussion, which is reserved for a later
chapter (see Ch. IV.).

When one of the joints of the loaded bar is a point of support, like
4 in Fig. 3, the supporting force is due partly to the half weight of
one or more divisions of the loaded bar, and partly to the downward
pull or thrust of other bars meeting there: the first of these causes
does not affect the stress on the different parts of the truss, and the
calculations are therefore made without any regard to it. The
explanations given in this article should be carefully considered, as
they apply to many of the examples subsequently given.

The triangular truss in both the forms given in this article is
frequently employed in roofs and bridges of small span, as well as
for other purposes,

4. Cranes.—The arrangements adopted for raising and moving
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weights furnish many interesting examples of triangular frames. Fig. 4a
shows one of the forms of the common crane, a machine the essential
members of which are the jib, G
BC, supported by a stay, CF, '
attached to the crane-post,
BE, which is vertical. In
cranes proper this third mem-
ber rotates, carrying BC and
CE with it, but in the sailors’
derrick a fixed mast/ plays
the part of a crane-post and
the stay, CE, is a lashing of rope frequently capable of being
lengthened and shortened by suitable tackle, so as to raise and lower
the jib, a motion very common in cranes and hence called a derrick
motion. The weight is generally also capable of being raised and
lowered directly by blocks and tackle, but for the present will be
supposed directly suspended from C. P
The diagram of forces now assumes the form shown in Fig. 4b, in
which the lettering is the same as in Fig. 2b, page 4, the only difference

in the diagrams belng that in the present =a A 15} S
case AC, which is now a tie, is divided :
into two parts, 4E and EC, inclined at Fie-0, w

an angle. The stress on AE is therefore
not the same as on XZC, but is got by
drawing a third line, Oa’, parallel to 4E.
The perpendicular On gives us in this g
instance not only the stress on 4B and m
the horizontal thrust of CB at B, but .
also the horizontal pull of CE at E—we may call this H as before.
There is an upsetting moment on the structure as a whole which is
equal to the product of the weight /#” by its horizontal distance
from B (often called the radius of the crane) and also to the force
H, multiplied by the length of the crane-post, BE. One principal
difference between different types of cranes lies in the way in which
this upsetting moment is provided against.

(a.) In portable cranes, such as shown in Fig. 4a, there is a horizontal
platform, 4 B, supported by a stay, 4F, and carrying a counterbalance*
weight, P, sometimes capable of being moved in and out so as to
provide for different loads. The right magnitude of counterbalance
weight and the pull on the stay, 4F, are shown by the diagram, P
<orresponding to the supporting force at 4 in the previous case.

(B.) In the pit crane, the post is prolonged below into a well and the
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lower end revolves in a footstep, the upper bearing being immediately
below B. In this instance the post has to be made strong enough
to resist a bending action at B, equal to the upsetting moment, and
the bearings have to resist a horizontal force equal to // multiplied
by the ratio of the length of the crane-post, BE, to that of its
prolongation below the ground.

(y.) The upper end of the crane-post may revolve in a headpiece,
which is supported by a pair of stays anchored to fixed points in the
ground. The upright mast of a derrick frequently requiring support in
the same way, this arrangement is known as a derrick crane. It is
c shown in Fig. 5, ED, ED’ being
the stays. To find the stress on
the stays it is necessary to pro-
long the vertical plane through
EC, to intersect the line DI,
joining the feet of the stays in
Vi the point 4, and imagine the two

- stays, ED, ED' replaced by a
: single stay, E4 : then a diagram
of forces, drawn as in the previous
case, determine S’, the pull on this stay. But it is clear that S’ must
be the resultant pull on the two original stays, and may be considered
as a force applied at ¥ in the direction of 4 to the simple triangular
frame DED'. A second diagram of forces therefore will determine
the pull on each stay, just as in the next following case.

