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PREFACEK.

For the engineering student, pursuing the study of Applied Mechan-
ics as part of his professional training, and not as additional mathe.
mathical culture, not only is a thoroughly systematic, clear, and
consistent treatment of the subject quite essential, but one which pre-
sents the quantities and conceptions involved in as practical and con-
crete a form as possible, with all the aids of the printer's and engraver’s
arts; and especially one which, besides showing the derivation of
formule from principles, illustrates, inculcates, and lays stress on
correct numerical substitution and the consistent and proper use of
units of measurement; for without this no reliable results can be
reached, and the principal object of these formulse is frustrated.

‘With these requirements in view, and aided by the experience of ten
years in teaching the Mechanics of Engineering at this institution, the
writer has been led to prepare the present work, in which attention is
called to the following features :

The diagrams are very numerous (about one to every page ; an appeal
to the eye is often worth a page of verbal description).

The symbols for distances, angles, forces, etc., used in the algebraic
work are, as far as possible, inserted directly in the diagrams, render-
ing the latter full and explicit, and thus saving time and mental effort
to the student. In problems in Dynamics three kinds of arrows are
used to distinguish forces, velocities, and accelerations, respectively,
and thus to prevent confusion of ideas.

Tlustrations and examples of a practical nature, both algebmic and
numerical, are of frequent occurrence.

Formulz are divided into two classes ; those (homogeneous) admlt-
ting of the use of any system of units whatever for measurements of
force, space, mass, and time, in numerical substitution; and those
which are true for specified units only. Attention is repeatedly di-
rected to the matter of correct numerical substitution, especially in
Dynamics, where time and mass, as well as force and space, are among
the quantitins considered. The importance, in this connection, of
frequent mention of the quality of the various kinds of quantity em-
ployed, is also recognized, and a corresponding phraseology adopted.

The deftnition of force (§8) is made to include and illustrate Newton's
law of action and reaction, the misconception of which leads to such
lengthy discussions in technical journals every few years.

In the matter of ‘‘Centrifugal force,” theartificial method, so com-
monly adopted, of regarding a particle moving uniformly ina circle
as in equilibrium, i. e., acted on by a balanced system of forces, one of
which is the ¢‘Centrifugal force,” has been avoided, as being at vari-
ance with a system of Mechanics founded on Newton’s laws, according
to the first of which a particle moving in any other than a straight line
cannot be in equilibrium. In such a system of Mechanics nothing can



iv ’ PREFACE.

be recognized as a force which is not a definite pull, push, pressure,
rub, attraction or repulsion, of one body upon, or against, another.

It is true that the artificial nature of the method referred to is in
some text-books fully explained in the context, (in Goodeve’s Steam
Engine, for instance, in treating the governor ball,) but is too often not
mentioned at all, so that the student risks being led into error in
attempting kindred problems by what would then seem to him correct
methods,

The general theorem of Work and Energy in machines is developed
gradually by definite and limited steps, in preference to giving a single
demonstration which, from its generality, might be too vague and ab-
struse to be readily grasped by the student.

In the use of the Calculus, (in the elements of which the student is
supposed to have had the training usually given in technical schools by
the end of the second year) the integral sign is always used to indicate
summation (except on p. 857) while the name of anti-dersvative of a
given function (of one variable) hasbeen adopted for that function whoee
derivative, or differential co-efficient, is the given function (see §258.)

The signs 7 and | are used for perpendicular and parallel, respect-
ively.

In Torsion and Flexure of Beams, the well worn and sinrple theories
of Navier have been thought sufficient for establishing practical for-
mulz for safe loads and deflections of beams and shafts ; and promi.
nence has been given to the methods of designing the cross-sections
and riveting of built-beams and plate-girders, forming the basis of the
tables and rules usually given in the pocket-books of our iron and steel
manufacturers,

The analytical treatment of the continuous girder is not presented in
the general case, preference being given to the graphic method by
Mohr, as greatly superior in simplicity, directness, and interest. For
similar reasons the graphics of the arch of masonry is to be preferred to
the analytical chapter on Linear Arches, whose insertion is chiefly a
concession to the mathematical student, as are also §§ 119, 198, 284, 285,
264, 265, 266, 284, 287, 291, and 297.

