1.2 Equilibrium of a Deformable Body
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Example 1-1, page 11: Determine the resultant loadings acting on the cross section at C of the machine shaft

show. The shaft is supported by bearings at A and B, which exert only vertical forces on the shaft.

Determine the reaction forces from the free-body diagram:

fox (0.05 +0.1) = 120N 225N
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Sum the moments around Poiwt A

f)f/% =0

(~120-0.238) + (8y-04) -(2250.5) =0
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Sum the vertical forces: +Té/: y =0
Ay +(-120) # 363.35 - 225 = o
Ay = =18 .26 N

Section the axle at C and create the two free-body diagrams:

1835 N 800 x.0.05~ = 4oN Poox 0.1= BolN 235

L . ) vk VAJ : .
. ; .

| :: 0025 m M ' t
0.2 m
< *‘ 363.35N
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6.25h »

Sum the horizontal forces:

B EF=0 N=o (assomng Chere 1S no axial fm'e'/iom v the
éeu).v; and penfect vegrtjcad foq.(/'a/; )

Swm the vertical forces:

HEF-0 -5 -4 -V =0
-V =595

V:-S@.?f [MdefN} Vs V(dﬂ,(i(q/ ve " {Ac /C}Q(
S‘ecéiw )

Sum the moments around poiw’c C:

*)fﬁ: o

M+ (025 1P 35 ) # (Y0 -0025) = o
M+ 468355 + 7 =0

I = -54035 N /'nelwhv /7 ig (/oa‘wfje
at ¢ in the fe/r’ seclion)
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Example 1-2, page 12: The hoist consists of the beam AB and attached pulleys, the cable, and the motor.
Determine the resultant internal loadings acting on the cross section at C if the motor is lifting the 500 Ib load W
with constant velocity. Neglect the weight of the pulleys and beams.

Since load W is Lifted with constant velocity the problem can be regarded static, meaning equilibrium of
forces in all directions. First create the free-body-diagrams:
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fi 't‘fflc_-o

soll  sol. } ) e -Sv0 +(~S00)+F8=0
H 1 ‘_? f, = /00y {é 2/7
ﬁ #2/%-0
fu’[ 500(4 (-S'OOXIZ)f {-rooxz) -/-/‘75-‘:0
“ﬂ J Mn = Jooo (‘ ﬁ-{
sl
" HSFeo #)2/7=0
10 ﬁij/‘z‘, 1600 — Frp =0 ¥S00x 15 - M, =0
£ | Iff{ FM:;DOK; ”ﬂ=}3'0 !//é
motor

Section the beam at C and create the free-body-diagrams:

/z
sowll V vV sall
_H‘ é nQ L ==} )
R TR
sl J soull B
Y - e .
- i ﬁ 2
*’{;:o h '
+r{F=o Jovo ~So0-|/ =0
-sooxV=o0 V=500 % _:;éﬁ.-.o
- ~560 =0
V-G 52/F: e ) N =500 bl
$vo=4 =0 *)£/M=0
*)5/7-_-0 o (so0x§) (7000 .6’) #3006 ~ M=o
M~ (s00-4)=0 3000 -~ Po00 > 3000 /7 =0
M= 2000 {‘/! +r/=2000 {[/‘f
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note 1: a cable can only transmit tension forces in a straight line. For a cable to transmit a force ‘around a corner’
external menmbers are required. tn this case rollers.

note 2: do not 'double’ the Loading force on the cable (2x 500 Lb). The actual Load on the cable is 500 Lb. The
reaction force s 500 Lb. One should not add the Load and reaction force.

Consider the example below. Mass M is hanging by a cable and hook H from block A. Block A is supported by
columns B and C, who both rest on the floor. The full system is static, meaning the forces on each component are
in equilibrium. The free-body-diagram of each component is shown.

