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1. FORCE AND COMPOSITION OF FORCES

Mechanics is the branch of physics and engineerivg
which deals with the interrelalions of force, matier, and
motion, The term force, as used in merhanics, refers 1o
what is known in everyday language s a push or a pull®
We can exert a force on a body by musculur effort, a stretclicd
;E?_I_:l@_g exerts forces on the bodies o which itg ands are
attached; compressed air exerts a force on the walls of ils
contamer; a locomotive exerts a foroe on the tiain which i
is drawing. In all of these instances the Dody exeriing the

force is in centact with the body on which the foree is excried

and forces of this surt are known as eontaet forces. There urc
also forces which act through empty space without contacs,
and are calle-;l'aetion-at-a-distance forces. The foree of gravi-
tational attraction excrted on a hady by, the earth, and
known as the weight of the hogy, 13 the most important of
these for our present study. Elecirical and wmageelic forces

“are also action-at-a-distance forces, but we shall uol bo

concerned with them for the present.

Al forces fall inte one or the ofher of these two classes,

t a fact® that will be found useful liter when deciding  just

what forces are acting om g given bodv.t M, s only pecea-
sa.ry to obscrve what bodies -re in contact with the one
under comsideration. The only forces on the body are then
those exerted by, th- hodies in contact with it togehier
with the gmvﬂa.tmn&l force or the weight of the had 'y.

Those foreés acting on a given body which are exerted
by other bodies arc refeived to ns external forees. TForces
exerted on owe part of a body by other narls of the sume
body are called internat ‘grees. —

‘When a numbe: of forces are stinultancously apphlied it

ﬂ‘)oint, it is%ipund that the sgme’ effcct can always bo
: \

"
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'produccd by a single force having tiin proper magnitude and
direction. We wish 1o {ird this foves, calledd ihe resultans,
when the separals furces are luowa,  The proesss 5 oonown
as the eomposition of forec-, avs o« evudently the comseras
preblemn to that® of resolving n Civon Laro indo Compoanents,
Let us ‘l\}egir; by considering iome Uuple cascs.

‘ (1) i foreos anoright ancles.
Suppose the two forees of 10 13 1 nd
5 1bs are aoplied Aimultirconsty at
the poind (3 asir Fig, . To {ind the
resultant {ores graphically, iy ol
the given forces O and 00 o
scale, and draw herizoptal wnd verical copstruclion fmes

frory I and @, miersectine at S The 'arrow drawn from ¢!
to S renmvesents the resultant of the given forces. I tengtr,
‘to t1: - same seale ad thot uged for the original forces” gves
he magnituce of the resultant, and the anzle 0 sives its
direction. |

Since ,the lehgth PS or 00 represewts 7 ibs, and
Jongth OP represents 10 b3, the magnitude of the roivltant
mey be computed from the right <riungle OPS. Thus

0S= VOF+ PSay/L - 52112 1bs.

The angle & may also bd computed from eiliior ils sine.

cosine, or tangent. Thus

sin @ )., 0447
112

1[} v

. _ cos - 119 11,205

tand-. 501

am@-- [, 0.500
Using any oue of these values® we find from tables of
natural functions ) -

6 - 96.5° _
; We conclude, then, that a single force of 1.2 1Dhs; at
an angle 6f 26.5° above the horizontal, will produce the

*

4



ﬁlfhe effect as the two forces of 19 193 horizontally and -
Ibs vertically. Nouice that the resultant is noi thi arih
metio sum of 5 1bs and 19 1bs. That 15, the two forces are
-Bot equivalcht to a single force of 15 1bs.

el & . R
/R h%.—-"_._ . ) -\.\‘//»Q
O\‘E—: . ‘!'_a .
Fig. 2, Taraliclogram metind £ Fage 3§ Trivasle method top {inding
finding  th~ resultant of two the resuliant of twe veriors,

vectora,

(2} Two forces moi at right angles, (a) Parallelugram
method, Let 0F and 00 in Fig. 2 represent the furees
whose resultant is desired. Draw construction lines from £
parallel to 0Q, and from ¢ parallel to Op, intersecling at
5. The arrow OS reprosotits the resuliant /2 in magnitude
and direction. Since OPSQ is a parallelogram, this methgd
1s called the parallelogram melhod. The magnitude and
direction of the resnMani may be found hy measurement or
may be computed from the triangle OPS wilk the help of
the sine and cosine laws,

NOTE. The diagonal F is not the resultanl of the
given forces, . .

{b) Triangle method. Diraw .ope force vector with its
tail at the head of the ofher as m Fig. 4 (the consiruction
may be started with cither vector}, and complete the tri
angle. The closing side of the triangle, 0Q, represens the
tesullant. A comparison of T igs. B and 2 will show Lhat the
same resultant is obtained by sither method,

.0===L;F_t@, 0_____5_.%)9: .