The graphics of curved beams or arch ribs is made to precede that of
the straight girder, since the treatment of the latter asa particular case
of the former is then a comparatively simple matter. Hence Prof.
Eddy’s methods® (inserted by his kind permission) for the arch rib of
hinged ends, and also that of fixed ends, are presented as special geo-
metrical devices, instead of being based on Prof. Eddy's general theorem
(involving a straight girder of the same section and mode of support).

Acknowledgment is also due Prof. Burr and Prof. Robinson, for
their cordial consent to the use of certain items and passages from
their works ; (see §§ 306, 213, 320, and 207.)

14 and 25 of “ Researches in Graphioal Btatics," Prof. H. T. Eddy,
C. E Ph. Sp. published b: Wy D, Van Nostrand, Newaork. 1878 ; reprinted from Van Nos
trand's )lamlno for 18
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Advantage has been taken of the results of the most recent experimental
investigations in Hydraulics in assigning values of the numerous coefli-
cients necessary in this science. The researches of Messrs. Fteley and
Stearns in 1880 and of M. Bazin in 1887 on the flow of water over weirs,
and of Mr. Clemens Herschel in testing his invention the ‘* Venturi Water-
meter,”’ are instances in point; as also some late experiments on the
transmission of compressed air and of natural gas, and Mr. Freeman's
extensive investigations in the Hydraulics of Fire-streams and resistance
of Fire-hose, p. 832. (See Transac. Am. 8oc. Civ. Eng. for Nov. 1889.)

In dealing with fluid tension care has been taken to use the absolute
pressure and not simply the excess over atmospheric, thus avoiding the
occurrence of the term *‘ negative pressure;” this precaution being specially
necessary in the treatment of gaseous fluids.

Though space hasforbidden denling at any great length with the action of
fluid motors, sufficient matter is given in treating of the mode of working
of steam, gas, and hot-air engines, air-compressors, and pumping-engines,
together with numerical examples, to be of considerable advantage, it is
thought, to students not making a specialty of mechanical engineering.

8pecial acknowledgment is due to Col. J. T. Fanning, the well-known
author of ‘ Hydraulic and Water-supply Engineering,” for his consent to
the use of an abridgment of the table of coeficients for friction of water
in pipes, given in that work; and to Prof. C. L. Crandall, of this univer-
sity, for permission to incorporate the chapter on Retaining-Walls.

References to original research in the Hydraulic Laboratory of the
Civil Engineering Department at this institution will be found on pp. 694
and 729.

CorNELL UNIVERSITY, ITHACA, N. Y.,
January, 1890.
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MECHANICS OF ENGINEERING.

PRELIMINARY CHAPTER.

1. Mechanics treats of the mutual actions and relative mo-
Hons of material bodies, solid, liquid, and gaseous; and by
Mechanics of Engineering is meant a presentment of those
principles of pnre mechanics, and their applications, which are
of special service in engineering problems.

2. Kinds of Quantity.—Mechanics involves the following
fundamental kinds of quantity: Space, of one, two, or three
dimensions, i.e., length, surface] or volume, respectively ; time,
which needs no definition here; force and mass, as defined be-
low; and abstract numbers, whose values are mdependent of
arbitrary units, as, for example, a ratio.