5\/“ H nC /" l[ﬂ\

cable
(A) Joo (L (% i (A

L C

7T -

gJ

H

Jf/oo /L (4)
Jeo Ll R

F= IOoa

(AMc

T ./(‘\ T "/“.
, 10084 (A) ‘
The cable and hook are wnder temston.

Block A is both under tension and "_/’ ( A) 156 & 2 (A\’

compression (bending). Column B
(@ P e

lo6d4 (A)

and C are under covaressiow. ’ r
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(f we now study the free-body-diagram of the cable one could (mistakenly) conclude that the cable is loaded with
100 Lb from each end, thus a total Load of 200 Lb. This is not the case. The action force (A) Ls 100 Lb. The reaction
force (R) s equal and opposite the action force, and thus is 100 Lb. This is Newtons =vd law of motion!

pleodd
Sec. cable ’\ﬂ Sec.

vr000) (A)

Awnother way of looking at this is; if the action force (A) is lowered, the reaction force (R) is Lowered equally,
keeping the free-body balanced. The reaction force is not an independent foree.

So, to calculate the average stress in the cable's cross section, use 100 Lb (action force)! Not 200 Lb (action +
reaction force)!:

_Joo 574/

, ——
Stness = A
c. )
Se Sec. !oq(‘
. = A
B 7/
il /oorl
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Example 1-3, page 14: Determine the resultant internal loadings acting on the cross section at G of the wooden
beam shown. Assume the joints at A, B, C, D and E are pin connected.

caleulate the resultant distributed Load and Lts positiow:

2% 2%

< 3 VA -5 C
\ EF¢ x 300 /Yt
300 UU Y Fo PEEPTE S jouft
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*centrotd caleulation for triangle:

For each two-dimensional shape below, the area and the centroid coordinates (:i:, g) are given:

Shape Figure z 7} Area
—
Right-triangular area = AL 2 ﬁ bh
e 3 3 D
i
L—I.‘

Create the free-body-diagram and calewlate the reaction forces. Since all joints are pin connected, moments
are not generated.

B C( /Ec-'x
2
D fey T = 35t
AA’I/ & | /k Ex v

ooll | 3ootd HF@
AR 1

AR, BC and BD are 2-force members, meaning there are just 2 forees acting on each member and since there is
equilibrivm the forces are equal, opposite and collinear. This means FCy=o.
AE Ls a z-force member since forces are acting at A, €, ® and the 900Lb Load.
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Mg =0

(—laf(-/root’é)*/~9fé L (‘)f{ch -Sf'f):.o
(~15000) + (3§06 # [ 3o ) =0
Fé" = {Zoo fé

58 -0 -}fZF.:o
8200 — f_Eu =0 ~/500 - 900 + FE} =0 .
FEx= 8200 /4 F}_--),: 2400 {4

Now calculate the forces in members AB and BD:

F
2 . 8>
o J N 'L;o bavec = % C/A/v‘u/J = fa00
cd = 3{.10
FRe= 8200 UL @p:—?/fo 74

Faa \//%’s'o\1 * (o/zoo\r' =»re ¥

Section the beam at G and create the free-body-diagrams:

35004 R " Féx
2
s

Fey |
N Fi 3t
M (;—)é }\ & I , : ( Ex |
L6 900 ’ F
l l : E}’
2 v
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Now caleulate M, N and V using the left section:

HEF-o _‘i}f/‘;o 1‘72/75:0

~/500 # 9650 +V = 0 8200~ N = 0 6foox2ft'> /‘9‘{"0"2/.’-4 -/7=0

L 4
V=-3750 (l A/=o/2°0 L% 3000 ~j3oo -/ =0

~/7 = j’?,oa -3000

N: -0/300 ///‘( i

* The negative sign means that the actual force ano moment is in the opposite direction as sketehed in the
free-body-diagram.
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Example 1-4, page 15: Determine the resultant internal loadings acting on the cross section at B of the pipe
shown. The pipe has a mass of 2kg/m and is subjected to both a vertical force of 50N and a couple moment of
70Nm at its end A. It is fixed-connected to the wall at C.