5. Sheer Legs and T'ripods.—Instead of employing an upright post
to give the necessary lateral stability to the triangle, one of its members
r may be separated into two.
A - ;

Thus in moving very heavy
weights sheer legs are used,
the name being said to be de-
rived from their resemblance
to a gigantic pair of scissors
(shears) partly opened and
standing on their points. In
Fig. 6, CD, CD' are spars, or
tubular struts, often of great
length, resting on the ground at DI’ and united at C, so as to be
capable of turning together about DD’ as an axis. The load is carried
at C and the legs are supported by a stay, C'4, which is sometimes
replaced by a rope and tackle, capable of being lengthened or shortened
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50 as to raise or lower the sheers. Drawing 4B to the middle point

“of DI, the pair of legs are to be imagined replaced by a single one,
OB, then the diagram of forces may be constructed just as in Fig. 4b,
and we shall obtain the tension of the rope S and the resultant thrust
on the pair of legs B. Now draw the triangle CDD, as in Fig. Ta, and
imagine it loaded at C with a weight,
R, then drawing the diagram of forces,
Fig. Tb, we get R’ the thrust on each
leg. The horizontal force, H’, in this
second diagram represents the tend-
ency of the feet of the legs to spread
outwards laterally, while the force
H of the original diagram represents
their tendency to move inwards per- |
pendicular to DIY. In some cases the D
guy rope and tackle, C4, are replaced by a third leg called the back
leg, and the sheers are then raised and lowered by moving 4 by a
large screw ; the force H is then also the force to be overcome in
turning the screw.

Instead of having only two legs, as in sheers, we may have three
forming a tripod. This arrangement is frequently used to obtain a
fixed point of attachment for the tackle required to raise a weight, and
is sometimes called a “gin,” or as military engineers prefer to spell the
word, a “gyn.” The thrust on each leg and the tendency of the legs
to move outwards can be obtained by a process so similar to that in
the preceding examples that we need not further consider it.

L on il ) Sl et iy~

i

6. Effect of the Tension of the Chain in Cranes.—In most cases the
load is not simply suspended from ' as has been hitherto supposed, but
is carried by a chain passing over pulleys and led to a chain barrel,
generally placed somewhere on the crane-post. The tension of the
chain in this case is ///n, where = is a number depending on the
nature of the tackle, and this tension is to be considered as an addi-
tional force applied at C to be compounded with the load /7, the effect.
of which has been previously considered. Fig. 8 shows the form the
diagram of forces assumes in this case. Drawing be as before to repre-
sent /7, and eu’ parallel to the direction in which the chain is led off
from the pulley at € and equal to the tension #7/n, the third side of
the triangle, ba’, must be the resultant force at C due to both forces,
whence drawing «'0 parallel to the stay and b0 parallel to the jib, and
reasoning as before as to the equilibrium of the forces at C, we see that
these lines must be the tension of the stay and the thrust on the jib.
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The effect of the tension of the chain is generally to diminish the pull
on the stay and increase the thrust on the jib, sometimes very consider-
ably, as for example in certain older types of crane still used for light
loads under the name of “whip” cranes. In these cranes the chain
passes over a single fixed pulley at the end of the jib, and is attached

p directly to the weight, sothat the tension
of the chain is equal to the weight. The
other end of the chain is led off along a
horizontal stay to a wheel and axle at
the top of the crane-post, a chain from
the wheel of which passes to a windlass
below. This arrangement, the double
windlass of which facilitates changes in
the lifting power corresponding to the load to:be raised, is a develop-
ment of the primitive machine in which the wheel was a tread wheel
worked by men or animal power. In this case the pull on the stay is
diminished by the whole weight lifted, and is thus reduced very much.
‘Where a crane has to be constructed of timber only, this is a consider-
able advantage, from the difficulty of making a strong tension joint in
this material.

EXAMPLES.