3. Force.—A force is one of a pair of equal, opposite, and
simultaneous actions between two bodies, by which the state*
of their motions is altered or a change of form in the bodies
themselves is effected. Pressure, attraction, repulsion, and
traction are instances in point. Muscular sensation conveys
the idea of force, while a spring-balance gives an absolute
measure of it, a beam-balance only a relative measure. In
accordance with Newton’s third law of motion, that action and
reaction are equal, opposite, and simultaneous, forces always
occur in pairs; thus, if a pressure of 40 lbs. exists between
bodies A and B, if A is considered by itself (i.e., “free”),
apart from all other bodies whose actions upon it are called
forces, among these forces will be one of 40 lbs. directed from
B toward A. Similarly, if B is under consideration, a force

* The state of motion of a small body under the action of no force, or of
balanced forces, is either absolute rest, or uniform motion in a right line.
If the motion is different from this, the fact s due to the action of an un-
balanced force (§ 54).
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of 40 bs. directed from A toward B takes its place among the
forces acting on B. This is the interpretation of Newton’s
third law. o

In conceiving of a force as applied at a certain point of a
body it is useful to imagine one end of an imponderable spiral
spring in a state of compression (or tension) as attached at the
given point, the axis of the spring having the given direction
of the force.

4. Mass is the quantity of matter in a body. The masses of
several bodies being proportional to their weights at the same
locality on the earth’s surface, in physics the weight is taken
as the mass, but in practical engineering another mode is used
for measuring it (as explained in a subsequent chapter), viz.:
the mass of a body is equal t¢ its weight divided by the ac-
celeration of gravity in the locality where the weight is taken,
or, symbolically, M = @ = ¢g. This quotient is a constant
quantity, as it should be, since the mass of a body is invariable
wherever the body be carried.

5. Derived Quantities.—All kinds of quantity besides the
fundamental ones just mentioned are compounds of the latter,
formed by multiplication or division, such as velocity, accele-
ration, momentum, work, energy, moment, power, and force-
distribution. Some of these are merely names given for
convenience to certain combinations of factors which come
together not in dealing with first principles, but as a result of
common aigebraic transformations.

6. Homogeneous Equations are those of such a form that they
are true for any arbitrary system of units, and in whieh all
terms combined by alcrebl'nc addition are of the same kind.

gt’
Thus, the equation 8 = Z (m which g = the acceleration of

gravity and ¢ the time of vertical fall of a body in vacuo,
from rest) will give the distance fallen through, s, whatever
units be adopted for measuring time and distance. But if for
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g we write the numerical value 32.2, which it assumes when
time is measured in seconds and distance in feet, the equation
8 = 16.1£" is true for those units alone, and the eguation is not
of homogeneous form. Algebraic combination of homogeneous
equations should always produce homogeneous equations ; if
not, some error has been made in the algebraic work. If any
equation derived or proposed for practical use is not homogene-
ous, an explicit statement should be made in the context as to
the proper units to be employed.

7. Heaviness.—By heaviness of a substance is meant the
weight of a cubic unit of the substance. E.g. the heaviness of
fresh water is 62.5, in case the unit of force is the pound,
and the foot the unit of space; i.e., a cubic foot of fresh
water weighs 62.5 lbs. In case the substance is not uniform
in composition, the heaviness varies from point to point. If
the weight of a homogeneous body be denoted by @, its volume
by ¥, and the heaviness of its substance by y, then ¢ = Vy.

WeicnT IN Pouxps oF A CuBIC FooT (i.e., THE HEAVINESS) OF VARIOUS

MATERIALS
Anthracite, solid .............. 100 | Masopnry, dry rubble.......... 138
. broken............ 67 “ dressed granite or

Brick, common hard.......... 125 | -limestone.............c..... 1685

“  BOfl.....ocoeeecoceseess 100 | MOrtar....ooveeevnnnnnnenns 100
Brick-work, common.......... 112 | Petroleum.......cco0vvuunn... 55
ConCrete. ... cvvevecciannneans 125 | BDOW..oiitriiiiniiinenniinnn 7
Earth, 1008€ ....cocvvvernnenn 72 R (- SO 15 to 50