create the free-body diagram of section ADE.

weigh! AD : 2hy/m - 126 m - 381 = 294.525N
wdﬂ( e 2‘7/"7 "0.85m - 5.7 = j.J’//V

fM).:O X
(Sox128) #(24. 525 x0.625) - M =0
Ele=o0
Csoxo.5)(-24.§25%08) (-9.87-028) # 20 +//x =0
5/72=° —~39.215 # 30 +Mx -0
M o Mk = -30,2&5’”*.
2=
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SF =zo Fx:b”

EF; o I%,:.ON

n

Zf =0 ~S0-24525-9.81 +5= o
F=0%335N

Main forces at section B:

9‘“& Ve b’i‘ + &‘4

=Vpesstir ot
= ”,’”

vormal N = VF,'* At

=Vots o '

= oN

ﬁ»\'ﬁod e = ”7
= ?).J’”m

4~1f~’ M= /7
= 30.3 Vm
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Problem 1-1, page 16: Determine the resultant internal normal force acting on the cross section through point A
in each column. In (a) segment BC weighs 180Ib/ft and segment CD weighs 250Ib/ft. In (b), the column has a

mass of 200kg/m.

Create the free-body-diagrams of the segments up to section A and determine the reaction forces:

| $Fip

loft - 180 UUIFE = 1. 8K1p |0 otk

YR 250 ) = 1 kip |3

fféF:o
0 ==5=1.8-1- (2x3)+ Nea)

Nea) = 13.8 ki
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Problem 1-2, page 16: Determine the resultant internal torque acting on the cross sections through points C and
D on the shaft. The support bearings at A and B allow free turning of the shaft.

create the free-body diagram and determine the reaction forces: The 3 moments cancel each other out so there

are wo reaction forces.

2SoNan c 152N as Y00Nn .
AN\ ’/\ 'f\ B

Section the shaft at € and D and caleulate the reaction forces:

| Fal N\

N\
A IBE §
A IR
“280 N Me Me - 15 0Nn, 400Np, Mo Mo
L v J ‘ y
*)él =0 +)7; =0

=250 +Mc =0 260 +Yoo- IS0 f?;_-) =0
/Vc:ZS'OUM 7{):0

18/10/17
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Problem 1-3, page 16: Determine the resultant internal normal and shear force in the member at sections a-a
and b-b, each of which passes through point A. The 500 Ib load is applied along the centroidal axis of the

member.

Section at a-a and determine the reaction forces:

vasev

P |
< - < —> so0 05
300 N, o So0ll Naa & 520

Section at b-b and determine the reaction forces:

Vb
oolh —/r\ b4 )

NS
M
Cos 30 = .
Nl - 433 & VéL

S 30’ = fo0

V‘\‘ = 2%o0 /[
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Problem 1-5, page 17: Determine the resultant interal loadings on the cross section through point D of
member AB.

create the free-body diagram and determine the reaction forces:

C &
I A&y, N\ B
S 0./75"
Y D - &Nd = o Z
= %NM ‘.f ']
i‘\ o = 30/j
<

h’em[eﬂ 8C 75 a z-ﬁece meh/e(,
bhe reAcion foace canw be Erans fenrncd
t the end Cf[ member AR

ATT
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\ 0(530/.3.
s, A ﬁ
> FB-:\.
v b Ty fave =
. bd
R FoNm
Df/f *féF:o 1‘35;:-'0
+ =0
H/F& o) Fay=lay=o o # fax=e
= N
8y sl Fa,:—/;.‘-/v —J13/% *};»:o
Fas=13/51
Section at D and create the free-body diagram:
. 5 \’/D M
A5 N <X, VD:Fay = /95-”
4‘/ !D ¥ N‘p :E;(,: 135N
| 7‘}2’”0:0
(—Ety . 0.0?) #1Mp= o
Mp = 8325 Ny

