CHAPTER 1






S PROBLEM 1.1

Two solid cylindrical rods AB and BC are welded together at B and
loaded as shown. Knowing that the average normal stress must not
exceed 175 MPa in rod 4B and 150 MPa in rod BC, determine the
smallest allowable values of d; and d.

300 mm

250 mm

SOLUTION
(@) Rod4B
P =40+30=70kN = 70 x 10°N
Lo_Pp _ P _ap
AB E 1 7Z'd1
3
DTOXT0) _ 2 6x10%m d, = 22.6 mm <
ﬂ'O'AB (175 %10”)
(b) Rod BC

P =30kN =30x10°N
P P 4P

T d3 7rd2
3
(4)(3OX106 = 15.96x107m d, = 15.96 mm <
7Z'O'BC 7(150x10°)

Opc =
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PROBLEM 1.2

A
Two solid cylindrical rods 4B and BC are welded together at B and loaded
as shown. Knowing that d, = 50 mm and d, = 30 mm, find the average
300 mm normal stress at the midsection of (a) rod 4B, (b) rod BC.
— dl
B
40 kN
250 mm
— dy
R C
30 kN
SOLUTION
(@) Rodd4B
P =40+30=70kN = 70x10°N
A= %dﬁ - %(50)2 = 1.9635 x 10°mm? = 1.9635 x 10> m>
P 70 % 10° 6
Op=—=————>=357%x10"Pa 0,5 = 35.7MPa 4
4 1.9635x107 4
(b)) Rod BC

P =30kN =30x10°N
A= %dg - %(30)2 = 706.86 mm? = 706.86 x 10"m>

P 30x10° p
Op=—=—> 27— 424x10°Pa Grp = 42.4 MPa o
BC 4 706.86x107° Be
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3in. PROBLEM 1.3

A
P Two solid cylindrical rods 4B and BC are welded together
f — at B and loaded as shown. Determine the magnitude of the
| force P for which the tensile stress in rod AB is twice the
magnitude of the compressive stress in rod BC.

‘ 30 in. | 40 in. !

SOLUTION

Ay = %(2)2 = 3.1416 in’

o _ P __P
P4, 31416
= 0.31831P

Age = %(3)2 = 7.0686 in>

_@c0-r
BC — AAB
= 3?0;81; = 8.4883 — 0.14147P
Equating o5 to 205
0.31831P = 2(8.4883 — 0.14147 P) P =282 kips <
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2in. 30kips p
.

PROBLEM 1.4

3in. In Prob. 1.3, knowing that P = 40 kips, determine the
average normal stress at the midsection of (@) rod 4B,

A l

(b) rod BC.

P = 40 kips
30 kips

| 30in. |

f | PROBLEM 1.3 Two solid cylindrical rods 4B and BC
| are welded together at B and loaded as shown. Determine

the magnitude of the force P for which the tensile stress
in rod 4B is twice the magnitude of the compressive
stress in rod BC.

SOLUTION
(@) RodA4B

P = 40 kips (tension)

(b) Rod BC

rd,  m(2)?
AAB = T = —

P 40
A, 3.1416

= 3.1416 in>

Oy = 0,5 =12.73ksi 4

F =40 - (2)(30) = 20 kips, i.e., 20 kips compression.

_ mdie _ 73

Ape ==, = 7.0686 in”
Opc = o =20 Opc = —2.83ksi 4
Ay 7.0686
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PROBLEM 1.5

Two steel plates are to be held together by means of 16-mm-

diameter high-strength steel bolts fitting snugly inside cylindrical

brass spacers. Knowing that the average normal stress must not
exceed 200 MPa in the bolts and 130 MPa in the spacers,
determine the outer diameter of the spacers that yields the most
economical and safe design.

SOLUTION

At each bolt location the upper plate is pulled down by the tensile force P, of the bolt. At the same time, the
spacer pushes that plate upward with a compressive force P, in order to maintain equilibrium.

b, =5
For the bolt, o, = £ _ 4—1)‘5 or B = £Jbalbz
4, nd, 4
For the spacer, = % or P = ZO'S d? —d})
ﬂ-(ds - db ) 4

Equating F, and P,

Zoudi = %od} - dp)

4
d = [1+%a, = [[1+229qe) d, =252 mm <«
) o, 130
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i PROBLEM 1.6

Two brass rods AB and BC, each of uniform diameter, will be brazed

[ together at B to form a nonuniform rod of total length 100 m, which will

R B be suspended from a support at 4 as shown. Knowing that the density of

B brass is 8470 kg/m’, determine () the length of rod AB for which the

100 m maximum normal stress in ABC is minimum, (b) the corresponding

value of the maximum normal stress.

—> <~—10mm

¢ 19
SOLUTION
Areas: Ay = %(15 mm)? = 176.71 mm? = 176.71 x 10 °m?
Age = %(10 mm)? = 78.54 mm? = 78.54 x 10°m?
From geometry, b=100—-a
Weights: W,s = pg Al 1z = (8470)(9.81)(176.71x10™)a = 14.6834

Wee = pg Agel e = (8470)(9.81)(78.54 x 107°)(100 — a) = 652.59 — 6.526a

Normal stresses:

At A, P, =W,z + Wy = 652.59 + 8.157a (1)
o, = B 36930%10° + 46.160 x 10%
AB
At B, Py = Wy = 652.59 — 6.526a )
o3 = Ts o §3090%10° - 83.090 % 10%
BC

(a) Length of rod 4B. The maximum stress in ABC is minimum when ¢, = 0 or

46160 x10° —129.25x10°a = 0
a=357lm (,3=a=357m 4

(b) Maximum normal stress.

0, =3.6930 x 10° + (46.160 x 10*)(35.71)
05 = 8.3090 x 10° — (83.090 x 10*)(35.71)
0, =0y =534x10°Pa o =534 MPa 4
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4 PROBLEM 1.7
0.4 i
— C Each of the four vertical links has an 8 x 36-mm uniform rectangular

cross section and each of the four pins has a 16-mm diameter.

m
/‘ 0.2m Determine the maximum value of the average normal stress in the
B

20 kN

] /L links connecting (a) points B and D, (b) points C and E.

SOLUTION

Use bar 4BC as a free body. 20 kN
0.025 —f—-0.

SMe=0: (0.040) Fyp — (0.025 + 0.040)(20 x 10°) = 0
Fyp = 32.5x10°N Link BD is in tension.
My =0: —(0.040) Fpp — (0.025)(20x10°) = 0

Fop =—125%10°N  Link CE is in compression.

Net area of one link for tension = (0.008)(0.036 — 0.016) = 160 x 10°m?.

For two parallel links, A, =320x10°m?

Fyp  32.5%x10°
A 320x107°

(@) opp= =101.56x10°

Area for one link in compression = (0.008)(0.036) = 288 x 10°m?.

For two parallel links, A=576%x10"m?

Frpe  —125%10°

R = -21.70x10°°
X

(b) o =

Osp = 101.6 MPa 4

Oy = —21.7 MPa <«
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PROBLEM 1.8

‘ [ 12in.
‘ * I Knowing that the link DF is % in. thick and 1 in. wide, determine
Zin. 0 W . the normal stress in the central portion of that link when
¢ ]L_mn' (a) @ =0° (b) 6 =90°.
8in.
A
X B
SOLUTION

Use member CEF as a free body.

Cx

L
Go 2b /<j
IMe =0: —12 Fp — (8)(60 sin6) — (16)(60 cos@) = 0
Fpp = —40sin@ — 80 cos @ Ib.
1 .
Apy = (1)[3 = 0.125 in.
F
Opg = _ADE
DE
(@) 6=0: Fy, =-80Ib.
-80
Opp = —— Onp = —640 psi 4
PE™0.125 bE P
(b) 6=90° F,, =—401b.
—40 .
P Opp = =320 psi 4
PE 0125 PE P
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B3 PROBLEM 1.9

Link 4C has a uniform rectangular cross section % in.

thick and % in. wide. Determine the normal stress in the
6 in. central portion of the link.

r_Lsa B} 240 b
30°—§ d

SOLUTION

Free Body Diagram of Plate

lff‘

240\
‘ L

0N,

30°
Fac

Note that the two 240-1b forces form a couple of moment

(240 1b)(6 in.) = 1440 Ib - in.

)EIMg =0: 14401b-in — (F,c cos 30°)(10 in.) = 0
F,o =166.277 Ib.

Area of link: Ay = Lin L in.] = 0.015625 in?
16 4
Stress: Ouc = Fac _ 166277 _ 540 psi 0,c =10.64 ksi <

A, 0.015625
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0.100 m PROBLEM 1.10

o

PIPIP Three forces, each of magnitude P = 4 kN, are applied to

l l the mechanism shown. Determine the cross-sectional area

ol 1@ 0 @)D of the uniform portion of rod BE for which the normal
A

C stress in that portion is +100 MPa.

0.150m 0300m  0.250m

SOLUTION

Draw free body diagrams of AC and CD.

Fee PP ¢ P
A BT l ) c p

Ax T*O"SD sk 6.200 ,Lo’wmv ko o, 19
Ay c D

Free Body CD: +‘>ZMD =0: 0.150P -0.250C =0
C =0.6P
Free Body AC: +‘> M, =0: 0.150Fg; —0.350P - 0.450P — 0.450C = 0
Fgp = 107 p 7.1333 P = (7.133)(4 kN) = 28.533kN
0.150
Required area of BE: Opp = For
BE
3
Ay = Fop  28933XNOT_ pes a3 100

Opz  100x10°

Ay = 285mm” <
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45 in. 1 30 in. |

Af
A, = B ‘ ¢
— @ ) I
| 480 1t
A, g
4in. 4in.
40 in.
D, AN N
4\
—5—> () (€]
x 4 - N
E F
DL« 15 in.*L; 30 in.*J

PROBLEM 1.11

The frame shown consists of four wooden members, ABC,
DEF, BE, and CF. Knowing that each member has a 2 X 4-in.
rectangular cross section and that each pin has a 1/2-in.
diameter, determine the maximum value of the average
normal stress (@) in member BE, (b) in member CF.

SOLUTION

R250 4

2250 4.

750 $b

N i mum
sect on

Stress in tension member CF

Add support reactions to figure as shown.
Using entire frame as free body,
XM, =0: 40D, —(45+30)(480) =0
D, =900 1b.

Use member DEF as free body.

Reaction at D must be parallel to Fy, and Fp.

D =iD =1200 Ib.
y 3 x

M, =0: — (30)(%FBE] ~(B0+15Dy =0
Fpp = —22501b.

M, = 0: (30)(%FCEJ ~- (15D, =0
Fp =750 Ib.

Stress in compression member BE

Area: A =2inx4in = 8in’
(a) Oy = % = % Opr = —281psi 4

Minimum section area occurs at pin.
A = (2)(4.0 - 0.5) = 7.0 in?

- 70 ocr=107.1psi 4
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B D F PROBLEM 1.12

For the Pratt bridge truss and loading shown, determine the
average normal stress in member BE, knowing that the cross-
(,lil sectional area of that member is 5.87 in’.

A6
A G E G

e
Lth 9 ft 9 ft 9ft~>‘

 / Y Y
80 kips 80 kips 80 kips

SOLUTION

Use entire truss as free body.
+‘> IMy =0: (9)(80) + (18)(80) + (27)(80) — 364, = 0
12 Ay =120 kips

J}ij- Use portion of truss to the left of a section cutting members

Ay °t Ef ¢© } BD, BE, and CE.
9 ft—rfe 9 ft >0 ft—rfge—9 ft: H 12

/ +T2F,=0: 120-80——Fz, =0 .. Fyr = 50Kkips
AY s0kips  Sukips 50 kips g 15 °F BE

Fpr  50kips

Opp = =—
BE™ 4 7 587in?

Ogp = 8.52 ksi 4
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A

Dimensions in mm

.

imo — IrD

cm‘;nB

— 100
450

250

PROBLEM 1.13

An aircraft tow bar is positioned by means of a single
hydraulic cylinder connected by a 25-mm-diameter steel
rod to two identical arm-and-wheel units DEF. The mass
of the entire tow bar is 200 kg, and its center of gravity
is located at G. For the position shown, determine the

850 500 675 825 normal stress in the rod.
SOLUTION
FREE BODY — ENTIRE TOW BAR:
A7 A 150 mm \/J

A)( N [\l\
——Zd G -] iy W = (200 kg)(9.81 m/s?) = 1962.00 N

- S)IM, =0: 850R —1150(1962.00 N) = 0

seoIR R = 2654.5N

500wim  G15 vam

R=2654.5

f«N

FREE BODY — BOTH ARM & WHEEL UNITS:

tanoy = —
675

100 o = 8.4270°

)EMp =0 (Fepcosa)(550) — R(500) = 0

500
Fop = ——————(26545N
D =550 cos 8.4270° )
= 2439.5N (comp.)
Fyp 24395 N
Ocp =~ =- 2
Acp  7(0.0125 m)
= —4.9697 x 10°Pa Ocp = —4.97 MPa <
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PROBLEM 1.14

A couple M of magnitude 1500 N - m is applied to the crank of an
_ engine. For the position shown, determine (@) the force P required to
hold the engine system in equilibrium, (b) the average normal stress in
the connecting rod BC, which has a 450-mm’ uniform cross section.

mm

60 mm

SOLUTION

Use piston, rod, and crank together as free body. Add wall reaction H
and bearing reactions 4, and 4,..

+‘)2MA =0: (0.280m)H —1500N -m =0
H =53571x10°N

Use piston alone as free body. Note that rod is a two-force member;
hence the direction of force Fc is known. Draw the force triangle
and solve for P and Fzz by proportions.

I =200 + 60> = 208.81 mm

P 200 b 1786x10°N
0 60
(@ P=1786kN <
Fye 20881 ;
Fpe _ 20881 18.643x10°N
H H 60 Be

Rod BC is a compression member. Its area is

2 -6 2
F ﬁ 450 mm~ = 450 x 10" m
") Qv
Stress,
_ _ 3
co Ope = o L TIBEBXI0 4 4 105p
w - A 450x10

(b) Oy = —41.4MPa <4
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l5mm\ PROBLEM 1.15

w p  When the force P reached 8 kN, the wooden specimen shown failed in
[----- s===»- shear along the surface indicated by the dashed line. Determine the

/ \ average shearing stress along that surface at the time of failure.
Steel 90 mm Wood

SOLUTION

Area being sheared: A =90mmx 15mm = 1350 mm* = 1350 x 10™%m?

Force: P=8x10°N

3

Shearing stress: T = r_ L()_é =5.93x10°Pa 7 =5.93 MPa 4

A 1350x10
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1 5.8 kips

A

1 5.8 kips

PROBLEM 1.16

The wooden members 4 and B are to be joined by plywood splice
plates, that will be fully glued on the surfaces in contact. As part of
the design of the joint, and knowing that the clearance between the
ends of the members is to be % in., determine the smallest allowable

length L if the average shearing stress in the glue is not to exceed
120 psi.