“ asmud...cooeenenenn. 102 | Steel ..iviiiiiiir viiiniennnn. 490
Granite ......o0000enen 164 to 172 | Timber............c..n.. 25 to 60
TIee. . coiiiiiiiennnnnnananss 58 | Water, fresh.................. 62.5
Iron, cast......cooevevnennnn. 450 O BBBi..iiieciraeeiannans 64.0

“ wrought................ 480

8. Specific Gravity is the ratio of the heaviness of a material
to that of water, and is therefore an abstract number.

9. A Material Point is a solid body, or small particle, whose
dimensions are practically nothing, compared with its range of.
motion.
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10. A Rigid Body is a solid, whose distortion or change of
form under any system of forces to be brought upon it in
practice is, for certain purposes, insensible.

11. Equilibrium.—When a system of forces applied to a
body produces the same effect as if no force acted, so far as
the state of motion of the body is concerned, they are said to
be balanced, or to be in equilibrium. [If no force acts on a
material point it remains at rest if already at rest; but if
already in motion it continues in motion, and uniformly
(equal spaces in equal times), in a right line in direction
of its original motion. See § 54.]

12. Division of the Subject.—Statics will treat of bodies at
rest, i.e., of balanced forces or equilibrium; dynamics, of
bodies in motion ; strength of materials will treat of the effect
of forces in distorting bodies ; Aydraulics, of the mechanics
of liquids and gases (thus including pneumatics).

18. Parallelogram of Forces.—Duchayla’s Proof. To fully
determine a force we must have given its amount, its direc-
tion, and its point of application in the body. It is generally
denoted in diagrams by an arrow. It is a matter of experience
that besides the point of application already spoken of any
other may be chosen in the line of action of the force. This
is called the trnsmissibility of force; i.e., so far as the state of
motion of the body is concerned, a force may be applied any-
where in its line of action.

The Resultant of two forces (called its components) applied
at a point of a body is a single force applied at the same point,
which will replace them. To prove that this resnltant is given
in amount and position by the diagonal of the parallelogram
formed on the two given forces (conceived as laid off to some
scale, s0 many pounds to the inch, say), Duchayla’s method
requires four postulates, viz.: (1) the resultant of two forces
must lie in the same plane with them; (2) the resultant of two
equal forces must bisect the angle between them ; (3) if one of
the two forces be increased, the angle between the other force
and the resultant will be greater than before; and (4) the trans«
missibility of force, already mentioned. Granting these, we
proceed as follows (Fig. 1) : Given the two forces P and @ =
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P’ 4 P (P’ and P" being each equal to P, so that Q = 2P),
applied at 0. Transmit P to A. Draw the parallelograms
OB and AD; OD will also be a parallelogram. By postulate
(2), since OB is a rhombus, P and P’ at O may be replaced by
a single force R’ acting through B. Transmit R’ to B and
replace it by P and . Transmit P from B to 4, P’ from
B to D. Similarly P and P”, at A, may be replaced by a
single force /2" passing through D; transmit it there and re-
solve it into P and P”. P’ is already at D. Hence P and
P’ 4 P, acting at D, are equivalent to P and P’ 4 P’ act-
ing at O, in their respective directions. Therefore the result-
ant of P and P’ 4 P’ must lie in the line 0D, the diagonal
of the parallelograin formed on P and @ = 2P at O. Similarly