Mechanics of Materials - R.C. Hibbeler 19/ 67 20/10M17



| sft |

—r

Problem 1-6, page 17: Determine the resultant internal loadings on the cross sections located through points D

and E of the frame.

create the free-body-diagram and caleulate the reaction forces:

)50+ = )zoe 174 ost

3
banec = Y
sty Xl nken B s soece mendee
. the ﬁatg can be Lrans fc'(/rco(
4 point B
r- //
‘ 'I'/é/::_o
ANEN - e
// lf 180 /600 /;), ~/200 = o
T 1200N e [IZoox9)[-ny 5) =0 /C;‘? =Yoo 06
6 B E): /{00 (‘
‘a,, 'Y ) ,lé)( % _J_'péfx =0
‘ay FCI'X‘/';xzo
}_:'x; f‘” g/_’ : //00 Izol-F.;,‘:o

Fey = 1201 44 =+ Jfa, =120 {4

211017
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Section at D and create the free-body-diagram:

/{ffxl.fo///f'f: 3}5‘/[ 7"’5/‘;-0 P
' Fey -975-V =0 Eo Moo
/‘/.o ) 3?5-_\/;0 120 =N so
v=das & N = 1200 &4
,‘ 1.5, - !
. 325 /¢ s2¢ L 22/ =0
. ’ G?Sx,!_zs)f-[-lo’ooxls)fl‘f: o
3/68.35 - 2900 - M =0
M=-368.35 lb-Ft

Since BC Ls a 2-force member it is Rnown that Ve and Me are
ZEero.

M
' E - W IEG- = /VE = zmg
= V121 # 1doot Ve =0 &
/ ) = Zoeo /‘ ”E =0 ﬂ'”
Pouble check the Left side section:
| 151350 lb-FE = 225 €4 #l8F -0 #Zf 0
’Zf’é‘ 8 N Y00 -225 #V =0 201 2N =0
«” V N _> 7
At Vebos &V N=reor BV
&4 7
‘700;’;
*)f%:a

é?oox/_s') 4 (4225 x o.}r) -M=0
M:}’JI.}S 74 |/
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Problem 1-7, page 17: Determine the resultant internal loadings on the cross section located through points D
and E of the frame.

Member A®B is a two-force member since it is pin conmnected and has no external loading acting ow it. Create the
free-body diagram and determine the reaction force:

Since dc éednn
oy connetted

250N 2500/ E #cl\'e, 15 Not a
2° A ):/ Reaclions morment

-
FB X

>

-;Qéﬁ; =0
(~2500 x38)4 (2500 % 1.8 + (Fg %) =0

e~ VK-/WI 3+ [zfoo)z

FS):Z“ON F8; ngiA/
FBx
Ean'30° = 2500 :725‘30 i‘ff/t:o
Fax = 1993N P8t x =0 /8y -2500~2500 # Fy =0
43 + Fex =o 2500 -2500 ~2§00 +fey =o
F;'x = ~/443/N Ey = 2500 N/

Mechanics of Materials - R.C. Hibbeler 22 | 67 22/10/17



Section at € and create the free-body diagram:

",T“ N V=o N
.; .‘\ M=0Nm
M
N N= 5;2&’}”

Section at D and create the free-body diagram:

./ 28500 N F
A/ ~ 280N —t"f =0 +’ff_:,-o
N — N~1443 =0 ~2500 + 2600 +V =0
L, D 443N N= 1443 =0
M
7‘)2/‘73:0
(~2500 x 1) #(2500 2.5 =/ =0
/7= 3250 Mm
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Problem 1-9, page 17: Determine the resultant internal loadings on the sections through points C and D of the
pliers. There is a pin at A, and the jaws at B are smooth.

create the free-body-diagram of the separate parts and determine the reaction forees:

(2 22EH) o
(#20x 120)(- Fax 40) =0
\14_7&" [R=6s N

20 4+ 50 * 5).:0

20/
IKA’, = =-doN
V :‘) f/‘/: o
! \

M > Ve M"'[“"X’f)zo
Sectlon at C and determine Vad
the internal Loadings: N.. M= 900 N

L, I5mm _ -—Fé . -go/V
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Section at D and determine the internal Loadings:

R _ ‘ *aéﬁp =0
D o 4
N (fzo x P ~/7=0
1 = 1800 Nmm
20N/ 3°

N=Sin3'x20 = 10N

V=coS30 x20 = 123N
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Problem 1-11, page 18: The serving tray T used on an airplane is
supported on each side by an arm. The tray is pin connected to the arm
at A and at B there is a smooth pin. (The pin can move within the slot in
the arms to permit folding the tray against the front passenger seat
when not in use). Determine the resultant internal loadings in the arm
on the cross section through point C when the tray arm supports the
loads shown.

Since the hinge is 'locked' the tray is not able to rotate CwW. The

hinge can be considered as fixed. Create the free-body diagram and
determine the reaction forces:

A

cos /o ‘:. Soo f, gn
A= 2% ‘ y
Fy
- A
MV |
7
¥ S‘S’ /
+)_ Me=so L S8
(4% 365 +(12x518) p M=o
= "_7‘/0/5 Nwm
14

f"élﬁt; =0

Fe9-1z=0
Fy=21N

N= cos 30' X2/ ==]P. 2N

2
N. V= SI.IV30.J(Z/ —
30

10. 5N

Since 2 arms support the tray all resultant internal loadings shall be devided by 2 *:

* note: the book does not divide the answers bg 2
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Problem 1-13, page 18: Determine the resultant internal loading acting , 2 .,z , Z2
on the cross section through point C in the beam. The load D has a 1
mass of 300kg and is being hosted by the motor M with constant
velocity.

Holsting with constant velocity means all forces are in
equilibrivum. Draw the free-body-diagram and determine the
reaction forces:

4 A
- - < - -
p Fa., q
v Fo p Fp A ) v
[a—> -9 o} /5,
A ' ,ﬁg * v A
" o .~7~> "::3\4 A
A /1= 300 % 9.9/

, =Z4993 N

A Ely=0 42 o H2A =0
(~2943x 6) +(Fyx 4) +(-2943%2) = ©

&xlo/\/ /rﬁ)- :o/V
£y =5886 N

Section at C and create the free-body-diagram and caleulate the internal resultant forces:

JFo | y M )2/ e =0

——1 1\‘5 s (-2943x35)+ (S086%15) +M =0
V5 "2y =143 Nm
J L 25 )
’f’f/; =0 i->é/[¢- =0
~2943 35096 - V=0  29Y3-N=o0
V=2g¢3 N N=2943 N
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Problem 1-14, page 19: The 800 Ib load is being hoisted
at a constant speed using motor M, which has a weight of
90 Ib. Determine the resultant internal loadings acting on
the cross section through point B in the beam. The beam
has a weight of 40 Ib/ft and is fixed to the wall at A.

Holsting at constant speed means all forces are
equalized. Section at B and create the free-body-diagram
and determine the resultant internal Loadings.

%00

i Yoo ’Qfﬂﬂ=°

& "h &+ o007
o “s (400 x%)#(400x4.5 )= (400 %1.5) +(160X2) #/ =0
o
¥ .";’0 3/120+M =0
N Gt L_Y_f K2, =-3120 £6-FC
N P
! B oo
V| +/2Fg="0
;9 ,,05

V ~ 2o - %00 ~%00 = O

900 ?900 V: %0 €4

~N ~%00 = O

ﬂ’lo i>éF::O
I N= %00 &
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Problem 1-15, page 19: The pipe has a mass of 12 kg/m. If it is fixed

to the wall at A, determine the resultant internal loadings acting on 1 |
the cross section located at B. Neglect the weight of the wrench CD. 200 ::” ,