1. The slopes of a simple triangular roof truss are each 30°. Find the thrust of the
roof and the stress on each rafter when loaded with 250 Ibs. at the apex.
Thrust of roof =2165 Ibs.
Stress on rafters=250 ,,
2. A beam 15 feet long is trussed with iron tension rods, forming a simple triangular
truss 2 feet deep. Find the stress on each part of the frame when loaded with 2 tons in
the middle.

Thrust on strut =2 tons.
Pull on tension rods=3'88 ,,
Thrust on beam =375 ,,

3. The platform of a foot bridge is 20 feet span, and 6 feet broad, and carries a load of
100 1bs. per sq. ft. of platform. It is supported by a pair of triangular trusses each 3 feet
deep, one on each side of the bridge. Find the stress on each part of one of the trusses.

The whole load of 12,000 lbs. rests equally on the two trusses, there is therefore
6000 1bs. distributed uniformly along the horizontal beam of each truss.

Thrust on strut =3,000 1bs.
Tension of tie rods =5,220 ,,
Thrust on horizontal beam=5,000 ,,

4. The slopes of a simple triangular roof truss are 30° and 45° and span 10 ft. The
rafters are spaced 24 feet apart along the length of the wall, and the weight of the
roofing material is 20 lbs. per sq. ft. Find by graphical cdonstruction the thrust of the
roof.

Each rafter carries a strip of roof 2§ feet wide, the load on rafter=>50 Ibs. per foot
length of rafter. Find the lengths by construction or otherwise. The virtual load at
apex=% weight on the two rafters=311 lhs,

Thrust of roof=198 lbs.
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5. The jib AC of a ten-ton crane is inclined at 45° to the vertical, and the tension rod
BC at an angle of 60°. Find the thrust of the jib, and the pull of the tie rod when fully
loaded, the tension of the chain being neglected. If a back stay BD be added inclined
at 45°, and attached to the end of a horizontal strut AD, find the counterbalance weight
required at D to balance the load on the crane, and find also the tension of the back
stay.

Thrust on jib 4C =335 tons,
Tension of tie rod =25 ,,
Counterbalance weight=235 ,,
Tension of back stay =335 ,,

6. A pair of sheer legs are 40 feet high when standing upright, the lower extremities
rest on the ground 20 feet apart, the legs stand 12 feet out of the perpendicular, and are
supported by a guy rope attached to a point 60 feet distant from the middle point of the
feet. Find the thrust on each leg, and the tension of the guy rope under a load of 30
tons.

Thrust on each leg =195 tons.
Tension of guy rope=128 ,,

7. In example 5 the tension of the chain is half the load, and the chain barrel is so

placed that the chain bisects the crane-post AB. Find the stress on the jib and tie rod.
Thrust of jib =36 tons.
Pull of tie rod=25 ,,

8. In a derrick crane the projections of the stays on the ground form a right-angled
triangle, each of the equal sides of which is equal to the crane-post. The jib is inclined
at 45° and the stay at 60° to the vertical. Find the stress on all the parts (1) when the
plane of the jib bisects the angle between the stays; (2) when it is moved through
90° from its first position. Load 3 tons.

Answer.—Case 1. Pull on each stay =71 tons.
Case 2. Pull on one=thrust on other=71 ,,

9. A load of 7 tons is suspended from a tripod, the legs of which are of equal length
and inclined at 60° to the horizontal. Find the thrust on each leg. If the load be
removed and a horizontal force of 5 tons be applied at the summit of the tripod in such
a way as to produce the greatest possible thrust on one leg, find that thrust and deter-
mine the stress on the other two legs.

Answer.—Case 1. Thrust on each leg =27 tons.
Case 2. Thrust on one leg =0T
Pull on each of the others=3} ,,

SECTION II.-——INCOMPLETE FRAMES.