(@) . (&

Fig. 4. Vertor R is the resultant of voctors p & Q.

(3) Special case. Both forces in the same line. When both

" s
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forces He in the same slvaight line the triangle of Fig. 3
flattens out into a line nlso. To be able to see all of the
force vectors, it,is cusiomary to displace them slightly as
Fig. 4, We ihen.have Fig. 4 {a) ;0 Yig. & {§), depending upon
whether the two forces are in the same or opposite direc-
tions.” Only in ihis case is the magnitude of the rosnltant
equal to the sum (or diffcrence} of the magnitude of the
conpone s,

Fig. 5. Polyyon method.

{4) More than two forces. Polygom mecibed, When more
than two forces are {a he combined, omne may first find the
resultant of any two, then combine this resulfant with a
third, and so om.* The process is ilustrated in Fig. 5,
which shows the four forces 4, b‘, €, and D acting simulla-
neousty at the point 0. fn 1. (b) forces A and I are -
first gomwbined by the triancie method giving a resulian' J5;
foree E is then combined by the same process with ¢ niving
a resultant F; fimally I' and D are combined io obtain the
resultant R, Evidently the veclors £ and I need not Lave
been drawn—one need only draw the given wvectors in
succession with the tail of each at the head of the oae
preceding it, and complete the polygon by a vestor @ from
the 1ail of the first to the head of the last veolor. The order
in which the vectors are drawn makes .o difference a3 shown '

in Fig. 5 (¢). ‘
’
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2. what is known in evarydav language 4> a push or a pul 'ﬁ;&,ﬂ T4,

EREA to HRIRAY.

(8 Bok a fact MHEBA T, PULT R AEE S0 T AR 425
4. what forces are acting on a given body [ %31 deciding AETEM 5.

Perri.

5. plsh that 7 the prab

Ia.y draw g 3= HM: toscale

6. To fing the resnltant fnrce graphically By A G, & {KIRTE M
AR A AT AR R, S day, DG (R

7. to the sams scale as that used for the orivimal forees Re@ERE S, m

YER RS, 58 gives.

8. naing. any r)ne of these valuos [ &4 m“
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9, ..., cerendiag upon whether the two forces are in ibe same or opp wife
directions, s whether BHBRIM B, B Bl{Z a5 &8 depending uprr.
0I5

10. Omlv in this case i+ the magnityde of the 1esultant cqual to the samg
{or difference) of the mammitude of the components, only SR, K&
A B S a sl 2 AU .

11. aud so on X F —EERAH, ATEE CER, BB

2. WEIGHT ANID MASS

Every hody in the universe exerts a {orce of gravitation-
al attraction ou cvery other body. The earth attracts the
book and peactl lying on your desk; each of these attracks
the other; the earth attracts the moon; the sun attracts the
earch and the other planets of the solur system as well as
the most distant stars; dnd each of these bodies pulls hack
on eath of the others which attract it, with an equal and
opposite force. This phenomenon of uaiversal gravitallonai
atiraclion will be considered in more detail lawer. At nresent
we are concermed with onc aspect of it omly, namely,
the force of gravitational attraction heiween the earth and
bhodies on or wear its surfacs. The loree of gravitatiogal
attraction which the earth everts on a hody is called the
weight of the body. Thus the statethoni. that a man welghs
160 Ibs 15 equivalent Lo stating thal be is altracted by the
carth with a force of 160 1bs.' Since. the welght of a body
13 a force, it must be expressed in force units, that 13, in
pounds, in the Eaglish svstem, and in newtons or dynes in
the mks or cgs systern. ‘ : oo

The mass of a body, although it is not the same thing
as the body's weight, is directly proportional to the weight,
as will be showa shortly. Heuce the weight of any body of
known mass cau be found Dy direst proporiion if one meas- .

- ures onee and for all> the weight of each unit of mass,

b
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That is, one ‘must measure the [orce of the earth’s atiraction,
in pounds, fox a mass of ore stug; the force of attraction.
in newlons, for a mass of oue kilogram; and the foree
of attraction, iu dynes, for o mass of one gram. Al
experimental method consists simply of allowing & unit .
mass to fail freely.? While it s [falling, the only force acting
on it is its weight, which we wish to know, and its accelein-
_tion s that of a freely falling body.*

Consider a ome-slug mass f{ailing frecly. Its acceleration

is the acceleration of gravity, g, a2t thc point where the
"experiment is performed. In round mnumbers, this i3 82
ft/sec: By definitjon, o unit force (one pound) 1mparts 10
a pneslug mass an aceeleration of only 1 fifsec®” Sinee
the freely frlling slug has an zcceleration of g fifsac®, the
force acceletating il must be : times as great 25 Lo unit
iorce, or g pounds. In other words, ono silug we'zhs g peunds
where g is the local acceleration of gtavity expressed in
ft/sec?, In round pumbers, ene siug weighs about 32 Ibs.