1

Section at B and determine the internal loadings:

02%x/2%x 2.0/ = 23.5A y e M8y
| 2
IMax f) ~Y
x @ZX[KO\(/IO\ = IJ’”M
Zﬂarzo 25‘:0
£h,=0
ﬁgx # (—9},1x0,23 =0
N /.. g > éFj‘. =0
Mgy = J- 42N (= toaqoe -23.5-43.1+MNg =0
Na :70./N
2/%37 =0
Mp, ~(23.5x 0. N—={421%02)+1f = 0o
MB), - K.ZSA/M
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Problem 1-17, page 19: The shaft is supported at its ends by two
bearings A and B and is subjected to the forces applied on the pulleys
fixed to the shaft. Determine the resultant internal loadings acting on
the cross section located at point C. The 300 N forces act in the -Z
direction and the 500 N forces act in the +X direction. The journal
bearings at A and B exert only X and Z components of force on the
shaft.

Y
Create the free-body-diagram ano determine the resultant forces. */
CSMa s é’z‘*z =0
(~1000 x 750) + (FgnX1000) =0
',) “ F&> = PSoNN
Ma
* IF 2& =0

i ‘ 82 o—

/000350~ /5, =0

Fﬁ)‘ - 25-0 N
2/74.! =0 ZF‘! =06
(—éooxqoo)f-(ﬁ'gzx/aoo}:() 240 ~800 + /45 =©
/:éz = 2% N /c',;2 = 360N
Section at C, create the free-body-diagram and caleulate the resultant internal loadings:

fﬁcx =0 éf'é - 0

Mese #(2%0x 452) =0 240 4+ Vcz =0

Mcose = 108 Nn,y ch = =290

f#ct =0 f/t)c =0
~350 # Vex ~o
Mcz +(~/000x200)# (3S0x450d)=0  70°* V? o7 e
Mcg:——/.?).s'ﬂ/m Cx = =250 N/
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Problem 1-18, page 20: A hand crank that is used in a
press has the dimensions shown. Determine the resultant
internal loadings acting on the cross section at A if the
vertical force of 50 Ib is applied to the handle as shown.
Assume the crank is fixed to the shaft at B.

Section at A, create the free-body-diagram and
determine the tnternal resultant forces:

sF) - 0
F,,), 4 ($05in30°) =0
/;}7=-2$'//

Sl =zo
Mase#+( (50 c0530°)x3) =0

[y = 303 & -ineh,
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Zfozro
52 -Z$0(0535.\)= O
Faz =433 U

5/72.,,0
742 y-/[S‘os/pr)x 3) =0
Mﬂi = - 35 lb x "N‘A

f/‘f} =0
7;,),+/(ra60530'>><33=o

7_47_-: /249 /[‘/NCZ

29/1017



Problem 1-19, page 20: The curved rod AD of radius R has a weight per
p

length of W. If it lies in the horizontal plane, determine the resultant internal R
loadings acting on the cross section through point B. Hint: The distance
from the centroid C of segment AB to point O is CO=0.9745r. B "o
i = °
create the free-body-diagram and determine the resultant internal loadings. 25 L Jo
c
228 A
2
A / )
es s . /
"K\/c Mgﬂ' s AL wen, £ J’ejme«/c{ AB
x£'/ Z7TR -
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) x 0 x = Cos22.5 x 0.9345R
Y 03',45'3 Na22.6° =o09R
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~c y=Sin22s' x0.9345R
= 0.333R
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(~ozswwrr)+V=0
Ve 03285 wr
/-0

T+ (o25wire)lo)R) =0
T =-o0.0385y wr®

2l =0
M—(loaswiwR)(0.323R)=0

M= D.?.jz ‘URz
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