7. Preliminary Remarks.—A frame may have just enough bars and no
more to enable it to preserve its shape under all circumstances, or the
number of bars may be insufficient or there may be redundant bars.
The distinction between these three classes of frames is very important :
in the first the structure will support any load consistent with strength,
and the stress on each bar bears a certain definite relation to the load,
so that it can be calculated without any reference to the material or
mode of construction ; in the second, the frame assumes different forms
according to the distribution of the load, but the stress on each bar can
still be calculated by reference to statical considerations alone ; in the
third, where the frame has redundant bars, the stress on some or all of
the bars depends on the relative yielding of the several bars of the
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frame. It is to the second class, which may be called ‘incomplete ”
frames, that the present section will be devoted.

In incomplete frames the structure changes its form for every distri-
bution of the load, and, strictly speaking, therefore, such constructions
cannot be employed in practice, because the distribution of the load is
always variable to a greater or less extent. But when the greater part
of the load is distributed in some definite way the principal part of the
structure may consist of an incomplete frame, designed for the parti-
cular distribution in question, and subsequent moderate variations of
distribution may be provided for either by stiffening the joints or by
subsidiary bracing. Such cases are common in practice, and investiga-
tions relating to incomplete frames are therefore of much importance.

8. Simple Trapezoidal or Queen Truss.—We will first consider a frame
which is composed of four bars. The most common case is that in
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which of the bars are horizontal and the other two equal to one
another, thus forming a trapezoid. The structure is called a frapezoidal
JSrame.

It is suitable for carrying weights applied at the joints CD), either
directly or by transmission through vertical suspending rods from the
beam 4B. From the symmetry of the figure it is evidently necessary
for stability that the loads at € and D should be equal. This fact will
also appear from the investigation. Consider first the joint C, and draw
the triangle of forces, Oan, for that point; an being taken to represent
W, a0 will represent the thrust on 4C and On that along CD. The
triangle Obn will represent the forces at the joint 0, Ob representing the
thrust of BD ; bn will represent the load at D, and from the symmetry
of the figure must equal an, and hence weight at D must for equilib-
rium equal that at C. Now let us proceed to joint 4, where there are
also three forces acting, one along AC is now known and represented
by a0, thus On will represent the tension of 4B, and an will be the
necessary supporting force at 4 equal to 7, as might be expected.
The tension of 45 is equal to the thrust on CD. We observe that the
diagram of forces is the same as that of a triangular frame, carrying 27/
at the vertex and of span equal to the difference between 4B and CD.

Trapezoidal frames are employed in practice for various purposes.
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(e.) A beam, A5 (Fig. 10a), loaded throughout its length may be
strengthened by suspending pieces, CV, DM, transmitting a part of the
weight to the arch of bars, 4C, CD, BD, an arrangement common in
small bridges.

Fig. 10a. Fig. 100

(B.) As a truss for roofs, in which case there will be a direct load at
C and D due to the weight of the roofing material, while vertical mem-
bers serve partly as suspending rods by which part of the weight of tie
beam and ceiling (if any) is transmitted to C1), and partly to enable the
structure to resist distortion under an unequal load. When made of
wood, this is the old form of roof called by carpenters a “ Queen Truss,”
CN, DM, being the ““queen posts” (see Section III. of this chapter).
This name is constantly used for all forms of trapezoidal truss erect or
inverted which include the vertical ¢ queens.”

(y.) Not less common is the inverted form, Fig. 10b, applied to the
beams carrying a traversing crane, the cross girders which rest on the
main girders of a railway bridge and carry the roadway, and many
other purposes. The bars 4C, CD, BD are now iron tie rods. In this
case also if the two halves of the beam are unequally loaded there will
be a tendency to distortion, to resist which completely, diagonal braces,
CM, DN, must be provided, as shown in the figure by dotted lines.
Such diagonal bars oceur continually in framework, and their function
will be fully considered in the next chapter. But in the present case
they are quite as often omitted, the heavy half of the beam then bends
downwards and the light half bends upwards (see Iix. 4, p. 87), but the
resistance of the beam to bending is found to give sufficient stiffness.