If the body is one kilogram, falling with an acceleration
of g mfsec?, or about 9.8 mfsec?. the accelern‘.ih% foroe
must be g newtons, since by definitien a force of one uew-
ton imparts to a mass of onme kilogram ‘aun aceeleration  of
only 1 m/sec?’. Hence one kilogram weighs g newtons, where
g is the local acceleration of gravily exnressed in m/sec”. In
round numbers, cne kilogram weighs about 9.8 newtors.

Similar reasoning shows that one gran weighs g dynes,
where g is the local acceleration of grayity expﬁessul i
cm/sec?, In round nunbers, ome gram weighs abous 980
dynes. , ' |

Al bodies, whatever their mass, fall with the same

~acceleration at the same pomt on the earth’s surface” I
\ }f:)llc;ws that the accelerating force or the Weight of a body
i5 directly proportiondl 1o its mass.? If this were not L
case®—if, for example, the weight ,of a 2-slug mass were

Lo L



slightly more or less than twice the weight of a 1-slug mass
—then the acceleration of a 2-slug mass in free fall would
not equal that of a l-shig mass. Since weight and mass are
proportional, and since the weight of each mass unit is
known, the weight of any body of known mass can be
found, and vice versa. :

The preceding Aa.nalyses can be carried ut more hriefly
by simply applying Newton's second law to any freely failing
body of mass #. The resultant force om thu body i3 i3
weight ¥, its acceleration is g and the equalion F-ma
becomies W-.mg, In other words, the weighi of a bedy,
when expressed in lerms of the force unit of auy system, is
uumerically equal to the mass of the body, v the mass
unit of that system, multiptied by the correspending valus
of the acceleration of gravity,

. 53 .
\ W=mg m-=— (1)

The reader undoubtedly knows thal the ferce of gravi-
lational atiraction between two bodies decreases ac the (18-
tance hetween them mereases.  Therefore, the wiight of a
‘body, or the farce of gravitational afiraciion betweer 1he
body and the earth, is mot an invariant property - of the
body bub diminishes as the elevation of (he bod y 15 mnereasad,
because of the increased distance to Uie ourlh’s censer.?
Since the mass of a body is an invariont properly  of the
body, entirely independent of ils pusivon, it [olows fram
Eq. (1) that the acceleration 8f glavily vuries W direct pro-
portion” to the variation in a body’s weight. That is, the
reasom thai ¢ is smaller at high altitudes tha: at low i3
because 2 body weighs less at high altitudes ond therelore
accelerates more slowly in free fall. .

Much® of (he confusion which cxisls hetween the
concepts of weight and mass'arises jrogn the fact that the
terms pound, gram, angd kilogram are often used with ether -

10



meanings than they have in the English gravitational, the mks
and the ¢gs systoms. In' the Eaglish absolule system of
units the unit of mass is the mass of the standard pound,
the same body whose weight is the foree unit in the English
gravitational system. The mame “pound” is given- to this
unit of mass, so we have the same name for a wmit of force
In one system and a uxmit of mass in another. The force
unit in the English absolute systsm is the poundal, defined
as the force ,wilich Imparts to a “one-pound mass” an ac-
celeration of one ft/sec?. Since the “pound mess” is 1732 as
large as the slug,”* the poundal is 1/32 as large as a onpe-
pound force, or about one hali an ounce. The English absolute
© System is not used at all in our country and we shall make
no use of it. When the word pound is used, it will refer
to'a force only.
There are also two other (imcomplete) systems of units
M which as in the English gravitation system, the unit of
force rather than mass il arbitrarily defined. These systems
take as their units of force the weight of the standard kilo-
gram, and the weight of 2 gram. The former force .is
calléd “ome kilogram of force” and the latter “omne gram ot
force.” "One “kilogram of force” is about 2.2 1bs of force
or about 9.8 newtons; one “gram of force” is about 0.0022
ibs or 980 dymes. The “gram of force” is commonly used
‘@ a force unit in clefnentary physics texts, where the
teader has probably met it. The “kilogram “force” is used
.45 & force unit'in engineering .work in those countries which
use the metric system exclusively. We shall use either of
these units in this book, and the words gram and kilogram
will refer to0 mass only.