this may be proved (that the diagonal gives the direction of
the resultant) for any two forces P and m.£; and for any two
forces nP and mP, m and n being any two whole numbers,
i.e., for any two commensurable forces. When the forces are
incommensurable (Fig. 2), P and @ being the given forces,
we may use a reductio ad absurdum, thus: Form the parallelo-
gram OD on P and @Q applied at 0. Suppose for an instant
that R the resultant of P and @ does not follow the diagonal
0D, but some other direction, as 0D'. Note the intersection
H, and draw HC parallel to DB. Divide P into equal parts,
each less than HD; then in laying off parts equal to these from
0 along OB, = point of division will come at some point
between C and B. Complete the parallelogram OFEG. The
force Q' = OF is commensurable with £, and hence their
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resultant acts along OE. Now @ is greater than Q”, while B
makes a less angle with 2 than OE, which is contrary to pos-
tulate (3); therefore & cannot lie outside of the line OD.
Q.E.D.
It still remains to prove that the resultant is represented in
amount, as well as position, by the diagonal. 0D (Fig. 8) is
the direction of £ the resultant of P and
\/\K 0 @; required its amount. If R’ be a force
R equal and opposite to R it will balance P
\/ \D/ and @; i.e, the resultant of R’ and P
T r+ must lie in the line QO prolonged (besides
being equal to @). We can therefore de-
termine R’ by drawing BA parallel to DO to intersect QO
prolonged in A; and then complete the parallelogram on
BAand BO.* Since OFABisa parallelogram R’ must =B A4,
and since OABD is a parallelogram BA=0D; therefore

R'=0D and also R=0D. Q.E.D.

Corollary.—The resultant of three forces applied at the same
point is the diagonal of the parallelopiped formed on the three
forces.

Fia. 8.

14. Concurrent forces are those whose lines of action intersect
in a common point, while non-concurrent forces are those which
do not so intersect ; results obtained for asystem of concurrent
forces are really derivable, as particular cases, from those per-
taining to a system of non-concurrent forces.

15. Resultant.—A single force, the action of which, as re-
gards the state of motion of the body acted on, is equivalent to
that of a number of forces forming a system, is said to be the
Resultant of that system,and may replace the system ; and con-
versely a force which is equal and opposite to the resultant of
a system will balance that system, or, in other words, when it
is combined with that system there will result a new system in
equilibrium ; this (ideal) force is called the Anti-resultant.

In general, as will be seen, a given system of forces can al-

* R must = OF; for if R’'> or < OF, the diagonal formed on R’ and P
cannot take the direction of 0 prolonged
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ways be replaced by two single forces, but these two can be
combined into a single resultant only in particular cascs.

15a. Equivalent Systems are those which may be replaced by
the same set of two single forces—or, in other words, those
which have the same effect, as to state of motion, upon the
given body.

15b. Formulse.—If in Fig. 8 the forces P and @ and the angle a=
PO Q are given, we have, for the resultant,

R=0-_D=Q/P’+Q'+2PQOOSCI.

(If a is > 90° its cosine is negative.) In general, given any three parts
of either plane triangle 0 D @, or O D B, the other three may be obtained
by ordinary trigonometry. Evidently if a =0, R=P + @; it a =
180°, R=P— Q; andif a =90°, R=+/ P* + ¢

16c. Varieties of Forces.—Great care should be used in deciding
what may properly be called forces. The latter may be divided into ac-
tions by contact, and actions af a distance. 1f pressure exists between two
bodies and they are perfectly smooth at the surface of contact, the pressure
(or thrust, or compressive action), of one against the other constitutesa force,
whose direction is normal to the tangent plane at any point of contact (a
matter of experience) ; while if those surfaces are not smooth there may also
exist mutual tangential actions or friction. (If the bodies really form a
continuous substance at the surface considered, these tangential actions are
called shearing forces.) Again, when a rod or wire is subjected to tension,
any portion of it is said to exert a pull or tenaile force upon the remainder ;
the ability to do this depends on the property of cohesion. The foregoing
are examples of actions by contact.

Actions at a distance are exemplified in the mysterious aétractions, or re-
pulsions, observable in the phenomena of gravitation, electricity, and mag-
netism, where the bodies concerned are not necessarily in contact. By the
term weight we shall always mean the force of the earth’s attraction on the
body in question, and not the amount of matter in it.

[NoTE.—In some common phrases, such as ‘ The tremendous force " of a heavy body in
rapid motion, the word force is not used in a technical sensc, but signifies energy (as ex-
plained in Chap. VI.). The mere fact that a body is in motion, whatever its mass and
velocity, does not imply that it is under the action of any force, ily. For inst "
at any point in the path of a cannon ball through the air, the only forces acting on it are
the resistance of the air and the attraction of the earth, the latter having a vertical and
downward direction.)