SOLUTION

There are four separate areas that are glued. Each of these areas transmits one half the 5.8 kip force. Thus

F = %P = %(5.8) = 2.9 kips = 2900 Ib.
A }
e —— -
F F
e e - ?
F L
1 \
Let / = length of one glued area and w = 4 in. be its width.
For each glued area, A=Iw
Average shearing stress: T = F_FE
A lw
The allowable shearing stress is 7 = 120 psi
Solving for /, - _2900_ = 6.0417 in.
w  (120)(4)
Total length L: L =1+ (gap)+/=06.0417 + i + 6.0417 L =1233in. 4
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| “_1‘61“‘_" PROBLEM 1.17

04in. B A load P is applied to a steel rod supported as shown by an
—T_ _f s aluminum plate into which a 0.6-in.-diameter hole has been
0.6in. ‘J L drilled. Knowing that the shearing stress must not exceed
18 ksi in the steel rod and 10 ksi in the aluminum plate,
determine the largest load P that can be applied to the rod.
P
SOLUTION
For steel: A = mdt = 7(0.6)(0.4)
= 0.7540 in’
P
T = v o P = 47 = (0.7540)(18)
=13.57 kips
For aluminum: A, = mdt = 7(1.6)(0.25) = 1.2566 in?
T, = Ai o P = A1, = (1.2566)(10) = 12.57 kips
2
Limiting value of P is the smaller value, so P =12.57 kips 4
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4 PROBLEM 1.18

Glue Two wooden planks, each 22 mm thick and 160 mm
P’ = P wide, are joined by the glued mortise joint shown.

20-mm
160 mm

20 mm

Knowing that the joint will fail when the average
shearing stress in the glue reaches 820 kPa, determine
the smallest allowable length d of the cuts if the joint is

to withstand an axial load of magnitude P = 7.6 kN.

SOLUTION

Seven surfaces carry the total load P = 7.6 kN = 7.6 x 10°.
Let ¢t = 22 mm.

Each glue area is 4 = dt

3
r=L A:ﬁleos=1.32404><10*3m2
74 7T (7)(820x10%)

=1.32404 x 10’ mm?

3
d= A _ 1.32404 x 10 — 602
t 22

d =602 mm <
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f{l ﬁt PROBLEM 1.19

e The load P applied to a steel rod is distributed to a timber support by an annular

i - washer. The diameter of the rod is 22 mm and the inner diameter of the washer

is 25 mm, which is slightly larger than the diameter of the hole. Determine the

—| A~22mm smallest allowable outer diameter d of the washer, knowing that the axial normal
stress in the steel rod is 35 MPa and that the average bearing stress between the
washer and the timber must not exceed 5 MPa.

SOLUTION
Steel rod: 4 = %(0.022)2 =380.13x10°m?

o =35%x10°Pa
P =04=(35%10%(380.13x107%)
=13.305x10°N

Washer: ¢, = 5x10°Pa

Required bearing area:

3
g, = L 133007 6600 % 10 m?

o, 5% 10°
But, 4, = %(ar2 ~d?)

d2:d3+ﬂ

= (0.025) + (2:6609% 107
T

=4.013x107°m?
d =633%x107m d =633 mm 4
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PROBLEM 1.20

The axial force in the column supporting the timber beam shown is
P =20 kips. Determine the smallest allowable length L of the bearing
plate if the bearing stress in the timber is not to exceed 400 psi.

SOLUTION

Bearing area: 4, = Lw

P _ P
Oy =—=—

A4, Lw

P 20x10°

22X 833 L =833in. <
oW (400)(6)
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PROBLEM 1.21

An axial load P is supported by a short W8 x 40 column of cross-
sectional area 4 = 11.7in.2 and is distributed to a concrete foundation
by a square plate as shown. Knowing that the average normal stress in
the column must not exceed 30 ksi and that the bearing stress on the
concrete foundation must not exceed 3.0 ksi, determine the side a of
the plate that will provide the most economical and safe design.

SOLUTION

For the column o = g or

P =04 = (30)11.7) = 351 kips

For the a x a plate, o = 3.0 ksi

Since the plate is square, 4 = a”

a=+J4 =117 a =10.82 in. 4
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PROBLEM 1.22

A 40-kN axial load is applied to a short wooden post that is
supported by a concrete footing resting on undisturbed soil.
Determine (a¢) the maximum bearing stress on the concrete
footing, (b) the size of the footing for which the average bearing
stress in the soil is 145 kPa.

SOLUTION
(a)  Bearing stress on concrete footing.
P = 40kN = 40 x 10°N
A = (100)(120) = 12 x 10°mm? = 12 x 10~ m?

3
_ P _A0X10° 5 106Pa 3.33 MPa 4

T4 12x107°

(b) Footing area. P = 40x10°N o = 145 kPa = 45 x 10°Pa

3
o=F 4-F :—4OX103 = 0.27586 m’
A o 145x10
Since the area is square, 4 = b*
b =4 =+0.2758 = 0.525m b =525 mm <«
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Lin, 1500 1b PROBLEM 1.23

.~

A %-in.-diameter steel rod 4B is fitted to a round hole near end C of

D the wooden member CD. For the loading shown, determine (@) the

A) b maximum average normal stress in the wood, (b) the distance b for

B which the average shearing stress is 100 psi on the surfaces indicated
,i by the dashed lines, (¢) the average bearing stress on the wood.

SOLUTION

(a)

()

(©)

Maximum normal stress in the wood

Ay = (1)(4 -~ %) = 3.375 in?
o= P =ﬂ=444psi
A, 3375
Distance b for 7 = 100 psi
For sheared area see dotted lines.
P P
T=—=—
A 2bt
p=L 10 o5
2t (2)(1)(100)
Average bearing stress on the wood
o, P P _ 1500 = 2400 psi

4 at (5
b (SJ(I)

o = 444 psi 4

b =7.50in. <«

o, = 2400 psi 4
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PROBLEM 1.24

Knowing that 8 = 40° and P = 9 kN, determine (a) the smallest
allowable diameter of the pin at B if the average shearing stress in
the pin is not to exceed 120 MPa, (b) the corresponding average
bearing stress in member 4B at B, (c¢) the corresponding average
bearing stress in each of the support brackets at B.

SOLUTION

Geometry: Triangle ABC is an isoseles triangle with angles shown here.

Use joint A as a free body.

llo
FAc
15‘7 200 Force F
E triangle Ac
AB
Law of sines applied to force triangle
P __Ep _ Fy
sin20°  sin110°  sin50°
_ Psinl10°
4B sin 20°
= O)sinl10® ) 738
sin 20°
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PROBLEM 1.24 (Continued)

(a) Allowable pin diameter.

,Z.:FAB: Fyp :2FAB
24p  2%24d*  nd’

where F,, = 24.73x10°N

2F;;  (2)(24.73 x10%)
T (120 x 10%)

d* =

=131.18x10™°m?

d =11.45%x10"m 11.45 mm <
(b)  Bearing stress in AB at A.

A, = td = (0.016)(11.45x107%) = 183.26 x 10 °m?

F,p _ 2473x10°

0O, = =
T4 18326x10°°

=134.9x10° 134.9 MPa <

(c)  Bearing stress in support brackets at B.

A=1td =(0.012)(11.45x107) = 137.4 x107%m?

TF;  (0.5)(24.73x10%)

O' =
b A 137.4x10°°

=90.0 x 10° 90.0 MPa 4
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PROBLEM 1.25

Determine the largest load P which may be applied at 4 when 6= 60°,
750 mm knowing that the average shearing stress in the 10-mm-diameter pin at
B must not exceed 120 MPa and that the average bearing stress in
member 4B and in the bracket at B must not exceed 90 MPa.

SOLUTION

Geometry: Triangle ABC is an isoseles triangle with angles shown here.

Use joint 4 as a free body.

Ro°
Force
+V‘n'amale. P

Law of sines applied to force triangle

P Fup _ Fi
sin 30°  sin120°  sin 30°
p = Fapsn30 g som3sp
sin 120°
F o sin 30°
R — F
sin 30° ¢

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 1.25 (Continued)
If shearing stress in pin at B is critical,
4="4% = Z(0.010)> = 78.54 x 10 °m>
4 4
Fp = 247 = (2)(78.54 x 107°)(120 x 10°) = 18.850 x 10°N
If bearing stress in member 4B at bracket at A4 is critical,
A, = td = (0.016)(0.010) = 160 x 10~°m?
Fp = 4,0, = (160 x107°)(90 x 10°) = 14.40 x 10°N
If bearing stress in the bracket at B is critical,
A, = 2td = (2)(0.012)(0.010) = 240 x 10~°m?
Fup = 4,0, = (240 x107%)(90x 10%) = 21.6 x 10°N
Allowable F,p is the smallest, i.e., 14.40 x 10°N

Then from Statics Puiow = (0.57735)(14.40 x 10%)
=8.31x10°N

8.31 kN «
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PROBLEM 1.26

Link 4B, of width b = 50 mm and thickness ¢ = 6 mm, is used to support
the end of a horizontal beam. Knowing that the average normal stress in
the link is — 140 MPa, and that the average shearing stress in each of the
two pins is 80 MPa, determine (@) the diameter d of the pins, (b) the
average bearing stress in the link.

SOLUTION
Rod 4B is in compression.
A=bt where b=50mm and ¢=6mm

A = (0.050)(0.006) = 300 x 10~°m?
P =-04=—(—140x10%)(300 x 107%)

=2 x10°N
For the pin,
A =" and 7=L
Pog 4,
3
= P _ % = 525 %10 %m?>
T 80x10
(a) Diameter d
44 6
d= \/ L - \/(4)(525“0 ) = 2585%107m d =259 mm 4
V3 V3
. P 42 x10°
(b) Bearing stress O, =—= X_3O =271x10°Pa 0, =271 MPa 4
dt  (25.85x107)(0.006)
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PROBLEM 1.27

For the assembly and loading of Prob. 1.7, determine (a) the average
shearing stress in the pin at B, (b) the average bearing stress at B in
member BD, (c) the average bearing stress at B in member ABC, knowing
that this member has a 10 X 50-mm uniform rectangular cross section.

PROBLEM 1.7 Each of the four vertical links has an 8 X 36-mm uniform
rectangular cross section and each of the four pins has a 16-mm diameter.
Determine the maximum value of the average normal stress in the links
connecting (a) points B and D, (b) points C and E.

SOLUTION

- Y, . .
Use bar ABC as a free body. 2ol / =), AL e O OO ]

1

C ,
A B ci’/
V¥ Fap Fee

F)EMe =0 (0.040)Fy, — (0.025 + 0.040)(20 X 10°) = 0
Fyp = 32.5x10°N

(a) Shear pin at B T = % for double shear,
where A= %dz - %(0.016)2 = 201.06 x 10™°m>
3
325x10° _gh 8106 7 =80.8 MPa <

T (2)(201.06x10°°)

()  Bearing: link BD A = dt = (0.016)(0.008) = 128 x 10 °m?

T Fgp  (0.5)(32.5%10%)
A 128 x107°

o, = =126.95x10° 0, =127.0 MPa <«

(¢) Bearingin4BCatB A =dt = (0.016)(0.010) = 160 x 10~ °m?

Fyp  32.5x10°
A4 160x107°

=203 x10° 0, = 203 MPa «
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PROBLEM 1.28

The hydraulic cylinder CF, which partially controls the position of rod
DE, has been locked in the position shown. Member BD is % in. thick
and is connected to the vertical rod by a 3 -in.-diameter bolt.
Determine (a) the average shearing stress in the bolt, (b) the bearing
4001b - gtress at C in member BD.

SOLUTION

Use member BCD as a free body, and note that 4B is a two force member.

Ly =N8* +1.8 =82in.

8
53"56

+‘>2MC =0: (4cos20°)(%FA3j - (4sin20°)[ﬁFABJ

8.2
—(7¢0s20°)(400sin 75°) — (7sin20°)(400cos 75°) = 0
3.36678F ;5 —2789.35 =0 o Fp =828491b
1.8

HUTF = 00 =D F iy + G+ 400c0575° = 0

C, = % —400co0s75° = 78.341b

8 oco
+ =F, = 0: 55 s + €, — 400sin75° = 0

8)(828.49
c, - 24

C=,/CI+CE =119721b

+400sin75° = 1194.65 Ib

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 1.28 (Continued)

2
(a)  Shearing stress in the bolt: P = 1197.21b A4 = %dz = %(%) =0.11045 in”
P72 6 gax 10%psi = 10.84 ksi «
A 0.11045

(b) Bearing stress at C in member BCD: P =1197.21b 4, =dt = (%)(%j = 0.234375in°

P 1197.2
O-b =— =

== =511x10°psi = 5.11ksi «
4, 0.234375
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PROBLEM 1.29

Ut

.0 in.

3.0 in/7<t :

|

The 1.4-kip load P is supported by two wooden members of uniform cross section
that are joined by the simple glued scarf splice shown. Determine the normal and
shearing stresses in the glued splice.

el
1

SOLUTION
P=14001b 6 =90° - 60° = 30°
Ay = (5.0)(3.0) = 15 in?

o Pcos’@ _ (1400)(cos30°)*

o =70.0 psi 4
4, 15

7= Psin20 _ (1400)sin 60°

7 =404 psi 4
24, (2)15)
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PROBLEM 1.30

Ut

.0 in.

|

3.0 in/7<t :

Two wooden members of uniform cross section are joined by the simple scarf
splice shown. Knowing that the maximum allowable tensile stress in the glued
splice is 75 psi, determine (a) the largest load P that can be safely supported, (b)
the corresponding shearing stress in the splice.

el
1

SOLUTION
A, = (5.0)(3.0) = 15in?
6 = 90° — 60° = 30°
Pcos’* 6
o=—r-
AO
(a) p=h _ ) _ 550y, P =1.500 kips <
cos“@ cos 30°
b) s Psin26 _ (1500)sin 60 r=433psi 4

24, @)(15)
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o = Pcos’@ _ (11x10%)cos” 45°

P’ PROBLEM 1.31
/150 mm
Two wooden members of uniform rectangular cross section are

r joined by the simple glued scarf splice shown. Knowing that
P~ ' P =11 kN, determine the normal and shearing stresses in the glued

j/ splice.
75 mm
SOLUTION

6 =90° — 45° = 45°

P=11kN =11x10°N
Ay = (150)(75) = 11.25x10°mm* = 11.25x 10 m?

4y

, _ Psin20 _ (11 x 10*)(sin 90°)

= 489 x 10°Pa o =489 kPa 4

11.25%x 1073

24,

(2)(11.25x107)

= 489 x 10°Pa 7 = 489 kPa <
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P’ PROBLEM 1.32

150 mm
[ Two wooden members of uniform rectangular cross section are
r joined by the simple glued scarf splice shown. Knowing that the
P~ ' maximum allowable shearing stress in the glued splice is 620 kPa,
determine (a) the largest load P that can be safely applied, () the
75 mm corresponding tensile stress in the splice.
SOLUTION

0 = 90° — 45° = 45°
Ay = (150)(75) = 11.25 x 10°mm? = 11.25 x 10 m?
7 = 620 kPa = 620 x 10°Pa

Psin26
T =
24,
-3 3
@ P= 2.A0T _ (2)(11.25 % .10 )(620 x 107)
sin26 sin 90°
=13.95x10°N P =1395kN <«
2 3 2
b o= Pcos“ 6 _ (13.95x10 )(0075345 )
A, 11.25%x10
= 620 x10°Pa o = 620 kPa «
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r PROBLEM 1.33
1, A steel pipe of 12-in. outer diameter is fabricated from < -in.-thick plate by
_.41 [~ welding along a helix that forms an angle of 25° with a plane perpendicular
to the axis of the pipe. Knowing that the maximum allowable normal and

H shearing stresses in the directions respectively normal and tangential to the

Weld weld are o =12ksi and 7 = 7.2ksi, determine the magnitude P of the

- largest axial force that can be applied to the pipe.