9. General case of a Funicular Polygon under @ Vertical Load. Example
of Mansard Roof.—We next take a general case. In Fig. 11a,012 3
... 6 is a rope or chain attached to fixed points at its ends and loaded
with weights, 7, ..., suspended from the points 1, 2, etc. The figure
shows 5 weights, but there may be any number. The rope hangs in a
polygon, the form of which depends on the proportions between the
weights. It is often called a “funicular polygon” and possesses very
important properties. We shall find it convenient to distinguish the
sides of this polygon by letters a, b, ¢, etc. We are about to determine
the proportions between the weights when the rope hangs in a given
form, and, conversely, the form of the rope when the weights are given.
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In Fig. 11b draw ab vertical to represent //;, the load suspended at the
angle of the polygon where the sides ¢ and b meet, then draw a0, b0
parallel to a, b respectively to meet in O, thus forming a triangle Oab,
which we distinguish by the number 1, which represents the forces

Fig.11b.

Fig.11a.

acting on the point 1, so that the tensions of the sides @, ) are thus
determined. Now draw Oc parallel to the side ¢ to meet the vertical in
¢; we thus obtain a triangle distinguished by the number 2, which
represents the forces acting at that point, and as 00 is already known
to be the tension of 4 it follows that bc must be the weight 7/, and Oc
the tension of the side ¢. Proceeding in this way we get as many
triangles as there are weights, and the sides of these triangles must
represent the weights and the tensions of the parts of the rope to which
they are respectively parallel. Thus, if the form of the rope is known
and one of the weights, all the rest can be determined. Conversely, to
find the form of the funicular polygon when the weights are given in
magnitude and line of action, we have only to set downwards on a
vertical line the weights in succession and join the points @ b..., which
will now be known, to any given point O, then the funicular polygon
must have its angles on the lines of action of the weights and its sides
parallel to the radiating lines Oa, O), Oc, ete., so that the sides can be
drawn in succession, starting from any point we please.

In the diagram of forces, Fig. 11b, if ON be drawn horizontal to
meet the vertical a, b, c... in IV, this line must represent the horizontal
tension of the rope.

The rope may be replaced by a chain of bars which may be inverted,
thus forming an arch resting on fixed points of support, the diagram of
forces will be unaltered, and ON will represent the thrust of the arch.
As an elementary example of an arch of bars we will consider a truss
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used for supporting a roof of double slope called a Mansard roof. We
will take the usual case in which the truss is symmetrical about the
centre. Suppose it is loaded at the joints. There is one proportion of
load which the truss is able to carry without any bracing bars being added.

From symmetry the weights at 2 and 2’ (see Fig. 12a) must be equal.
To find the portion between the weights at 1, and at 2 2, together
with the stresses on the bars of the frame, in Fig. 12b set down aa’ to
represent /7 at 1, and draw a0 and 'O parallel to ¢ and ¢/, the thrusts
along these bars will be determined. Then, considering the equilibrium
of either 2 or 2/, say 2, one of the three forces acting at the joint,
namely a0, along the bar a being known, the other two forces may be

Fig.12a. !
9,

determined by drawing ab and 0b parallel to them, ba parallel to /7,
and 0b to the bar b. If ON be drawn horizontally it will give the
amount of the horizontal thrust of the roof or the tension of a tie bar
3 3/, if there is such a bar. If the proportion of W, to /7, is greater
than ab to aa’ the structure will give way by collapsing, 2 and 2’ coming
together ; and if the proportion is less, the structure will give way by 2
and 2’ moving outwards and 1 falling down between. In practice it is
impossible to secure the necessary proportion of loads, on account of
variation of wind pressure and other forces, and therefore stiffening of
some kind is always needed. If bracing bars be placed as shown by the
dotted lines 2 3, 2’ 3, 2 2, the structure will stand whatever be the pro-
portion between the loads. The truss may be partially braced by the
horizontal bar 2 2’ only. Then the proportion between the loads /7,
and 77, may be anything we please, but the loads at 2 and 2’ must be
equal, at least theoretically, but in practice the stiffness of the joints
will generally be sufficient for stability, especially if vertical pieces be
added connecting these points to the tie beam as in a queen truss.