PART I.—STATICS.

CHAPTER L
STATICS OF A MATERIAL POINT.

16. Composition of Concurrent Forces.—A system of forces
acting on a material point is necessarily composed of concurrent
forces.

Case I.—All the forces in One Plane. Let O be the
material point, the common point of application of all the
forces; P,, P, ete., the given forces, making
Y i angles @, a,, etc., with the axis X. By the
P, parallelogram of forces P, may be resolved
e into and replaced by its components, P, cos a,
L X acting along X, and P, sin a«, along Y.

Fia. 4. Similarly all the remaining forces may be re-
placed by their X and ¥ components. We have now a new
system, the equivalent of that first given, consisting of a set of
X forces, having the same line of application (axis X), and a
set of Y forces, all acting in the line Y. The resunltant of the
X forces being their algebraic sum (denoted by =.X) (since
they have the same line of application) we have

ZX = P, cos a, + P, cos a, + ete. = Z(P cos a),

0

and similarly
2Y = P,sin a, + P, sin a, 4 ete. = Z(Psin a).

"These two forces, ZX and =Y, may be combined by the
parallelogram of forces, giving B = y/(SX) | (S T) asthe
single resultant of the whole system, and ite direction is deter-

mined by the angle a; thus, tan @ = z—g; see Fig. 5. For

equilibrium to exist, /2 must = 0, which requires, separately,
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2X=0,and ZY =0 (for the two squares (ZX)' and
(ZY)* can neither of them be negative quantities).

Case II.—The forces having any directions in space,
but all applied at O, the material point. Let P, P,
ete., be the given forces, P, making the angles a,, 8,, and y,,
respectively, with three arbitrary axes, X, ¥, and Z (Fig. 6),
at right angles to each other and intersecting at O, the origin.
Similarly let a,, g,, y,, be the angles made by P, with these
axes, and so on for all the forces. By the parallelopiped of
forces, P, may be replaced by its components.

X, =P, co8a,, Y, =P, cos 8, and Z, = P, cos y,; and

\ 25z
J R P ’
=Y GI="R | x
o a X //zy 'fzx
z
Fia. 5. Fia. 7.

similarly for all the forces, so that the entire system is now
replaced by the three forces,

2X = P, cos a, + P, cos a, + etc;
3Y = P, cos 8,4 P, cos 3, 4 etc;
37 = P, cos y, + P,cos y, -} ete;

and finally by the single resultant
B=yEZXy+CYy+(3ZY.

Therefore, for equilibrium we must have separately,
2X=0,2Y =0,and SZ=0.

R’s position may be determined by its direction cosines, viz.,

_2X _2Y _2Z
cosa._—ﬁ—,cosﬂ_ B3 CB Y ="]J

17. Conditions of Equilibrium.—Evidently, in dealing with
a system of concurrent forces, it would be a simple matter to



0 MECHANICS OF ENGINEERING.

rep.ace any two of the forces by their resultant (diagonal
formed on them), then to combine this resultaut with a third
force, and so on until all the forces Lhad been combined, the
last resultant being the resultant of the whole system. The
foregoing treatinent, however, is useful in showing that for
equilibrium of concurrent forces in a plane only two conditions
are necessary, viz.,, 2X = 0 and 22X = 0; while in space
there are three, =X =0, 2 Y = 0,and ZZ = 0. InCasel,
then, we have conditions enough for determining two unknown
quantities ; in Case II., three.

18. Problems involving equilibrinm of concurrent forces.
(A rigid body in equilibrinum under no more than three forces
may be treated as a material point, since the (two or) three
forces are necessarily concurrent.)*

ProsLEM 1.—A body weighing & lbs. rests on a horizontal
table: required the pressure between it and the table. Fig. 8.
C