S

SOLUTION

d,=12in. r,

= ldo = 6in.
2
ro=r —t=6-025=575in.
Ay = n(? —r?) = m(6* - 5.75%) = 9.228 in?
6 = 25°

Based on |0'| =12ksi: o= %coszﬁ

=134.8x10°1b

po 4o _ (9.228)(12 x 10%)
cos’ O cos?25°

Based on |T| =72ksi: 7= %sin 20

3
_ Z.AOT _ (2)(9.28?)(7.2><10 ) 1745 % 10°Ib
sin 260 sin 50°
The smaller calculated value of P is the allowable value.
P =1348x10’1b P =134.8 kips <
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PROBLEM 1.34

A steel pipe of 12-in. outer diameter is fabricated from % -in.-thick plate by
welding along a helix that forms an angle of 25° with a plane perpendicular
to the axis of the pipe. Knowing that a 66 kip axial force P is applied to the
pipe, determine the normal and shearing stresses in directions respectively
normal and tangential to the weld.

SOLUTION

U
I

,=12in. r, = ldo = 6in.
2
np=r,—t=6-025=575in.

Ay = (2 —r?) = m(6* - 5.75%) = 9.228 in*

6 = 25°
2 3 2 o
Normal stress: o= Peos™§ _ (66x107)cos” 257 _ 5875 psi o =5.87ksi 4
4, 9.228
. 3 . o
Shearing stress: T = Psin26 _ (66x107)sin50° _ 2739 psi 7 =2.74ksi 4

24, (2)(9.228)
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PROBLEM 1.35

A 1060-kN load P is applied to the granite block shown. Determine the
resulting maximum value of (a) the normal stress, (b) the shearing stress.
Specify the orientation of the plane on which each of these maximum
values occurs.

140 mm

SOLUTION

4, = (140 mm)(140 mm) = 19.6 x 10°’mm? = 19.6 x 10> m?
P =1060x10°N

3
oo P op 1060x10

= —30052 6 = 54.082 x10° cos? @
4, 19.6 x 10~

(a) Maximum tensile stress = 0 at €= 90°.

Maximum compressive stress = 54.1 x 10° at 6= 0°. |O)max = 54.1MPa <
(b) Maximum shearing stress:

P 106010’

T . = = —— =27.0x10° Paat 6 = 45°. Toax = 27.0 MPa <
24, (2)(19.6x107)
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PROBLEM 1.36

140 mm

A centric load P is applied to the granite block shown. Knowing that the
resulting maximum value of the shearing stress in the block is 18 MPa,
determine (a) the magnitude of P, (b) the orientation of the surface on
which the maximum shearing stress occurs, (c) the normal stress exerted on
that surface, (d) the maximum value of the normal stress in the block.

SOLUTION
A, = (140 mm)(140 mm) = 19.6 x 10*mm? = 19.6 x 10~ m?
7. =18 MPa = 18 x10°Pa
0 = 45° for plane of 7,
(@) P

()
(©)

(@)

Magnitude of P. 7, = E S0P =24, T

P = (2)(19.6 x107)(18 x 10%) = 705.6 x 10°N
Orientation. sin 26 is maximum when 26 = 90°

Normal stress at 8= 45°.

2 3 2 o
o= Leos”8 _ (705.8x107)cos"45° _ ¢ 10 105pa

4, 19.6x107°
. P
Maximum normal stress: Opax — ——
4
3
o = 5810 _ 36 0x10Pa
19.6x 10

P =706kN <
0 =45° 4

o =18.00 MPa <

Opmax = 36.0 MPa (compression) 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




[ S PROBLEM 1.37

480 mm

B Link BC is 6 mm thick, has a width w = 25 mm, and is made of a steel with
a 480-MPa ultimate strength in tension. What was the safety factor used if
the structure shown was designed to support a 16-kN load P?

SOLUTION

Use bar ACD as a free body and note that member BC is a two-force member.

M, =0:
(480)F — (600)P = 0
3
Fpe = @P _ (60016 x107) _ 20x10°N
480 480
Ultimate load for member BC: F; = oy A

F,, = (480 x 10°)(0.006)(0.025) = 72 x 10°N

3
Factor of safety: FS. = i = w

Fpe  20x10°

FS. =3.60 <
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[ S PROBLEM 1.38

B Link BC is 6 mm thick and is made of a steel with a 450-MPa ultimate
strength in tension. What should be its width w if the structure shown is
being designed to support a 20-kN load P with a factor of safety of 3?

480 mm

SOLUTION

Use bar ACD as a free body and note that member BC is a two-force member.

'y
Far.
c °
P
M, =0:
(480)F,- — 600P = 0
3
Fye = 600P _ (600)(20x10%) _ 25 X 10°N

480 480
For a factor of safety F.S. = 3, the ultimate load of member BC is
Fy = (ES)(Fye) = 3)(25x10%) = 75x 10°N

Fy, _ 75x10°

= = =166.67 x107°m’
oy 450x10

But F, =o,d A=

. A 166.67x107°
For a rectangular section A=wfor w=— = 0006

w=278x10"mor27.8 mm <«
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ﬁ‘ PROBLEM 1.39

f
5 ft
v Ey\]} A %-in.-diameter rod made of the same material as rods AC and 4D in

LZ ¢ ‘ the truss shown was tested to failure and an ultimate load of 29 kips was
10 ft_"‘_lo ft recorded. Using a factor of safety of 3.0, determine the required diameter
(a) of rod AC, (b) of rod AD.

y

10 kips 10 kips
SOLUTION
Forces in AC and 4D.
Joint C: +T SE =0 1 F 10 ki 0
- =0 — - ips =
[ {2 | i3 N y N p
F < . F,0 =2236kipsT
8c fco
10 K;}.l
folnt D A TR, =0: —F,, —10kips = 0
- =0 — - ips =
W - 17 v N p
D F,, =41.23kips T
Eo
POkips
Ultimate stress. From test on %—in. rod: oy = By 2 klpi = 65.64 ksi
4 1z
Allowable stress: oy =2U = 63.64ksi _ ») ggksi
FS. 3.0
(a)  Diameter of rod AC. O = FAC2 d* = My _ H2236) _ 1.301 d =1.141in. <
Gd o, 7(21.88)
(b)  Diameter of rod AD. a2 = Hap _ HE123) ) g4 d =1.549in. <

o,  7(21.88)
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A
4
5¢ft
&( B C 1
10 ft—f<—10ft

PROBLEM 1.40

In the truss shown, members AC and AD consist of rods made of the
same metal alloy. Knowing that AC is of 1-in. diameter and that the
ultimate load for that rod is 75 kips, determine (a) the factor of safety
for AC, (b) the required diameter of AD if it is desired that both rods

10 ldps 10%ps have the same factor of safety.

SOLUTION

Forces in AC and 4D.

Joint C: F 1

A - + ZF, =0: —F,;-—10kips =0
AC | i3 T y \/g AC p

_ e . Fie = 22.36kips T
8c fco
10 Kipa
folntD: r A SF, =0 ——F,, - 10kips = 0
D F,p = 41.23kips T

(a)  Factor of safety for AC. FS.

B, FS. = 75 kips
F,  22.36kips

(b)  For the same factor of safety in AC and AD, o, = 0.

Required diameter:

Fap _ Fuc

AAD AAC

Ay =Ty BT 0 ) gagoin?
Fc 22.36 4

\/4AAD \/(4)(1.4482)
dap = T - T

FS. =335 4

d,, =1358in. 4
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PROBLEM 1.41

@ A 8] I\/m
35°{ ‘ ‘ ¢ Link 4B is to be made of a steel for which the ultimate normal stress is
B° QC s - D 9E 450 MPa. Determine the cross-sectional area for AB for which the
1 factor of safety will be 3.50. Assume that the link will be adequately
| 20 kN ‘ reinforced around the pins at 4 and B.
"04m " 04m " 04m
SOLUTION

Fac }l" L 0m
\ , =

RN

P =(1.2)8) = 9.6 kN

)IMp, = 0:  —(0.8)(F,5in35°)
+(0.2)(9.6) + (0.4)(20) = 0

Fp = 21.619 kN = 21.619 X 10°N

O = Fyp _ Oun
A, FS.
Ao FSOFy (3.50)(21.619 x 10%)
48 O 450 x 10°

=168.1x10°m? Ay =168.1 mm?* <«
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Q PROBLEM 1.42

[<— 240 mm —f=<— 240 mm —|

A steel loop ABCD of length 1.2 m and of 10-mm diameter is placed as
shown around a 24-mm-diameter aluminum rod AC. Cables BE and DF,
each of 12-mm diameter, are used to apply the load Q. Knowing that the
ultimate strength of the steel used for the loop and the cables is 480 MPa

c and that the ultimate strength of the aluminum used for the rod is
260 MPa, determine the largest load Q that can be applied if an overall
factor of safety of 3 is desired.

!

180 mm

A
180 mm

SOLUTION

Using joint B as a free body and considering symmetry,
3 6
2-_Fp—-0=0 O=_Fg4
5 5
Using joint 4 as a free body and considering symmetry,

2'%FAB_FAC:0

8 5 3
—_ — — F = 0 o = —F
56 Q-Fyc 0 44c
F Based on strength of cable BF:
/ - - “ “
’ Oy = oyd = 0, —d* = (480 x 10°)=-(0.012)* = 54.29 x 10°N
%& F .
.~ Based on strength of steel loop:
A% 6 6 6 x
=—F,, =—0,4=—0,=d*
Oy 5 aBU = S0 59Uy

= 2(480 X 106)%0.010)2 =4524x10°N

Based on strength of rod AC:

3 3 3 T 3 T
o, =ZFAC,U =ZO'UA=ZO'UZd2 :Z(Z6OX106)Z(0'OZ4)2 =88.22x10°N

Actual ultimate load Qy is the smallest, .. O, =45.24x 10°N

O, 4524x10°

= = =15.08x10°N 0=15.08kN <«
F.S. 3

Allowable load: 0
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3.6 kips 5.0 in. PROBLEM 1 -43
N

> Two wooden members shown, which support a 3.6 kip load, are joined
~ by plywood splices fully glued on the surfaces in contact. The ultimate
shearing stress in the glue is 360 psi and the clearance between the

% ‘ members is % in. Determine the required length L of each splice if a

factor of safety of 2.75 is to be achieved.

N

3.6 kips

SOLUTION

There are 4 separate areas of glue. Let / be the length of each area and w = 5in. its width. Then the area
is A =1Iw.

Each glue area transmits one half of the total load.
F = (%](3.6 kips) = 1.8 kips

Required ultimate load for each glue area:
Fy, =(F.S)F =(2.75)(1.8) = 4.95 kips

Required length of each glue area:

Fy =154 = 1ylw

F, 495x10° _

/= = =2.75in.
W (360)(5)
Total length of splice: L=1+ %in. +1
L=275+025+275 L=575in. 4
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in. PROBLEM 1.44

(a Two plates, each % in. thick, are used to splice a plastic strip as shown.
4_% Knowing that the ultimate shearing stress of the bonding between the

p  surface is 130 psi, determine the factor of safety with respect to shear
W/ when P = 3251b.

SOLUTION
e

0.15 n.

+—

0.625 in.

e 225 i, —a]

Bond area: (See figure)

A= %(2.25)(0.75) +(2.25)(0.625) = 2.25in>

P, = 247, = (2)(2.25)(130) = 585 Ib.
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PROBLEM 1.45

A load P is supported as shown by a steel pin that has been inserted in a
short wooden member hanging from the ceiling. The ultimate strength of
the wood used is 60 MPa in tension and 7.5 MPa in shear, while the
ultimate strength of the steel is 145 MPa in shear. Knowing that
b=40mm, ¢ =55mm, and d =12 mm, determine the load P if an
overall factor of safety of 3.2 is desired.

SOLUTION

Based on double shear in pin:
B, =241, = 2%127(,
- %(2)(0.012)2(145 x10°) = 32.80 x 10°N

Based on tension in wood:
B, = Aoy = w(b - d)oy,
= (0.040)(0.040 — 0.012)(60 x 10°)
= 67.2x10°N

Based on double shear in the wood:

P, =247, = 2wery, = (2)(0.040)(0.055)(7.5 X 10°)

=33.0x10°N
Use smallest B, =32.8x10°N
3
Allowable: pofu J328X10° s 108N 1025kN <
F.S. 3.2
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PROBLEM 1.46

For the support of Prob. 1.45, knowing that the diameter of the pin is
d =16 mm and that the magnitude of the load is P =20kN, determine
(a) the factor of safety for the pin, (b) the required values of b and c if the
factor of safety for the wooden members is the same as that found in part a
for the pin.

PROBLEM 1.45 A load P is supported as shown by a steel pin that has
been inserted in a short wooden member hanging from the ceiling. The
ultimate strength of the wood used is 60 MPa in tension and 7.5 MPa in
shear, while the ultimate strength of the steel is 145 MPa in shear.
Knowing that 5=40mm, ¢ =55mm, and d =12 mm, determine the

440 - A load P if an overall factor of safety of 3.2 is desired.
SOLUTION
P =20kN =20x10°N
(@ Pin: A= %dz - %(0.016)2 = 2.01.06 X 10°m>

Double shear:

PR

’z':— ’z' =
24 Y 24

B, = 247, = (2)(201.16 x 107°)(145 x 10°) = 58.336 x 10°N

B, _ 58336x10°

FS. = 3 FS. =292 4
P 20x 10
(b)  Tension in wood: B, =58.336x 10°N  for same F.S.
oy = oo B here w=40mm = 0.040m
4 wb-d)
3
b=d+ fy__ 0.016 + 58.336 %10 o =403x 10°m b =403 mm 4
woy, (0.040)(60 x 10)
Shear in wood: P, = 58336 x10°N  for same F.S.
Double shear; each areais 4 = we Ty = f_ By
24 2wc
3
i 28.336 x 10 =972x107m ¢ =972mm 4

2wty (2)(0.040)(7.5 % 10%)
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110 kN

PROBLEM 1.47

Three steel bolts are to be used to attach the steel plate shown to a wooden beam.
Knowing that the plate will support a 110-kN load, that the ultimate shearing
stress for the steel used is 360 MPa, and that a factor of safety of 3.35 is desired,
determine the required diameter of the bolts.

SOLUTION

For each bolt,

Required:

P= % = 36.667 kN

P, = (F.S)P = (3.35)(36.667) = 122.83 kN

C_B _ B _4B
Yoy

- 2 = 2
T4 d

=20.8x10"m

3
L[4 \/(4)(122.83><10) d =208 mm <

r, (360 % 10%)
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PROBLEM 1.48

Three 18-mm-diameter steel bolts are to be used to attach the steel plate shown to
a wooden beam. Knowing that the plate will support a 110-kN load and that the
ultimate shearing stress for the steel used is 360 MPa, determine the factor of
safety for this design.