10. Suspension Chains, Arches. Bowstring Girders.—We now go on
to consider another important example, in which the number of bars
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composing the frame is very much increased, as found in the common
suspension bridge.

Let A B (Fig. 13a) be the platform of a bridge of some considerable
span, which has little strength to resist bending. Suppose it divided
into a number of equal parts, an odd number for convenience, say nine,
and each point suspended by a vertical rod from a chain of bars secured
at the end to fixed points, D and E, in a horizontal line. In the
figure only half the structure is shown. Suppose the platform loaded
with a uniformly distributed weight ; we require to know the stress on
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each bar and the form on which the chain will hang. Equal weights
on each division of the platform will produce equal tensions in the
vertical suspending rods, and if we neglect the differences of weight of
the rods and bars themselves, the load at each joint of the chain of bars
will be the same. (Comp. Art. 11.) Let W =load at each joint.
Now the centre link KX, since there is an odd number and the chain
is symmetrical, will be horizontal. Let us consider the equilibrium of
the half chain between C and D. The four weights, /F, hanging at
K, L, M, N, are sustained in equilibrium by the tension of the bars
KK’ and ND.

The resultant of the four //7s will act at the middle of the third
division from the left end, and since this resultant load together with
the tensions of the middle and extreme links maintain the half chain in
equilibrium, the three forces must meet in a point, the point Z shown
in the figure, Thus the direction of the extreme link DN may be
drawn. The direction and position of the other links may be found
also. Considering the portion of the chain NC carrying three weights,
the resultant of which is in the line through L, the link NM must be
in such a direction as to pass through the point where this resultant
cuts KK’ produced. Having drawn NM, ML may be drawn in a
similar way, and then LK. Returning to the consideration of the half
chain, the three forces which keep it in equilibrium may be represented
by the three sides of a triangle. Set down an (Fig. 13b) to represent
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This is the same as the horizontal thrust of a triangular frame of the
same height which carries a uniformly distributed load of the same
intensity.

Having found the magnitude of the horizontal tension of the chain
we can calculate the tension at D, the highest point of the chain. Let.
S be this greatest tension, represented in the diagram of forces by a0,
then since a0’ = an- +n0°

w2
$=(g) + 1
The tension at any point P of the chain may be found by drawing from
0 a line op parallel to the tangent to the chain at P. It will cut an in
a point p such that np:na ::length of platform below PC: % span.

Since Op =up’ + On>
_ Tension at P= \/ np W + H2.

The loaded platform, instead of being suspended from the chain of
bars, may rest by means of struts on an arch of bars as in the figure.

==y

V4| =Y

In this case all the bars will be in compression instead of tension, as in
the previous case. If the form of the arch is similar to that in which
the chain hung, it will have no tendency to change its form under the
load. There will be simple thrust of varying amount at different parts
of the arch. The horizontal thrust at the top of the arch is given by
the same expression as for the horizontal tension of the chain, and the
thrust of any bar of the arch may be determined in a manner similar to
that for finding the tension of any link of a chain. We shall show
presently that the proper form of the arch and chain under a uniform
load is a parabola. Hence, the structure just described is called a Para-
bolic Arch. Iniron bridges the platform is not unfrequently carried
by a number of ribs placed side by side. Kach rib is approximately
parabolic in form, usually of I section, of depths from J;th to J;th the
span at the crown, increasing somewhat towards the abutments. The
roadway is supported sometimes by simple vertical struts, as in the ideal
case just considered, sometimes by spandrils of more complex form,
chiefly for the sake of appearance. When uniformly loaded, the stress on
the ribs is nearly as found above : for resistance to variations in the load
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reliance is placed on the resistance to bending of the ribs and plat-
form. The case of a stone or brick arch is far more complex, and
is not considered here.