B iC
Sun-fsan] %, &M = - solar [‘soulo] system kA
Planey ['pleait] w. 7.8 distant ['distent) a. K4
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3. The experimentul method consiuls aimiy 1" of alfowing o nnit mass 40
all freely, allowing & unit mass to f2ll frechs Kol
B frJ;Ui’fﬁw}af‘]Z_f_I\‘E[ A to {2l freclv 3

mass f7E R

alloe ina

- Hifk of Kl

fr-j,\.,‘i 7 ouril

4. While it is fadling, 1Fe only force acting on il is its woightt, which e

wish 1o know, and sts scceleralicn is that of o {5 o
" ¥

HREEAE AW EORGHEFAEA M B e om
s weight 30 its acceleralicn is that of a Trecly .fdlmg: pody; white it

is falling ;%:XW‘%Z}&‘%’“:IBG#HI?JNPJJ&;EM%J. which we wish to
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know RIEFIHARE ~P B FUGEE weight BHRERW H=PRE

Py that ($8 the acceleration.

. By gefinition, a unit force {one pound) imparts to a one- slug mass an

acceleration of only 1 it/ser?. acceleration Jmpa.rtw MR,

6. All Dadies, whatewer ther mass, fall with the samo acceleration at the
same point on the earth’s surface. whatever their mass JE whatever
their.mass may be MIEMER. BLEEWYES RERD, ZOAEEH

. BERRED o

7. J& follows that the accelerating [orce or the weiyht of a body is dnrect—
ly proportioaal to its mass. Tt R, IR that-3lHmLH
N WHMIEA R, AR R R LA R

8. 1f this werc not the case - if, for txample, the weight of a 2-shug
muass were shightly maore or L than fwice the weight of a 1-slug  mass
"_. then the acceleration of w 25l mass fu Iree fall would ' not . equal
that of 2 1-slug nwss. If this were not the case AR f SRRt
WA, ERFHARS SENMEN, RS wMﬁam were, @i LT
TR RV A 5T R would, @ENRR AR L IKE.

9. ... because of the increased distance to the earth’s center, boeapsc- ot
A AWERS, WREERRIRRIGE

10, fofh much 40, %3 a good deal, LS, 4B ; Aewege .

11: Since the "‘poond mass” 13 1/32 as large as the ‘,lng as the <lmg A H:
'ﬁ&ﬁMh,%asme%WWwbweﬁﬁwwﬁ SRR

e

4w

3. NEWTON’S FIRST LAW AND I'H IRI)I LAW

Newtons first la,w states that when a body is at rost or
moving with eonstant speed in a straighi Ine, the resuliant of
alt of the forees” pierted on the body is zero. The various
girders, beams, colymns, etc., ' which form the siructure of
a bm]dlng or bridge, are bodies at res,.  Tha forees exerted
on them‘are their owa waighis, thncs- eniriad by other p'u'ls
-of the sﬁructure,, and whaicver Wads the struciute st
arry., Since the rosultant of zll of the - forces must be
Ze10, if sume of the forces are kmown 1the others may Do
‘computed. - By successive application of Newton's firs, law
to the wvarious elements of a struciure the engineer can com-
pute how much force each part musk withstand gnd thezia-
fore how strong each girder, beam, or colump must bel



In most instances the forces ou a struétoral element arve
‘so distributed that the turning effect, or the moment of sach
force, must also be taken nto account. Wo shall postpone
this complication, and consider for the presznt only siructures
in which all of the forces intersect at a comshon point. We
shall also limit the discussion to co-planar forces.

Notice particularly that threz words are emphasized in
the preceding statement of Newtow's first law--“the resultant
of all of the forces cxerted on the bady.” Most? of the
difficulties’ encountered in the application of thiz law to
spscific problems are due to a failure to use the resultant
force, or to include all of the foress, or to mnse the forces
exerted en the body.® Iurthermore, since Newtow's second
law also involves the rosultant of all of the forces exerted
on a bady, it is extremely tmportant that oue should leamn
as carly as possihle how to recognize just what forfes are
exerted on a partiontar hody.
© When the resultant of all of the forcss on a hody is zero
.the bogy is said to be in equilibrium. Thist will be the case
if it is at rest or moving with constant speed in a straight
line. Both of these cases arc grouped under the common
heading of problems in statics. The forces on a body in
" equilibrium must satisly, the {ollowing conditions:

ZX =0 1Y =0 ' (1)

Thess equations are sometimes called the “first condi-
tion of equilibrium.”

" A carefully drawn diagram, in which each force exerted
on a body is reprecented by an arrow, i3 essential in the
solution of problems of this sort. The standard procadure
i3 as follows: Fiist, make o neal sketch of the apparalus
or structure. Second, choose some one body which is in
equilibrium and in a separate sketch show all of the fofces
exerted on it. This is called “isolating” the chosen  body.
Write on the diagram. which ‘should be sufficienily large o
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