110 kN
SOLUTION
For each bolt, A= %dz = %(1 8)% = 254.47 mm? = 254.47 x 10™°m>
B, = At = (254.47 x 107%)(360 x 10°)
=91.609 x 10°N
For the three bolts, B, = (3)(91.609 x 10*) = 274.83 x 10°N
Factor of safety:

3
R, _ 27483x10° F.S.=250 4

F.s.=-L :
P 11010
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PROBLEM 1.49

A steel plate % in. thick is embedded in a horizontal concrete slab and is
used to anchor a high-strength vertical cable as shown. The diameter of
the hole in the plate is % in., the ultimate strength of the steel used is 36 ksi,
and the ultimate bonding stress between plate and concrete is 300 psi.
Knowing that a factor of safety of 3.60 is desired when P = 2.5 Kkips,
determine (a) the required width a of the plate, (b) the minimum depth b
to which a plate of that width should be embedded in the concrete slab.
(Neglect the normal stresses between the concrete and the lower end of

the plate.)

SOLUTION

Based on tension in plate:

2.5 kips
A= (a—-d)
B, =oy4
T ‘T P P

Solving for a,
. FS)p _3 N (3.60)(2.5)

a=d
opt 4 (6)(3)

(@) a=1550in. 4
Based on shear between plate and concrete slab,

A = perimeter X depth = 2(a + )b 7y = 0.300 ksi
By =1,4=2ty(a+1)b FS =—

__(FS)P (3.6)(2.5)
2a+07,  (2)(1.550 +)(0.300)

Solving for b,

(b) b=2805in. 4
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PROBLEM 1.50

Determine the factor of safety for the cable anchor in Prob. 1.49 when
P = 3 kips, knowing that ¢ = 2in. and b = 7.51n.

PROBLEM 1.49 A steel plate % in, thick is embedded in a horizontal
concrete slab and is used to anchor a high-strength vertical cable as
shown. The diameter of the hole in the plate is %in., the ultimate
strength of the steel used is 36 ksi, and the ultimate bonding stress
between plate and concrete is 300 psi. Knowing that a factor of safety of
3.60 is desired when P = 2.5kips, determine (a) the required width a
of the plate, (b) the minimum depth b to which a plate of that width
should be embedded in the concrete slab. (Neglect the normal stresses
between the concrete and the lower end of the plate.)

SOLUTION

Based on tension in plate:

A= (a—dx
3 Kips
P = (2 - ij(ij = 0.3906 in?
4 {16
= (36)(0.3906) = 14.06 kips
Fs. =t 1406 _ 6
P 3

Based on shear between plate and concrete slab:

A = perimeter X depth = 2(a + t)b = 2(2 + %j (7.5)

A=3469in*> 7, = 0.300ksi

B, = 1,4 = (0.300)(34.69) = 10.41 kips

FS. = fy 1041 3.47
P 3
Actual factor of safety is the smaller value. FS.=3474
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PROBLEM 1.51

Ol D D
Front view =
In the steel structure shown, a 6-mm-diameter pin
—{ [~—18mm —{[—6 mm is used at C and 10-mm-diameter pins are used at B
and D. The ultimate shearing stress is 150 MPa at
all connections, and the ultimate normal stress is
a( o) (S B 400 MPa in link BD. Knowing that a factor of
160 mm 2 120 mm ] Side view safety of 3.0 is desired, determine the largest load P
P that can be applied at 4. Note that link BD is not
reinforced around the pin holes.
At 2 Eg:\
='B =
Top view C
SOLUTION
Use free body ABC.
Fes
+‘>ZMC =0: 0.280P —0.120 Fz, =0
(:L : I) 3
3 e P == Fyp &)
+)EMp =0: 0.160P - 0.120C = 0
3
P==C 2
2 2

Tension on net section of link BD.

6
Fop = 0d, =2 g = 200107 15-y18 — 10)10%) = 6.40 x 10°N
F.S. 3
Shear in pins at B and D.
T, T 150x10° \( x
Fop=7A, =—LZg? =| ——— || = |(10x107)? = 3.9270 x 10°N
b RS 4 { 3 (4)( )

Smaller value of Fgp is 3.9270 x 10°N.

From (1) P= Gj(3.9270 X

o _ LTy
Shear in pin at C. C =214, = 2H

From (2) P= G) (2.8274 x

Smaller value of P is allowable value.

10%) = 1.683 x 10°N

6
Z a2 = (o) D01 (Ej(6x10‘3)2 = 2.8274x10°N
4 3 4

10°) = 2.12x10°N

P =1.683x10°N P =1.683kN 4
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PROBLEM 1.52

Solve Prob. 1.51, assuming that the structure has

Front view - been redesigned to use 12-mm-diameter pins at B
N ; and D and no other change has been made.

PROBLEM 1.51 In the steel structure shown, a
6-mm-diameter pin is used at C and 10-mm-
diameter pins are used at B and D. The ultimate
shearing stress is 150 MPa at all connections, and
the ultimate normal stress is 400 MPa in link BD.

G lo/ Q B

‘B

Side view

160 mm 120 mm ~—('>

\ O . Knowing that a factor of safety of 3.0 is desired,
' = ESi determine the largest load P that can be applied
Topiew ¢ at A. Note that link BD is not reinforced around the
pin holes.
SOLUTION
Use free body ABC.
+‘>ZMC =0: 0.280P—-0.120 Fzp, =0
FBD 1\ P = %F BD )
: 1
Q. ' ‘i/} +‘>ZMB =0: 0.160P—-0.120C =0
1’? /G 3

p=-C )

Tension on net section of link BD.

6
Fop = oA, =S 4 = 20010 10918 - 12)10) = 480 x 10°N
F.S. 3
Shear in pins at B and D.
T, 150x10% \( x
Fop=7A, =—YL"4° = Z1(12x107)? = 5.6549 x 10°N
Bb L { 3 J(J( )

Smaller value of Fyp is 4.80 X 10°N.

From (1), P= Gjm.go x10%) = 2.06 x 10°N
6
Shearinpinat C. € =274 = 2-U T g2 — )| DO N7 1032 — 5 8274 % 10°N
P F.S. 4 3 4
From (2), P = (%](2.8274 x10%) = 2.12 x 10°N
Smaller value of P is the allowable value. P =206x%x10°N P =2.06kN «
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PROBLEM 1.53

Each of the two vertical links CF connecting the two horizontal members 4D
and EG has a uniform rectangular cross section % in. thick and 1 in. wide,
and is made of a steel with an ultimate strength in tension of 60 ksi. The pins
at C and F each have a %-in. diameter and are made of a steel with an
ultimate strength in shear of 25 ksi. Determine the overall factor of safety for

the links CF and the pins connecting them to the horizontal members.

2 kips

SOLUTION

Use member EFG as free body.

FBE T F-cp

[E E 8]
l‘——- 5 in. 5_44_, 10 in. —{/

2 kips

)EIMp =0: 16Fq —(26)(2) = 0
Frp = 3.25 kips
Failure by tension in links CF. (2 parallel links)
Net section area for 1 link: 4 = (b —-d)t =1 - %)(%) =0.125 in?

F, = 240, = (2)(0.125)(60) = 15 kips

Failure by double shear in pins.

2
A=Za2 2 L) 20196350 in?
4 412

F, = 247, = (2)(0.196350)(25) = 9.8175 kips

Actual ultimate load is the smaller value. F;;, = 9.8175 kips

F, 98175
Fop 325

Factor of safety: FS. = F.S.=3.02 4
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PROBLEM 1.54

Solve Prob. 1.53, assuming that the pins at C and F have been replaced by pins
with a %—in diameter.

PROBLEM 1.53 Each of the two vertical links CF connecting the two
horizontal members 4D and EG has a uniform rectangular cross section % in.
thick and 1 in. wide, and is made of a steel with an ultimate strength in tension
of 60 ksi. The pins at C and F each have a %—in. diameter and are made of a
steel with an ultimate strength in shear of 25 ksi. Determine the overall factor
of safety for the links CF and the pins connecting them to the horizontal

members.

2 kips

SOLUTION

Use member EFG as free body.

FBE T ':cr:

[E 8]

=
L’——- G in. ——-4‘*' 10 {n. —{/

2 K Cps

)EIMy =0: 16Fq —(26)(2) = 0
Fp = 3.25 kips

Failure by tension in links CF. (2 parallel links)
Net section area for 1 link: A=0b-d)yt=01- %)(%) = 0.0625 in*
F,; =240, = (2)(0.0625)(60) = 7.5 kips

Failure by double shear in pins.

2
A=Za2 2 %3] 2044179 in?
4 4\ 4

F; =24t; = (2)(0.44179)(25) = 22.09 kips
Actual ultimate load is the smaller value. F;;, = 7.5 kips

Factor of safety: FS. = v T3 FS. =231 4
Fop 325
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Top view PROBLEM 1 -55

‘4_ 200 mm —<—180 mm _>1 12 mm

- <1: Llﬂw = ;a In the structure shown, an 8-mm-diameter pin is
= = = T used at 4, and 12-mm-diameter pins are used at B
f A B c

and D. Knowing that the ultimate shearing stress is
100 MPa at all connections and that the ultimate
A B c normal stress is 250 MPa in each of the two links

% : joining B and D, determine the allowable load P if
1 an overall factor of safety of 3.0 is desired.
—{ [=—20mm VP
D (le
Front view 12 mm;;le view
SOLUTION
Statics: Use ABC as free body. A B c
S)EM, =0: 020F,-018P=0 P='F . l
B A 9 4 le—0.20 —Fe=—0.18 P
\4
+‘>ZMA =0: 020F;, -038P =0 P = %FBD FA FBD

Based on double shear in pin 4: 4 = %dz = %(0.008)2 =50.266 X 10™°m?

27, A 6 —6

p, = 2uA _ 000X109(50266x10°) _ 3 5oy gy
F.S. 3.0
10

P:K " =3.72%x10°N

Based on double shear in pins at Band D: 4 = %dz = %(0.012)2 =113.10x107%m?

2t; 4 (2)(100 x 10%)(113.10 x 107%)
FS. 3.0

P= %FBD =3.97x10°N

=7.54%10°N

Based on compression in links BD: For one link, 4 = (0.020)(0.008) = 160 x 10°m?
20,4 (2)(250 x10°)(160 x 107°)

=26.7x10°N
B RS 3.0
10 3
P =—F;, =14.04x10°N
19
Allowable value of P is smallest, .. P = 3.72x10°N P=372kN 4
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PROBLEM 1.56

Top view
& [ 200mm =180 mm 15 oy In an alternative design for the structure of Prob. 1.55, a
§mm< T \_ﬁ g ) pin of 10-mm-diameter is to be used at 4. Assuming that
Ty 5 c T all other specifications remain unchanged, determine the

desired.

Front view

allowable load P if an overall factor of safety of 3.0 is

PROBLEM 1.55 In the structure shown, an 8-mm-
diameter pin is used at 4, and 12-mm-diameter pins are
used at B and D. Knowing that the ultimate shearing

i b stress is 100 MPa at all connections and that the ultimate
12 mm —] normal stress is 250 MPa in each of the two links joining

Side view B and D, determine the allowable load P if an overall

factor of safety of 3.0 is desired.

SOLUTION
B
Statics: Use ABC as free body. A c
y )
+‘>ZMB =0: 020F,-0.18P=0 Pz%FA \7—-«0.20 —3e—0.18 ——)jl p
)IM, =0: 020F,, —038P=0 P= %FBD 4 Feo
Based on double shear inpin 4: A4 = %dz = %(0.010)2 = 78.54%10°m?>
6 -6
F, = 2ty 4 _ (2)(100x10°)(78.54 x10™) _ 5236 X 10°N
FS. 3.0
10 3
P =?FA =5.82x10°N
Based on double shear inpinsat Band D: A4 = %dz = %(0.012)2 =113.10x107%m?
6 —6
= 2ty 4 _ (2)(100 x 10°)(113.10 x107") = 754 %10°N
F.S. 3.0
10 3
P=—F,, =397x10°N
19
Based on compression in links BD: For one link, 4 = (0.020)(0.008) = 160 x 10™°m?
6 -6
Fyp = 20,4 _ (2)(250x10)(160 x107°) 267 x10°N
F.S. 3.0
10 3
P =—F;, =14.04x10°N
19
Allowable value of P is smallest, ... P = 3.97 x 10°N P=397kN <«
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PROBLEM 1.57

The Load and Resistance Factor Design method is to be
used to select the two cables that will raise and lower a
platform supporting two window washers. The platform
weighs 160 lb and each of the window washers is
assumed to weigh 195 1b with equipment. Since these
workers are free to move on the platform, 75% of their
total weight and the weight of their equipment will be
used as the design live load of each cable. (¢) Assuming
a resistance factor ¢ = 0.85 and load factors y,= 1.2
and y; =1.5, determine the required minimum ultimate
load of one cable. () What is the conventional factor of
safety for the selected cables?

/@71

SOLUTION

YoPp + V. B, = ¢F,

Py + v P
(@) PU=7DD Yty

¢
1 3
1.2) 5 x160 | + (1.5) n X2 %195
= P, =6291b 4
0.85
Conventional factor of safety.
P=P,+P =%x160+0.75><2><195 =37251b
(bh) FS.= fy _ 629 F.S.=1.689 4
P 3725
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1.8m

PROBLEM 1.58

A 40-kg platform is attached to the end B of a 50-kg wooden
beam AB, which is supported as shown by a pin at 4 and by a
B slender steel rod BC with a 12-kN ultimate load. (a) Using the

Y Load and Resistance Factor Design method with a resistance

24 m

factor ¢ = 0.90 and load factors y, =125 and y, = 1.6,

determine the largest load that can be safely placed on the
s~ platform. (b) What is the corresponding conventional factor
ol@!lo of safety for rod BC?

SOLUTION

Ax

P

i
\ 5: ‘3 +)EM =0 (2.4)%13-2.4%/1—1.2?1/2
N

1

For dead loading,

4

For live loading,

From which

Design criterion.

-

J} P=§Wl +%W2
W,

W, = (40)(9.81) = 3924 N, W, =(50)(9.81) = 490.5 N

P, = {%)(392.4) + (%)(490.5) =1.0628 x 10°N

W, =mg W,=0 PL=§mg

m

PL=

(a) Allowable load.

358
5 g

Yobp + VP = ¢F,

@R, — 7pPp _ (0.90)(12x10°) — (1.25)(1.0628 X 10~°)

Conventional factor of safety.

()

P =

FS. =

VL 1.6
=5.920x 10°N
3
_3592x10 m=362kg €
5 981
Py + P, =1.0628 X 10° + 5.920 x 10° = 6.983 x 10°N
3
& 12X F.S.=1718 4
P 6983x10
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1200 N PROBLEM 1.59

A strain gage located at C on the surface of bone AB indicates that the average
normal stress in the bone is 3.80 MPa when the bone is subjected to two 1200-N
forces as shown. Assuming the cross section of the bone at C to be annular and
knowing that its outer diameter is 25 mm, determine the inner diameter of the
bone’s cross section at C.

1200 N

SOLUTION
o= r A= i
A o
) _ T 2 2
Geometry: A= Z(dl - d5)
d? :df_ﬂzdf_f
b4 o
(4)(1200)

d? = (25x107)2 - 2=
2 =( ) 7(3.80 x 10°)

=222.9%10°m?
dy =14.93x107m dy =14.93 mm <«
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5 kips
5 kips

. 0.51n.