There is yet another very common structure designed on the same
principles. In this the platform, instead of resting on an arch below

% ' Fig.16. % " 4

it, is suspended from an arch above it. In this case the thrust of the
arch is taken by the platform, which serves as a tie, just as the string
ties together the ends of a bow. Hence it is called a Bowstring Girder.
In this case, as in the others, the loading proper to the parabolic form
is uniformly distributed, and any variation of the loading will tend to
distort the bow. The structure may, however, be enabled to sustain a
varying load by the addition of bracing bars as shown by the diagonal
lines. When the bridge is heavily loaded it will almost always happen
that the greater part of the weight is uniformly distributed, and is
sustained by simple thrust of the arch, so that the bracing is only a
subsidiary part of the structure.

11. Suspension Chains (continued). Bowstring Suspension Girder.—In
describing the supension bridge we spoke of the chain as being secured
at the ends to fixed points. In practice the securing of the ends is
effected thus. The chain is led to the top of a pier of cast-iron or
masonry, and instead of being simply attached to the top of the pier,
and thus producing an enormous tendency to overturn the pier, the
chain is secured to a saddle which rests on rollers on the top of the
pier, and on the other side the chain is prolonged to the ground, passes
through a tunnel for some little distance, and is finally secured by
means of anchors to a heavy block of masonry. By this arrangement
the only force acting on the pier is a purely vertical one, and a com-
paratively slender pier will be sufficient to sustain it. It is not
necessary that the tension of the chain should be the same on each side
of the pier, or that it should be inclined at the same angle. What is
necessary is that the horizontal component of the tension on each side
should be the same. If an (Fig. 14b, page 17)=half weight on chain
as before, and On=H, the horizontal tension (which may either be
calculated from the formula just obtained, or found by construction),
then a0 will be the pull of the chain S at the top of the pier. Then
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considering the equilibrium of the saddle, the pull of the chain ¢ on
the short side and the upward reaction of the pier may be found by
completing the triangle of forces aOr ; Or will be the pull on the anchor,
and ar the total vertical pressure on the pier.

In connection with this description of the method of securing the
ends of the suspension chain, we may mention a form of structure in
which the arch and chain are combined, a good example of which
occurs in the railway bridge at Saltash. The horizontal pull of the
chain is here balanced by the thrust of an arch, so that the combined
effect is to produce simply a vertical pressure on the piers. The
suspending rods are secured to the chains and prolonged to the arch
above, so that a portion of the load is carried by the arch, producing a
thrust, and a portion by the chain, causmg a pull. To prevent any
tendency to overturn the piers (this is ensured by means of saddles
resting on rollers) the horizontal component of the thrust of the arch
must equal the horizontal component of the pull of the chain. The
proportion between the loads on arch and chain will depend on the
proportion between the rise of the arch and dip of the chain.

If 777, =load on arch, and #,=1load on chain,
d,=rise of arch, and d,=dip of chain,

‘ S WL e
then Jil= 8d7 a5 W d’
also W, + W,=total load on bridge :

from which the stresses on the structure may be determined. It is
known as®4 Bowstring Suspension Girder (pp. 42, 71).

We shall next show that the form of the curve of a chain carrying a
uniformly loaded platform is a parabola. Referring to Fig. 14a, let P
be any point in the chain, drop a perpendicular PN to meet the tangent
at C, and bisect CN in K. Then KP must be the direction of the pull
of the chain at P in order that the portion PC may be kept in equi-
librium. The triangle PNK has its sides parallel to the three forces
which act on PC, and the sides are therefore proportional to the forces.
Let CN=ux so that the load hanging on PC'=w. z, also let PN =y.
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