PROBLEM 1.60

Two horizontal 5-kip forces are applied to pin B of the assembly
shown. Knowing that a pin of 0.8-in. diameter is used at each
connection, determine the maximum value of the average normal
stress (a) in link AB, () in link BC.

SOLUTION

Use joint B as free body.

F&B

Law of Sines

Link 4B is a tension member.

|0 k\‘ps
Fee
10 Kips
Force +m‘¢m%f?e.
sin45° sin60°  sin95°

F 5 = 7.3205 kips

Fye = 8.9658 Kips

Minimum section at pin. 4, = (1.8 — 0.8)(0.5) = 0.5 in?

) F 7.3205
a) Stressin AB : O, =48 =
(@) 4B = 0.5

net
Link BC is a compression member.
Cross sectional area is 4 = (1.8)(0.5) = 0.9 in?

o ~Fpc _ 89658
BE™ 4 T 09

(b)  Stressin BC:

0,5 = 14.64ksi <4

Oy = —9.96 ksi 4
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PROBLEM 1.61

For the assembly and loading of Prob. 1.60, determine (a) the average
shearing stress in the pin at C, (b) the average bearing stress at C in
member BC, (c¢) the average bearing stress at B in member BC.

PROBLEM 1.60 Two horizontal 5-kip forces are applied to pin B of the
assembly shown. Knowing that a pin of 0.8-in. diameter is used at each
connection, determine the maximum value of the average normal stress
(a) in link 4B, (b) in link BC.

SOLUTION

Use joint B as free body.

|0 k\‘ps

F;‘cB Fac Yse
10 Kips
Force +V~f¢m%2e.

co°®

Law of Sines

_FAB = _FBC = _10 Fpe = 8.9658 kips
sin45°  sin60°  sin95°

FBC

(a) Shearing stressinpinatC. 7 =
24,

Ap = %dz - %(0.8)2 ~ 0.5026 in>

8.9658

= 09000 7=892ksi «
(2)(0.5026)
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PROBLEM 1.61 (Continued)

(b)  Bearing stress at C in member BC. 0, = —£=

A =td = (0.5)(0.8) = 0.4 in’

o, =2298 _2r4 0, = 224 ksi 4
0.4
. . FBC
(¢)  Bearing stress at B in member BC. 0}, = 4
A = 2td = 2(0.5)(0.8) = 0.8 in”
sz%:llll o, = 11.21ksi 4
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<15 m>f=<~—25 m—»‘
B
£/

35

<~ 3 m

PROBLEM 1.62

In the marine crane shown, link CD is known to have a
uniform cross section of 50 X 150 mm. For the loading
shown, determine the normal stress in the central portion
of that link.

O

151

SOLUTION

Weight of loading:
Free Body: Portion ABC

v

c
I

5m 25w 3w

Ocp =

W = (80 Mg)(9.81 m/s*) =784.8 kN

-:)ZMA =0: FCD(15 1'1'1) - W(28m) =0

28

15
Fpp = +1465 kN

Fep W = f—2(784.8 kN)

Fep +1465 x 10°N

= +195.3x10°Pa Ocp = +195.3 MPa «

4 (0.050 m)(0.150 m)
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PROBLEM 1.63

Two wooden planks, each % in. thick and 9 in. wide, are
joined by the dry mortise joint shown. Knowing that the wood
[ oin = used shears off along its grain when the average shearing
stress reaches 1.20 ksi, determine the magnitude P of the axial
load that will cause the joint to fail.
SOLUTION

Six areas must be sheared off when the joint fails. Each of these areas has dimensions % in. X% in., its area
being

A =§><l=iin2 =0.3125 in?
8 2 16

At failure, the force carried by each area is
F =74 = (1.20 ksi)(0.3125 in?) = 0.375 kips
Since there are six failure areas,

P = 6F = (6)(0.375) P =225 kips 4
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PROBLEM 1.64

Two wooden members of uniform rectangular cross section of sides
a =100 mm and » = 60 mm are joined by a simple glued joint as shown.
Knowing that the ultimate stresses for the joint are o, = 1.26 MPa in
tension and 7, =1.50 MPa in shear, and that P = 6 kN, determine the
factor of safety for the joint when (a) o = 20° (b) o = 35°,
(c¢) = 45°. For each of these values of ¢, also determine whether the
joint will fail in tension or in shear if P is increased until rupture
occurs.

SOLUTION

Let 8 =90° — & as shown.

From the text book:

o= icos2 o T = ﬁsiné’cosﬁ
4,
or o =—sin"o )]
T = ﬁsinacosa 2)

= ab = (100 mm) (60 mm) = 6000 mm? = 6 x 10> m?
4,

oy =126x10°Pa

7, = 1.50x 10°Pa

Ultimate load based on tension across the joint:

(PU)O' -

_ oudy _ (1.26x10°)(6x107)

sin’ o sin’ o
7560 7.56

sina sina

kN

Ultimate load based on shear across the joint:

(F)z

4, (1.50x10%)(6x107)
sin ¢ cos & sin ¢ cos o
9000 9.00

sInxcosax simocosax
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PROBLEM 1.64 (Continued)

7.56

a oa=20° (B), =————=64.63kN
(@) (Bo =
9.00
=(P)), = ———— = 28.00 kN
() sin 20° cos 20°

The smaller value governs. The joint will fail in shear and £, = 28.00 kN.

rs o B _ 2800

P S FS. =467 4
(b)) o =35 Py = %60 = 2298 kN
sin” 35
9.00
B;), =—— =19.155kN
() sin35°cos35°

The joint will fail in shear and £/, = 19.155 kN.

rg o By _ 19155

FS. =319 4
P 6
7.56
c a =45 (P =——=15.12kN
© (Ba= 5o
9.00
B) =—— =18.00kN
(7). sin45°cos45°

The joint will fail in tension and A, = 15.12 kN.

Fs o B _ 1512

FS. =252 4
P 6
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0.8 m

0.4 m—

PROBLEM 1.65

Member ABC, which is supported by a pin and bracket at C and a cable
BD, was designed to support the 16-kN load P as shown. Knowing that
the ultimate load for cable BD is 100 kN, determine the factor of safety
with respect to cable failure.

SOLUTION

Use member ABC as a free body, and note that member BD is a two-force member.

+)EM, = 0: (Pcos40°)(1.2) + (Psin40°)(0.6)

1.30493P — 0.71962F,, = 0

P

— (Fp c0530°)(0.6) A
— (Fypsin30°)(0.4) = 0

Fyp = 1.81335 P = (1.81335)(16 X 10°) = 29.014 x 10°N
F, =100 x10°N
100 x 10

FS. =

Fy

F.§5.=345 <4

Fyp  29.014x10°
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i 60 in. ] PROBLEM 1.66

A
1.
2 —1114\
diameter

¢ The 2000-1b load can be moved along the beam BD to any position

F | between stops at £ and F. Knowing that o, = 6 ksi for the steel
. ‘ used in rods 4B and CD, determine where the stops should be
En D placed if the permitted motion of the load is to be as large as

BI\ = possible.

X

L % -in.
diameter

(A

SOLUTION

Permitted member forces:

2
AB (Fip)m = Ouray = (6)@@

=1.17810 kips

2
CD: (FCD)maX = allACD = (6)(%)(§j

= 1.84078 kips

Use member BEFD as a free body.
P =20001b = 2.000 kips

)IMp =0: —~(60)F,5 + (60 —x,)P =0
_60F,5 _ (60)(1.17810)

P 2.000
= 35.343 Xy = 24.7 in. 4

)EMy =0: 60Fg, —xP =0

_ 60F-, _ (60)(1.84078)

Xy =552in. 4
P 2.000

XF
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Haom ~ PROBLEM 1.67
_9) mn‘l_ ‘ 300 mm |
’ ’ 2 0 P Knowing that a force P of magnitude 750 N is applied to the pedal

l shown, determine (@) the diameter of the pin at C for which the

average shearing stress in the pin is 40 MPa, (b) the corresponding

bearing stress in the pedal at C, (¢) the corresponding bearing
_»' ‘0‘ '(_ stress in each support bracket at C.

125 mm
c 4

5 mm

SOLUTION

Draw free body diagram of BCD. Since BCD is a 3-force member, the reaction at C is directed toward
Point E, the intersection of the lines of action of the other two forces.

From geometry, CE = 4/300° +125% = 325 mm

+1TZF, =0: % C-P=0 C=26P=(2.6)750)=1950 N
1o 1o
@ Ty=2—=25d-= 2€ =J (2)(1950)6 =5.57%x10"m d =557 mm 4
Ayn  Zd Ty 7(40 X 10%)
b o=S=S- 19350 — =38.9x10°Pa o, =38.9 MPa «
4, dt (5.57x107°)9x107)
1c
() o0,=2—= < 195_? —— =35.0x10°Pa 0, = 35.0 MPa <
A, 2dt (2)(5.57x107°)(5x107%)
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PROBLEM 1.68

A force P is applied as shown to a steel reinforcing bar that has been
embedded in a block of concrete. Determine the smallest length L

o for which the full allowable normal stress in the bar can be
/<‘\\:\\ developed. Express the result in terms of the diameter d of the bar,
L B the allowable normal stress o, in the steel, and the average
e a oo
T P allowable bond stress 7,; between the concrete and the cylindrical
surface of the bar. (Neglect the normal stresses between the concrete
and the end of the bar.)
SOLUTION
For shear, A = rdL T A
P =14 = tymdl s =
For tension, A= %d 2
P=oyd =0y (%dzj
. V(%)
Equating, T rdL = O-allzd
Solving for L, L., =o,dA4r, 4
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12.4kips PROBLEM 1.69

The two portions of member AB are glued together along a plane forming
an angle 6 with the horizontal. Knowing that the ultimate stress for the
glued joint is 2.5 ksi in tension and 1.3 ksi in shear, determine the range of
values of & for which the factor of safety of the members is at least 3.0.

2.0in. // 1.25 in.

SOLUTION

Ay = (2.0)(1.25) = 2.50 in2
P = 2.4 kips
B, = (F.S)P = 7.2 kips
Based on tensile stress:

F
oy =-Zcos’ @

oydy _ (2.5)(2.50)
P, 7.2

= 0.86806

cos’ @ =
cos@ = 0.93169 6 =21.3° g >213°

Based on shearing stress: Ty = isin6’ cosf = ;lsin 20

2407y _ (2)(2.50)(1.3)
B, 12

sin26 = = 0.90278

20 = 64.52° 6 =323° 6 <32.3°
Hence, 213°<0<323° 4
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12.»1kips PROBLEM 1.70

The two portions of member 4B are glued together along a plane forming
an angle @ with the horizontal. Knowing that the ultimate stress for the glued
joint is 2.5 ksi in tension and 1.3 ksi in shear, determine (@) the value of & for
which the factor of safety of the member is maximum, () the corresponding
value of the factor of safety. (Hint: Equate the expressions obtained for the
factors of safety with respect to normal stress and shear.)

2.0 / 1.25 in.

SOLUTION
Ay = (2.0)(1.25) = 2.50 in?
At the optimum angle, F.8)s = (F.8),
o, A

Normal stress: o = icos2 6 .. F,= U2 0

0 ’ cos~ @

B o, A4
FS),=-22 =2
(F-5)o p Pcos® 6
T, A
Shearing stress: 7 = isin9 cos@ .. B, =—0C
A4, * siné cosd
P Ty A
(F.S), = 4L = Y0
p Psin@ cosd
: oy 4o Ty 4o
Equating: = =
Pcos“@  Psinf cos@
Solving: SN0 _ g =7 =13 _ 509 (@) Gy =275° 4
cos 6 oy, 25
oy4, _ (12.5)(2.50) .
by B, =—"1= = 7.94 kips
) Y c0s?0  cos?27.5° P
F.S.=P—U=7'—94 F.§.=331 4
P 24
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CHAPTER 2






PROBLEM 2.1

An 80-m-long wire of 5-mm diameter is made of a steel with £ =200 GPa and an ultimate tensile strength of
400 MPa. If a factor of safety of 3.2 is desired, determine (@) the largest allowable tension in the wire, (b) the
corresponding elongation of the wire.

SOLUTION
(@ o, =400x10°Pa A=%d2 =%(5)2 ~19.635 mm? =19.635x10™° m?

B, =0, A=(400x10°)(19.635x107%) = 7854 N
_ B, 7854
4TRSS 32
_PL_ (2454)(80)
AE  (19.635x107°)(200x10%)

= 2454 N P, =245kN <

=50.0x10"m 0=50.0 mm <«

()
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PROBLEM 2.2

A steel control rod is 5.5 ft long and must not stretch more than 0.04 in. when a 2-kip tensile load is applied to it.
Knowing that E=29x10°psi, determine (¢) the smallest diameter rod that should be used, (b) the
corresponding normal stress caused by the load.

SOLUTION
PL 2000 1b)(5.5%12 in.
@ 6=LE 00ain =t ) 6 in.)
AE A(29%10°psi)
A:%mﬁ =0.11379 in?
d =0.38063 in. d=0381in. 4
P 2000 Ib
(b) o0=—=——5=17580 psi o=17.58 ksi 4
A 0.11379 in
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PROBLEM 2.3

Two gage marks are placed exactly 10 in. apart on a §-in.-diameter aluminum rod with E = 10.1x10° psi and
an ultimate strength of 16 ksi. Knowing that the distance between the gage marks is 10.009 in. after a load is
applied, determine (a) the stress in the rod, (b) the factor of safety.

SOLUTION
(@) 0=10.009-10.000=0.009 in.

6
,_0_o  __ES_(10.1x10°)(0.009)

== =9.09x10’ psi 0=9.09 ksi 4
L E L 10

(b) FS.="U=—" F.S.=1.760 <
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PROBLEM 2.4

An 18-m-long steel wire of 5-mm diameter is to be used in the manufacture of a prestressed concrete beam.
It is observed that the wire stretches 45 mm when a tensile force P is applied. Knowing that £ =200 GPa,
determine (@) the magnitude of the force P, (b) the corresponding normal stress in the wire.

SOLUTION

AE L

with 4 =%;de = %ﬂ(O.OOS)Z =19.6350 x10°m?
-6 2 9 2
p (0045 m)(19.6350x107 m*)(200x10°N/m?) _ oo o
18 m
P=9.82kN <«

P 9817.5 N 6

b)) o=—= =500%10"Pa 0 =500 MPa <«

A 19.6350x107° m>
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PROBLEM 2.5

A polystyrene rod of length 12 in. and diameter 0.5 in. is subjected to an 800-lb tensile load. Knowing that
E=0.45x10° psi, determine (a) the elongation of the rod, (b) the normal stress in the rod.

SOLUTION
4="4% =%0.5) =0.19635 in
40 4
PL 800) (12
(@ J=—= (800)(12) —=0.1086 5=0.1086 in. 4
AE  (0.19635)(0.45%10°)
P 800
() o=—=——=4074 psi 0=4.07 ksi 4
A4 0.19635
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PROBLEM 2.6

A nylon thread is subjected to a 8.5-N tension force. Knowing that £ = 3.3 GPa and that the length of the
thread increases by 1.1%, determine (a) the diameter of the thread, (b) the stress in the thread.

SOLUTION
(a)  Strain: 8=£=£=0.011
100
Stress: 0 = Ee = (3.3%x10°)(0.011) = 36.3x10°Pa
P
o=—
A
Area: a=f 8—56 = 234.16x10°m’
o 363x10
-9
Diameter: d = 44 = \/(4)(234.16)( 107) =546x10"°m d=0.546 mm <
T T

(b)  Stress: 0=36.3MPa 4
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PROBLEM 2.7

Two gage marks are placed exactly 250 mm apart on a 12-mm-diameter aluminum rod. Knowing that, with an
axial load of 6000 N acting on the rod, the distance between the gage marks is 250.18 mm, determine the
modulus of elasticity of the aluminum used in the rod.

SOLUTION
S=AL=L-I,=250.18—250.00=0.18 mm
_ 0 _0I8mm_, 0507o
Ly 250 mm

A:%ar2 =%(12)2 =113.097 mm? =113.097x10"° m?

p__ 6000 _ 53.052%x10°Pa

A 113.097x10°°

6
g2 33052XM07 oy s 10°Pa E=737GPa 4

0.00072
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PROBLEM 2.8

An aluminum pipe must not stretch more than 0.05 in. when it is subjected to a tensile load. Knowing that
E =10.1x10° psi and that the maximum allowable normal stress is 14 ksi, determine (¢) the maximum
allowable length of the pipe, (b) the required area of the pipe if the tensile load is 127.5 kips.

SOLUTION
PL
a o=—;
(a) 15
6
The, 1o A8 ES _ (101x109(005)
P o 1410
L=36.1in. 4
P
b o=—;
() y
3
Thus, a=2 1275x10 A=9.11in> <
o 14x10

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 2.9

An aluminum control rod must stretch 0.08 in. when a 500-1b tensile load is applied to it. Knowing that
0, =22ksi and E =10.1x10°psi, determine the smallest diameter and shortest length that can be selected for
the rod.

SOLUTION

P=5001b, §=0.08in. o, =22x10’psi

o= o, A> LZLOS: 0.022727 in*
A o, 22x10
A=" d= /4_‘4: [(4)(0.022727) d_. =0.1701 in. «
4 V4 V4
E
0'=E€=—5<0'au
L
6
£ (01xI0 JO98) 367 in L. =367 in. 4
Ol 22x10
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PROBLEM 2.10

A square yellow-brass bar must not stretch more than 2.5 mm when it is subjected to a tensile load. Knowing
that £ = 105 GPa and that the allowable tensile strength is 180 MPa, determine (a) the maximum allowable
length of the bar, (b) the required dimensions of the cross section if the tensile load is 40 kN.

SOLUTION

0 =180x10°Pa P =40x10°N
E=105%x10°Pa 6 =25x10"m

PL oL
@ &=12=2C
AE E
9 -3
| _ES _(105x10 )(2.56><10 ) 45833 m
o 18010
L=1458m <«
P
b o=—
(b) y
3
L A0 220 %100m? = 222.22 mm?
o 180x10

A=da® a=+J4 =222 a=1491 mm <«
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PROBLEM 2.11

A 4-m-long steel rod must not stretch more than 3 mm and the normal stress must not exceed 150 MPa when
the rod is subjected to a 10-kN axial load. Knowing that £ = 200 GPa, determine the required diameter of
the rod.

SOLUTION
L=4m

5=3%x10"m, o =150x10°Pa
E =200x10°Pa, P=10x10°N

Stress: o = £
= A
3
- L1010 _ 66,667 x100m? = 66.667 mm®

o 15010
Deformation: o= ﬂ
- AE

PL _ (10x10°)(4)

= 66.667 X 10°m? = 66.667 mm?

TES (200x10°)(3x107)

The larger value of 4 governs: A = 66.667 mm?

a=Za? 4= /ﬂz /M d=921mm <
4 T T
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PROBLEM 2.12

A nylon thread is to be subjected to a 10-N tension. Knowing that £ = 3.2 GPa, that the maximum allowable
normal stress is 40 MPa, and that the length of the thread must not increase by more than 1%, determine the
required diameter of the thread.

SOLUTION
Stress criterion:

0 =40MPa =40x10°Pa P=10N
P P 10N

o==—1 A=—=——"-—=250x10"m’
A o 40x10°Pa
-9
Aa="a% d-= 2\/E =0 2010 64 19 %10 m
4 T T
d = 0.564 mm
Elongation criterion:
é =1% = 0.01
L
s=TL.
AE
9
4= P/E 1ON/32><10 Pa = 312.5%10° m?
0.01
- 2\/7 - 21/3125“0 — 630.78 x 10~0m>
= 0.631 mm
The required diameter is the larger value: d=0.631 mm <«
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PROBLEM 2.13

The 4-mm-diameter cable BC is made of a steel with £ =200 GPa. Knowing
that the maximum stress in the cable must not exceed 190 MPa and that the
elongation of the cable must not exceed 6 mm, find the maximum load P that
can be applied as shown.

SOLUTION
Lye =V6>+4* =72111m
R
Use bar 4B as a free body. o \\
4 =t
+)ZM,=0: 3.5P—-(6 Fer |=0
JzM, ()(7.2111 BC) Fee.
P =0.9509F,~
Considering allowable stress: o =190x10°Pa ’ré”_ Ax
A
A:%d2 =%(o.oo4)2 ~12.566%10 m? 4
F,
a:% Fye =0A=(190x10°)(12.566x107°) = 2.388x10° N
Considering allowable elongation: & =6x10"" m
-6 9 -3
S FpoLpe o Fp = AES _ (12.566x107)(200x10")(6x107") = 2.091X10°N
AE Ly 7.2111
Smaller value governs. Fj.. =2.091x10°N
P=0.9509F,. =(0.9509)(2.091x10*) =1.988x10° N P=1988 kN «
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l

PROBLEM 2.14

The aluminum rod ABC (E =10.1x10° psi), which consists of two
cylindrical portions 4B and BC, is to be replaced with a cylindrical steel
rod DE (E=29x10° psi) of the same overall length. Determine the
minimum required diameter d of the steel rod if its vertical deformation is
not to exceed the deformation of the aluminum rod under the same load
and if the allowable stress in the steel rod is not to exceed 24 ksi.

SOLUTION

Deformation of aluminum rod.

PL,, PLg.
e M—
AE  AyoE
£(L_L_]
E AAB ABC
28x10° 12 18
= 6| 7 >t 2
10.1x10° { Z(1.5)>  Z(2.25)
=0.031376 in.
Steel rod. 0=0.031376 in.
3
s=LL _PL___O8XI0060)__ 437y
EA ES  (29%10°)(0.031376)
3
=L 4=L_28X10° 667 in?
A o 24x10°

Required area is the larger value.

Diameter:

A=1.1667 in*
d

_ |34 _ |4$d.6667) d=1219 in. 4
V4 V4 . .
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PROBLEM 2.15

A 4-ft section of aluminum pipe of cross-sectional area 1.75 in” rests on a
fixed support at 4. The %—in.—diameter steel rod BC hangs from a rigid
bar that rests on the top of the pipe at B. Knowing that the modulus of
elasticity is 29 x10° psi for steel, and 10.4 x10° psi for aluminum,
determine the deflection of point C when a 15-kip force is applied at C.

R c
P

SOLUTION
Rod BC: Lye=7ft=841in. E,. =29x10° psi

Age = %dz - %(0.625)2 = 0.30680 in>

cs = EZZCBC - (29(1<51>(;61)(Z:)).§)46)80) = 0141618 in.
Pipe AB: L,;=4ft=48in. E,  =10.4x10° psi

A,y =1.75in?

5, =—ttas__ (5 Xloz)(48) =39.560%107 in.

E A (10.4x10%)(1.75)

Total: Op = Ogy + Scp = 39.560 x 107 +0.141618 = 0.181178 in.

5. =0.1812 in. 4
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PROBLEM 2.16

The brass tube AB (E =105 GPa) has a cross-sectional area of

- \ z{ l Imm 140 mm’® and is fitted with a plug at A. The tube is attached at B to a
rigid plate that is itself attached at C to the bottom of an aluminum
cylinder (E = 72 GPa) with a cross-sectional area of 250 mm’. The
cylinder is then hung from a support at D. In order to close the
cylinder, the plug must move down through 1 mm. Determine the force
P that must be applied to the cylinder.

375 mm
B
C
SOLUTION

Shortening of brass tube 4B:

Ly =375+1=376mm = 0376 m A, =140 mm?* = 140 x 10° m?

E,z =105x10° Pa

PLy P(0.376)

= N —— =25578x107 P
E;pd  (105x10%)(140%107°)

5AB =

Lengthening of aluminum cylinder CD:

Total deflection:

Lop=0375m Ay =250 mm® =250x10°m*  E,, =72x10° Pa
PLp P(0.375)

Sep = = 5 ——=20.833x10"P
EcpAcp  (72x107)(250x107°)

0,= 0,5+ Ocp Where 6, = 0.00l m

0.001 = (25.578 x10™ + 20.833x107°) P

P =21.547x10°N P=215kN <«
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PROBLEM 2.17

A 250-mm-long aluminum tube (£ =70 GPa) of 36-mm outer
diameter and 28-mm inner diameter can be closed at both ends by
means of single-threaded screw-on covers of 1.5-mm pitch. With
one cover screwed on tight, a solid brass rod (£ =105 GPa) of
25-mm diameter is placed inside the tube and the second cover is
screwed on. Since the rod is slightly longer than the tube, it is
observed that the cover must be forced against the rod by rotating
it one-quarter of a turn before it can be tightly closed. Determine
(a) the average normal stress in the tube and in the rod, (b) the
deformations of the tube and of the rod.

SOLUTION

A

/A

tube =%(d3 -d?) =%(362 —28%)=402.12 mm* = 402.12x10 " m?

Ao =Zd2 =%(25)2 =490.87 mm> =490.87x10"°m?

PL

P(0.250) =8.8815x107°P

5tube =

PL

Egpedune  (70%10°)(402.12x107)

P(0.250)

rod —

CEyAy  (105x10°)(490.87x10™°)

=—-4.8505x107 P

5 =(%turn)xl.5 mm=0.375 mm =375x10"°m

Oupe =0 +6,

rod

Or  Oype — Orod =4

T¢

8.8815%x107° P+4.8505x107° P =375%x107°

0.375x107°

 (8.8815+4.8505)(10™°)

P 27.308x10°
Aype  402.12x107°°

(a) O-tube =

P 27.308x10°
O = — = —

4., 490.87x107

(b) O, = (8.8815x107°)(27.308x10%) = 242.5x10°m

=67.9x10°Pa

=-55.6x10°Pa

=27.308x10°N

Crne = 67.9 MPa 4

O-I‘Od :_55.6 MPa 4

Ope = 0.2425 mm <

S, =—(4.8505x1077)(27.308x10°) =—132.5%10°m J..,=-0.1325 mm <«
rod od

T
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1%—1'11. diameter PROBLEM 2.18

L-in. diameter The specimen shown is made from a 1-in.-diameter cylindrical steel rod
with two 1.5-in.-outer-diameter sleeves bonded to the rod as shown.
Knowing that E =29 x 10° psi, determine (@) the load P so that the
total deformation is 0.002 in., (b) the corresponding deformation of the

central portion BC.

l%—in. diameter

SOLUTION

@ o=xibi_PsL
AE, E 4

L, in. d, in. A, in® L/4,in"!

4B 2 1.5 1.7671 11318

BC 3 1.0 0.7854 3.8197

cD 2 1.5 1.7671 1.1318

6.083 < sum
P =(29%10°)(0.002)(6.083)™" =9.353x10°Ib P =9.53 kips 4
PL L : ’ 3
_PLyc _ P Ly _9335XI07 54199 5=1.254x10"in. 4

b) O, = =
®) BCT AgeE E Ay 29%10°
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P PROBLEM 2.19
+— A4 Both portions of the rod ABC are made of an aluminum for which E =70 GPa.
Knowing that the magnitude of P is 4 kN, determine (@) the value of Q so that
the deflection at 4 is zero, (b) the corresponding deflection of B.
04m 20-mm diameter
x  BlJ
Q
05m 60-mm diameter
y C
SOLUTION
(@ Ay, :%ij =%(o.ozo)2 =314.16x10 " m>
Age = %dﬁc =%(0.060)2 =2.8274x107> m>
Force in member AB is P tension.
Elongation:
PL *)(0.
Sy =itan o GAO)OD 9 756,10
EA;;  (70x107)(314.16x107)
Force in member BC is Q — P compression.
Shortening:
-P)L - .
Opc = (©=Plye _ (% P)0.5) —=2.5263x107(Q - P)
Edp- (70%x107)(2.8274%x107)
For zero deflection at 4, Sy =0 ,p
2.5263x107°(Q-P)=72.756x10"% . Q-P=288x10°N
0=283x10" +4x10° =32.8x10°N 0=328kN «
(b) 8,5 =05 =0, =72.756x10"m 8, =0.0728 mm | <«
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P PROBLEM 2.20
e The rod ABC is made of an aluminum for which £ =70 GPa. Knowing that
P =6 kN and Q =42 kN, determine the deflection of (a) point 4, (b) point B.
04m 20-mm diameter
x o Bld
Q
0.5m 60-mm diameter
¥ C
SOLUTION
T P A =%ij :%(o.ozo)2 =314.16x10°m?
Age =%d§c =%(O.060)2 =2.8274x10° m?
P, =P=6x10°N
Py =P—-Q0=6x10"-42x10° =-36x10°N
If Lz=04m Ly =05m
3
& =l (OAO)OD 49 13551070 m
AgE,  (314.16x107°)(70x10%)
_ 3
J, = Spo = Toctac ___ { 36X103 X0.5) +—=-90.947x10m
Be AgcE (2.8274%107°)(70x107)
(@) 6,=0,5+05 =109.135x107°-90.947x10°m =18.19x10°m 5,=0.01819mmT «
(b) 8y =0z =-90.9x10°m =-0.0909 mm or 5, =0.0919 mm | <«
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<6 ft —~—6 ft i PROBLEM 2.21

Members 4B and BC are made of steel (E = 29 x 10°psi) with cross-
5 ft sectional areas of 0.80 in® and 0.64 in’, respectively. For the loading
D<1 shown, determine the elongation of (a) member 4B, (b) member BC.

D E
28 kips Y 54 kips

A

SOLUTION

(@) L,z =+6"+5" =7810ft =93.72 in.

Use joint 4 as a free body.

Fae
5
YF, =0 ——F,;—28=0 A
Aer, 7810 ** Fao
F,, =43.74 kip=43.74x10°Ib
28 kips

Fly  (43.74x10%)(93.72)
EAg, (29 % 10°)(0.80)

() Use joint B as a free body.

8 Fee ty SF =00 Fp-—9 F =
Al © UBC T e B
Fro Fye = ©OE3T7Y _ 3369 kip = 33.60 x 10°Ib.
Fes 7.810

Fyelpe  (33.60 x10%)(72)
Edge  (29%10°)(0.64)

Sy = Syc = 0.1304 in. <4
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" PROBLEM 2.22

B ¢
The steel frame (£ = 200 GPa) shown has a diagonal brace BD with
an area of 1920 mm’. Determine the largest allowable load P if the
change in length of member BD is not to exceed 1.6 mm.
6 m
1 A D
A s
5m |
SOLUTION

Opp = 1.6 X107°m, Ay, = 1920 mm? = 1920 x 10°m?

Lyp =N3> +6° =7.810m, Eg, =200x10°Pa
FBDLBD
EBDABD

EgpAppdpy (200 x10%)(1920 x 107°)(1.6 x 10~)
Fap = - 7.81

é‘B =

LBD
= 78.67 x 10°N

Use joint B as a free body. > XF, = 0:

8 5
2 F.—P=0
P 7.810 %P

e T

~ 7810 %P 7.810
=504 x10°N P =504kN «

3
5. _ ()N1867x10°)
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228 kN PROBLEM 2.23

BY <71 For the steel truss (£ =200 GPa) and loading shown, determine
o5,  the deformations of the members 4B and 4D, knowing that their
A D ,C 4 cross-sectional areas are 2400 mm” and 1800 mm?®, respectively.

~—4.0 m——j~—4.0 m—»‘

SOLUTION

Statics: Reactions are 114 kN upward at 4 and C.

Member BD is a zero force member.

L,z =v40"+2.5" =4717m

Use joint 4 as a free body.

2.5
+T2F =0: 114+-—2="F,_. =0
y 4717 **

' FF(D
F .z =-215.10 kN

4
ih—ZFxZOIFAD"'mFAB:O a4 kN
_(4)(-215.10)

4.717

F,= =182.4 kN

Member 4B:

5~ Fuslas _ (-215.10x10°)(4.717)
P EA,  (200%10°)(2400%107°)

=-2.11x10"m S, —211mm «

_FopL,,  (182.4x10°)(4.0)

Member AD: op 5 c
EA,,  (200x107)(1800x107)

=2.03x10"m S,p=2.03mm <«
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30 kips
- A

‘j

30 kips

81t

|
I
|

(o)

t
30 kips

T E

PROBLEM 2.24

For the steel truss (E =29x10°psi) and loading shown, determine the
deformations of the members BD and DE, knowing that their cross-

. .2 .2 .
sectional areas are 2 in” and 3 in”, respectively.

8 ft
[ L G
_A :oéo:
e se D
SOLUTION

Free body: Portion ABC of truss

> 3F =0: 30 kips + 30 kips — F},, =0
Fpp =+60.0 kips

_ PL _ (+48.0x10°Ib)(8x12 in.)

BD_AE

(2 in%)(29x10° psi)

_ PL _ (+60.0x10°Ib)(15x12 in.)

DE AE

(3 in?)(29x10° psi)

+‘>ZME =0: Fpp (15 ft) — (30 kips)(8 ft) — (30 kips)(16 ft) =0
Fy, =+48.0 kips

Opp =+79.4x107in. «

Opp +124.1x107%in. <«
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PROBLEM 2.25

_ o) A o) D
P=1ki
) 8 Each of the links 4B and CD is made of aluminum (E = 10.9 x 10°psi)
15 1n: 1 and has a cross-sectional area of 0.2 in.”. Knowing that they support the
E rigid member BC, determine the deflection of point E.
— ) )
B C
! ! 22 in. !
10 in.
SOLUTION
Free body BC:
E E D)IM=0: —(32)F,, +(22)(1x10°) =0
AR cp
T T F,z=68751b
c - ]
B J{ C +T2Fy=o: 687.5—-1x10° + F.p =0
3
1x107 b Fop=31251b
S = FapLap _ (6875 )6(18) =5.6766x107 in = &
EA (10.9x10”)(0.2)
Ocp = FepLep _ (312'5)6(18) =2.5803x107 in = &,
EA (10.9%x10%)(0.2)
Deformation diagram:
83— 3.0963x107
B £ c. Slope 8 = = ™
" BC
o | % =96.759x10"rad
S| % <~
B c’ Op =0p + L0
£ =2.5803%107 +(22)(96.759x107%)
e’ =4.7090x10™ in

8, =4.71x107in | «
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PROBLEM 2.26

DY¥—
T The length of the % -in.-diameter steel wire CD has been adjusted so that
125 in. with no load applied, a gap of %in. exists between the end B of the rigid
i "_x beam ACB and a contact point E. Knowing that E =29 x10°psi,
c {_‘ 50 | determine where a 50-1b block should be placed on the beam in order to
A D _* cause contact between B and E.
/" E
| %6 in
I 16 in 1
4 in.
SOLUTION

Rigid beam ACB rotates through angle € to close gap.

9:1/ﬁ=3.125x10—3 rad
20

Point C moves downward.
O, =40 =4(3.125x107)=12.5x10" in.
Oep =6 =12.5%107 in.

2
dep=Za? =E[ 2] —6.9029%107 in?
d 432
5 FCDLCD
CD —
EA,,
o EAcpSep  (29%10°)(6.9029%107°)(12.5x107)
P Ly 12.5
=200.18 Ib
Free body ACB:
Fa,T lso 1N )IM  =0: 4F, —(50)(20~x)=0
A
K > 20— x= BCO0I8) 5144
A e——> 50
1" 20-%x x =3.9856 in.
For contact, x<3.99in. 4
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PROBLEM 2.27

o D ]
Link BD is made of brass (£ = 105 GPa) and has a cross-sectional area of

225 mr
o 240 mm”. Link CE is made of aluminum (E = 72 GPa) and has a cross-

c sectional area of 300 mm”. Knowing that they support rigid member 4BC
f @ % } determine the maximum force P that can be applied vertically at point 4 if
A B . .
) 150 mm the deflection of 4 is not to exceed 0.35 mm.
P
Ll E
e——><—225 mm*>]
125 mm
SOLUTION
Free body member AC:
T Fap )IM =0: 0.350 P—0.225Fy, =0
A C =
p S Fyp, =1.55556 P
B .
P¢ Fc \L +‘>ZMB=O. 0.125P—-0.225F; =0
€
Frp =0.55556 P
Fop L . .
Oy =8y =220 = a 555596P)(O 225)_6 =13.8889x 107 P
EgpApy,  (105%x107)(240x107°)

o

5. =6, = sles _ (0.555:’6P)(0.150)6 _38581x10° P
cAcy  (72%10°)(300 X 107°)

!

Deformation Diagram:

From the deformation diagram,

-9
) < Slope, 6= 9p+0c _177470x107P =78.876x107° P
- | % Ly 0.225
¢ 55 0,=0z+L,;0
A =13.8889x107° P +(0.125)(78.876x107° P)

=23.748%107° P

Apply displacement limit. 6, = 0.35 x 1073 m = 23.748 x 107 P

P =14.7381x10°N P=14.74 kN <
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PROBLEM 2.28

Each of the four vertical links connecting the two rigid
horizontal members is made of aluminum (£ =70 GPa)
and has a uniform rectangular cross section of 10 x 40 mm.
For the loading shown, determine the deflection of
(a) point E, (b) point F, (c) point G.

SOLUTION

Statics. Free body EFG.

f YA j 2er
=

'.&- HoO rm ————->‘<— 250 mm —>§

24 kN

)IM =0: —(400)(2F;;) — (250)(24) =0
Fpp ==7.5kN=-75x10°N
+)EM ;=0 (400)(2F,) — (650)(24) =0
Frp =19.5kN =19.5x10°N
Area of one link:
A = (10)(40) = 400 mm?
=400x10"m?
Length: L =300 mm =0.300 m

Deformations.
. 3
5o :FBEL _ ( 7.5>;10 )(0.300)6 —80357%10"m
E4  (70x107)(400x107")
3
S = FepL  (19.5x107)(0.300) —208.93%10~°m

EA  (70x10°)(400x107)
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PROBLEM 2.28 (Continued)

(a) Deflection of Point E. 0, =|0y|

5,=804umT «
(b)  Deflection of Point F. 8 =

8, =209 uml <

Geometry change.

S P

¢
. H00 ram 250w, -4
Let 6 be the small change in slope angle.
-6 -6
0= Oy +0p _80.357x10"" +208.93x10 = 72322106 radians
Ly 0.400
(¢)  Deflection of Point G. 8, =y + Ly 6
O, =0y + Ly 6=208.93x107° +(0.250)(723.22x107%)
=389.73x10°m 5, =390 um | «
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PROBLEM 2.29

A vertical load P is applied at the center 4 of the upper section of a
homogeneous frustum of a circular cone of height 4, minimum radius a,
and maximum radius b. Denoting by E the modulus of elasticity of the
material and neglecting the effect of its weight, determine the deflection of
point A.

SOLUTION

Extend the slant sides of the cone to meet at a point O and place the origin of the coordinate system there.

From geometry,

At coordinate point y, 4= zr*

Deformation of element of height dy: dd = Z—cg

_Pdy__ P &
Exr* rmEtan’« y2

by
P (11
. mEan’a\a b

1

doé

Total deformation.

5. = P bdy P 1
A_—zj 2T 2 |
rEtan“oYa y° mEtan"a\ y

p b—a,  P(b —a) S Ph

 gEtan’a ab,  mEab 4" 7Eab

VR |
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PROBLEM 2.30

A homogeneous cable of length L and uniform cross section is suspended from one end. (a) Denoting by p the
density (mass per unit volume) of the cable and by £ its modulus of elasticity, determine the elongation of the
cable due to its own weight. (b) Show that the same elongation would be obtained if the cable were horizontal
and if a force equal to half of its weight were applied at each end.

SOLUTION

(a)  For element at point identified by coordinate y,

LLLL2Y
1 z n
P = weight of portion below the point
=pg A(L—-y)
dg5=FPdy _ pgAL=y)dy _ pg(L—y) dy
EA EA E
L
Lpg(Ll-y) Pg LI
s=[ L8V gy _PEI ) 2
J-o I 'y I y 2y )
L’ | pgl?
pgl L s=_P8 4
E 2 2 E
(b)  Total weight: W = pgAL
2
pofA0 _EA 1pell 1 41 F=lw <
L L 2 FE 2 2
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PROBLEM 2.31

The volume of a tensile specimen is essentially constant while plastic deformation occurs. If the initial
diameter of the specimen is d}, show that when the diameter is d, the true strain is &, =2In(d,/d).

SOLUTION

If the volume is constant, %d ’L= %dlzLO

2
8,=1n£=1n ﬂ] 8,=21n% <
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PROBLEM 2.32

Denoting by £ the “engineering strain” in a tensile specimen, show that the true strain is &, =In(1 + €).

SOLUTION

3
=it omb O [ 119 e
LO LO LO

Thus g=In(1+¢) <4
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e am PROBLEM 2.33
/j::l>/ Brass core
E = 105 GPa . . .
£ An axial force of 200 kN is applied to the assembly shown by means of
rigid end plates. Determine (a) the normal stress in the aluminum shell,
(b) the corresponding deformation of the assembly.

300 mm .
~1 Aluminium shell
E =70 GPa

60 mm

SOLUTION

Let P, = Portion of axial force carried by shell

P, = Portion of axial force carried by core.

PL E A
o=—2"—, or P=—"2%§
E A, L
PL E A
S=—L—, or B=-L2"¢
E, A, L
)
Thus, P=P +B,=(E,A, +EbAb)Z
with A, =%[(O.060)2 —(0.025)*] = 2.3366 x 10> m?
A, =%(0.025)2 = 0.49087 x 10> m?

P =[(70x10”)(2.3366 x 107) + (105 x 10%)(0.49087 x 10—3)]%
P= 215.10><106%

) P 200 x10°

Strain: e=—-= = - =0.92980%107°

L 21510x10°  215.10x 10
(@) 0,=E,e=(70x10")(0.92980x107) = 65.1x10°Pa 0, =651 MPa <
(b)) S=€L=(0.92980x107)(300 mm) 6=0279 mm 4
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e am PROBLEM 2.34
/j::l>/ Brass core
E = 105 GPa .
£ The length of the assembly shown decreases by 0.40 mm when an axial
force is applied by means of rigid end plates. Determine (a) the magnitude
of the applied force, () the corresponding stress in the brass core.

300 mm 1
~1 Aluminium shell
E =70 GPa

60 mm

SOLUTION

Let P, = Portion of axial force carried by shell and P, = Portion of axial force carried by core.

_PL E A

o= , or P=—"%§
E A, L
BL E A

S=—L" or B=-t"%t§
E, 4,

Thus, P=P, +P,=(E,A, +EbAb)%

with A4, = %[(0.060)2 —(0.025)*] = 2.3366 x 10> m?

4, = %(0.025)2 = 0.49087 X 1073 m?

P =[(70x107)(2.3366 x 107) + (105 x 107 (0.49087 x 10*3)]% =215.10 x 106%

with 0 = 0.40 mm, L =300 mm

0.40

)%=286.8XIO3N P=287kN <

(@) P=(215.10x10°

P, _ E6 _ (105x10°)(0.40 x107)

R 00107 =140 x10°Pa 0, =140.0MPa <
b X

b) o, =
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P

PROBLEM 2.35

I o A 4-ft concrete post is reinforced with four steel bars, each with a %—in. diameter.
Knowing that E, =29x10° psi and E, =3.6x10° psi, determine the normal
stresses in the steel and in the concrete when a 150-kip axial centric force P is

4l applied to the post.
\@\
‘ 8 in.
8 in.
SOLUTION

z(3Y
A, =4~ = | |=1.76715 in?
‘ 44

A, =8 -4, =62.233in’

s = bl _ £ (48)
' OAE,  (1.76715)(29%10%)

=0.93663x107° P,

PL P.(48)

c

CAE  (62.233)(3.6x10°%)

=0.21425x10° P,

c

But 5, =J.: 0.93663x107°P, =0.21425x107°P,

Also:

Substituting (1) into (2):

From (1):

P, =0.22875P, (1)
P+ P, =P =150 kips )
1.22875P, =150 kips
P, =122.075 kips
P, =0.22875(122.075) = 27.925 kips

5 __ R _ 2792
T4, 176715

o, =—15.80 ksi 4

o, =L 122075 0, =-1.962 ksi 4
4 62233

c
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\ PROBLEM 2.36
b

250 mm 5 mm A 250-mm bar of 15x30-mm rectangular cross
L section consists of two aluminum layers, 5-mm thick,

‘ s brazed to a center brass layer of the same thickness.
Smm If it is subjected to centric forces of magnitude

5 mm P = 30 kN, and knowing that £, = 70 GPa and
E, = 105 GPa, determine the normal stress (@) in the

aluminum layers, () in the brass layer.

Aluminum
Brass
Aluminum

SOLUTION
For each layer,
A=(30)(5)=150 mm?* =150x10"m?

Let P, =load on each aluminum layer

B, =load on brass layer

. PL FBL E
Deformation. S=—4" =02 B =-tp =£Pa =1.5P,
E,A EA E, 70
Total force. P=2P +F =35P,
. 2 3
Solving for P, and P, P, =7P B, =7P
p 3
(@ o, =——“=—3£=—330X—m6=—57.1x1061>a 0,=-57.1MPa <
4 74  T150x10”
P 3
b o, B3P _ 3 30X107 _ o555 105pa 0, =—85.7 MPa 4

A T4  7150x10°°
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25
0 mm 5 mm

Aluminum
Brass

PROBLEM 2.37

Determine the deformation of the composite bar of
Prob. 2.36 if it is subjected to centric forces of
magnitude P =45 kN.

PROBLEM 236 A 250-mm bar of 15x30-mm
rectangular cross section consists of two aluminum
layers, 5-mm thick, brazed to a center brass layer of
the same thickness. If it is subjected to centric forces

Aluminum
30 mm of magnitude P =30kN, and knowing that £, =70
GPa and E, =105 GPa, determine the normal stress
(a) in the aluminum layers, (b) in the brass layer.
SOLUTION

For each layer,

A=(30)(5)=150 mm?* =150x10"°m?

Let P, =load on each aluminum layer

B, =load on brass layer

Deformation. o=— AL = _ﬂ
E 4 E 4

Total force. P=2P +F =35 Pa

so_ RL_ 2 PL
E,A 7 EA

_ 2 (45x10%)(250x107)

T 7 (70x10°)(150x107°)
=-306x10"°m

E

B=2p=12p _1sp,
E, 70

p=2p
-

d=-0.306 mm <«
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~_ PROBLEM 2.38

10 in,
lin.
Compressive centric forces of 40 kips are applied at both ends
)/ of the assembly shown by means of rigid plates. Knowing
Aluminum />/ G f that £, =29x10° psi and E, = 10.1x10° psi, determine (a) the
shell \/\K Steel core normal stresses in the steel core and the aluminum shell,
2.5 inJ/ (b) the deformation of the assembly.
SOLUTION

Let P, = portion of axial force carried by shell

P, = portion of axial force carried by core

_PL E A

) P =—0"0s
E A4, L
E A, ‘ L
o
Total force. P=P +P =(E,A, + ESAS)Z
o P
—_—,—_=—
L EaAa +ESAS

Data: P=40x10’1b

A, = (5 —d}) =7 (25 ~107 = 41233 in?

A4 =Za =T (1)? =0.7854 in?
4 4
_ 3
= B — =-620.91x107
(10.1x10°)(4.1233) + (29 10°)(0.7854)
(@) 0,=E¢e=(29%x10°)(—620.91x107°) = -18.01x 10 psi —18.01ksi «
0, =E,e=(10.1x10°)(620.91x107%) = —6.27x 10 psi —6.27 ksi <
(b) d=Le=(10)(620.91x10°)=-6.21x10"" 0=-621x10"in. «
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PROBLEM 2.39

Three wires are used to suspend the plate shown. Aluminum wires of %—in.
diameter are used at 4 and B while a steel wire of %—in. diameter is used at
C. Knowing that the allowable stress for aluminum (£, = 10.4x10°psi) is
14 ksi and that the allowable stress for steel (E, =29x10°psi) is 18 ksi,
determine the maximum load P that can be applied.

P
SOLUTION
By symmetry, P,=P,, and &, =3,
Also, 0r=0,=05=0
Strain in each wire:
E,=€ _ o £ S 2¢e
4T =5 T 4
Determine allowable strain.
3
wires &B: £, =24 =10 34695107
E, 10.4x10
£.=2£,=26924x10"*
3
Wire C: e =2e 100 4 607107
E-.  29x10
£,=&g :%gc =0.3103x107°
Allowable strain for wire C governs, o =18x10psi

o,=E&, P,=AEkE,

2
=%(éj (10.4x10°)(0.3103x107°)=39.61 Ib

P, =39.611b

2
6. =Eqe. P.=A.0, =%(éj (18x10°)=98.17 Ib

For equilibrium of the plate,

P=P,+Py+P.=17741b P=17741b <4
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PROBLEM 2.40

. 1.25 in. A polystyrene rod consisting of two cylindrical portions 4B and BC is
2o 1, 6 kips 6 kips restrained at both ends and supports two 6-kip loads as shown. Knowing
l that £ =0.45x10° psi, determine (a) the reactions at 4 and C, (b) the
R normal stress in each portion of the rod.
15in. 2in

SOLUTION

(a)  We express that the elongation of the rod is zero:

Ra 5= Laslas | Poclpc _
A %dleE %dlszE
But Py=+R, Py =-R.
6 ks b ks Substituting and simplifying:
A i\ 4 R,L R-L
& A2AB _ cch -0
dyp die
Ly (dpe Y 25( 2V
C RC: AB[BC]RA:_( jRA
R Lpc\ dyp 15\1.25
R. =4.2667R, (1)
From the free body diagram: R, + R, =12 kips 2)
Substituting (1) into (2): 52667 R, =12
R, =2.2785 kips R,=228kips T 4
From (1): R-=4.2667(2.2785)=9.7217 kips
R.=9.72kips T 4
P +R . .
(b) opy=-2L=—>2= 2.2785 0,5 =+1.857 ksi «

Ay A Z(1.25)

P, -R -9. .
Ope=—25=—C= ) 72? Opc =—3.09 ksi <
Age Age F(2)
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Dimensions in mm PROBLEM 2.41
180120~ 100,100 _,

A ’ : ‘ — Two cylindrical rods, one of steel and the other of brass, are joined at
C and restrained by rigid supports at 4 and E. For the loading shown
and knowing that E =200 GPa and E, =105 GPa, determine
(@) the reactions at 4 and E, (b) the deflection of point C.

/i0kN

40-mm diam. 30-mm diam.

SOLUTION
Ato C: E=200x10°Pa
A =%(40)2 =1.25664x10°mm? =1.25664x 107> m>
EA=251.327x10°N
CtoE: E =105x10’Pa
4 =%(30)2 =706.86 mm? =706.86x107°m?

EA=74220x10°N

A 2 c o =
e D B o E
Ra cokn 4o kN #

AtoB: P=R,
L=180mm=0.180 m
PL  R,(0.180)

1B E4 251.327%10°
=716.20x107"*R,

Bto C: P=R,—60x10°

L =120 mm=0.120 m
_PL (R, —60x10%)(0.120)
TEA 251.327x10°
=447.47x10"2 R, —26.848x107°

BC
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PROBLEM 2.41 (Continued)

Cto D: P=R,-60x10°

L =100 mm=0.100 m
_PL (R, —60x10)(0.100)
TEA . 74220%10°
=1.34735x10° R, —80.841x10°°

zc

Dto E: P=R,-100x10’

L=100 mm=0.100 m
_PL_(R,-100x10%)(0.100)
TEA 74220x10°
=1.34735x10° R, —134.735x10°°

5DE

AWE: Oy =0,5+0pc+0cp+pg
=3.85837x107° R, —242.424x10°°

Since point £ cannot move relative to 4, 0, =0
(@) 3.85837x107°R,—242.424x10°=0 R, =62.831x10°N R, =628 kN« «
R, =R, —100x10° =62.8x10° —100x10° =-37.2x10°N R, =372 kN« <«

(b) O =6, +05 =1.16367x10° R, —26.848x107°

=(1.16369%x107°)(62.831x10%) — 26.848x107°
=46.3x10"°m O, =463 um —» 4
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Dimensions in mm PROBLEM 2.42

< 180— <1201, 100,
A ‘ C‘ ‘ [ Solve Prob. 2.41, assuming that rod AC is made of brass and
DI_E rod CE is made of steel.
Steel emmmpe
/60 kN 40 kN PROBLEM 2.41 Two cylindrical rods, one of steel and the
other of brass, are joined at C and restrained by rigid supports at 4
40-mm diam.  30-mm diam. and E. For the loading shown and knowing that £, =200 GPa

and E, =105 GPa, determine (@) the reactions at 4 and E, (b) the
deflection of point C.

SOLUTION

Ato C: E=105x10°Pa
A =%(40)2 =1.25664x10°mm? =1.25664x107>m>
EA=131.947x10°N
CtoE: E =200%x10°Pa
4 =%(30)2 =706.86 mm? =706.86x107°m?
EA=141372%x10°N
Ato B: P=R, A B c D £
L =180 mm=0.180 m o :::l——~>
_PL _ R,(0.180) l
EA  131.947x10° GcokWV Yo k\J
=1.36418x10°R,,

AB

Bto C: P=R,-60x10°

L=120 mm=0.120 m
_PL (R, -60x10)(0.120)
TEA 131.947x10°
=909.456x107"2 R, —54.567x107°

zc

Cto D: P=R,—60x10’

L=100 mm=0.100 m
_PL (R, -60x10)(0.100)
TEA 141372x10°
=707.354x107"? R, —42.441x107

CD
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PROBLEM 2.42 (Continued)

Dto E: P=R,-100x10’

L=100 mm=0.100 m
_PL_(R,-100x10%)(0.100)
TEA 141372x10°
=707.354x10""2 R, —70.735x10°

5DE

AWE: Oy =0,5+0pc+0cp+pg
=3.68834x107° R, —167.743x10°°

Since point £ cannot move relative to 4, 0, =0

(@) 3.68834x10°R,—167.743x10°=0 R, =45479x10°N
R, =R, -100x10° =45.479%x10° =100x 10’ =—54.521x10’
(b) O =0, + 05 =2.27364x10° R, —54.567x107°

=(2.27364x107%)(45.479x10*) — 54.567x10°°

=48.8x10°m

R, =455kN « <

R, =54.5kN « <«

O =488 um — <
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PROBLEM 2.43

The rigid bar ABCD is suspended from four identical wires. Determine the
tension in each wire caused by the load P shown.

<—L—><—L—>}<—L—>

SOLUTION

Deformations Let € be the rotation of bar ABCD and J,, 8, . and O, be the deformations of wires 4, B,
C,and D.

From geometry, 6= % z Z
0,=0,+L0
5. =8, +200=25,~3, (1)
S5, =8,+3L0=35, 26, @)

Since all wires are identical, the forces in the wires are proportional to the deformations.
Te =21y T, (1)

T, =3T, — 2T, 2)
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PROBLEM 2.43 (Continued)

Use bar ABCD as a free body.
)EIM=0: —2LT,~LTy+LT, =0
+T2Fy =0: T, +T;+T-+1,-P=0
Substituting (2”) into (3) and dividing by L,
—4T, +2T, =0 T, =2T,
Substituting (1”), (2), and (3") into (4),
T,+2T,+3T,+4T, - P=0

T, =2T, = (2)(%]1)
1 1
7. - <2>[§pj_[ﬁpj

1 1
T, = <3>(§Pj— (2)(510]

3)
4)
(3"
10T, =P
T, -Lp <
1710
7.-L1p <«
B
3
T.=—P 4
“ 710
T,==P 4
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PROBLEM 2.44

EY-
The rigid bar 4D is supported by two steel wires of ---in. diameter
150 Yr (E=29x10° psi) and a pin and bracket at D. Knowing that the
T wires were initially taut, determine (a) the additional tension in each
SJH; wire when a 120-1b load P is applied at B, (b) the corresponding
A B C D deflection of point B.
c e
<=8 in. 8in. 8 in.~>‘
Yp
SOLUTION
Let @ be the rotation of bar ABCD.
Then o, =246 o =80
A 8 c ¢> 5 = Pirlae
4T 4E
p _EAS, _ (29%10°)Z (1)* (246)
L, 15
_ 3
pAEf . Pcp‘f Dyl =142.353x10°0
C - 5’ S = PerLer
A i’ " 4E
P
(29%10°) 7 (L)’ (36)
P = EAé, _ 416
CF Ler 3
=88.971x10°8
Using free body ABCD,
)IM), = 0: 24P, +16P — 8P = 0
—24(142.353 x10°6) + 16(120) — 8(88.971x10°8) = 0
6 = 0.46510x 107 rad(,
(@) P, =(142.353x10%) (0.46510x107) P,;=6621b 4
P =(88.971x10%) (0.46510x10™) P, =4141b <
(b) 6, =160=16(0.46510x107) 0, =7.44x107 in.| «
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PROBLEM 2.45

[:oi]A
150 mm The steel rods BE and CD each have a 16-mm diameter
B E (E =200 GPa); the ends of the rods are single-threaded with a
_— w ¢ pitch of 2.5 mm. Knowing that after being snugly fitted, the nut at
e B - 3; C is tightened one full turn, determine (a) the tension in rod CD,

(b) the deflection of point C of the rigid member 4BC.

SOLUTION

Let @ be the rotation of bar ABC as shown.

Then 5,=0150  &.=0.256
But 5. =6, _LepLep.
ECDACD
E.. A
PCD =D (arum _5C)
LCD
(200x10” Pa) £ (0.016 m)®
R = (0.0025m — 0.256)
A 2m
e | A ; 6
=50.265%x10° —5.0265x10°8
P..L E..A
PBE 8, = EBE ABE or Py = 125 BE 5,
B E BE “*BE BE
200x10° Pa)Z(0.016 m)*
=4 25 (O016m)” 159,
) 3m
Fep =2.0106x10°0

From free body of member ABC:
)IM ;=05 0.15P; —0.25F,, =0

0.15(2.0106x10°6) —0.25(50.265x10° — 5.0265x10°6) = 0

6 =8.0645%x107 rad

(@) P, =50.265x10°—5.0265x10°(8.0645x107)
=9.7288x10° N P, =9.73kN <

(b) 8. =0.250=0.25(8.0645x107)
=2.0161x107 m O, =2.02 mm « <
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Ao g
E— 4 in.
B c
[ —— o1 _
2 1n. E
D@ —= 9]
2 1n.
F F\%__

PROBLEM 2.46

Links BC and DE are both made of steel (E =29x10° psi) and are
5 in. wide and  in. thick. Determine (@) the force in each link
when a 600-1b force P is applied to the rigid member AF shown,
(b) the corresponding deflection of point A.

SOLUTION

Let the rigid member ACDF rotate through small angle & clockwise about point F.

Then Oc =0p- =46 in. >
O0p =—0p; =20 in. >
s=tL o p_E4o
. 1)1 I
Forlinks: A=|—| —|=0.1251in
2 )\ 4
Ly =41n. A o
Ly, =5 in. T
6
Fyp = EAS,- _ (29x10°)(0.125)(46) —3.625%10°0
Ly 4 -
6 _ Fﬂc ‘
Fyp = EAS,, _ (29%x10°)(0.125)(—-26) _145%10°0
LDE 5 D b E:oc‘
Use member ACDF as a free body.
= ]
=

)IM =0: 8P—4Fy. +2F,; =0

1 1
P=-F, ——F
2 BC 4 DE

600:1(3.625><106)9—l(—
2 4

0 =0.27586x10"rad 1)

(@)  Fgo =(3.625x10°)(0.27586x107)
Fpp =—(1.45x10°)(0.27586x107%)
(b)  Deflection at Point 4.

1.45%10%)8 =2.175%10°0

Fye =1000 1b <

Fpp =—400 b <

8, =86=(8)(0.27586x107) 5,=221x10"in —» <«
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g PROBLEM 2.47

The concrete post (E, =3.6x10° psi and ¢, =5.5x107°/°F) is reinforced
with six steel bars, each of f-in. diameter (E, =29x 10° psi and
@, =6.5x107°/°F). Determine the normal stresses induced in the steel and
6 ft in the concrete by a temperature rise of 65°F.

Min.

SOLUTION

2
A =6"a=6"[ 1) —36079 in’
4 48

A.=10" - 4, =10> -3.6079 = 96.392 in*
Let P. = tensile force developed in the concrete.

For equilibrium with zero total force, the compressive force in the six steel rods equals P..

. P P
Strains: &, =———+¢,(AT) E.=——+a.(AT)
E A ’ E A

N c
§T7S c c

. P, P,
Matching: €, = &, z —+a,(AT) ="z —+a,(AT)

cc §°7S

1 1
—+—— |P. =(o, — . )(AT
(ECAC ESASJ C ( S C)( )

{ 61 + 61 }PE =(1.0x107°)(65)
(3.6x10°)(96.392)  (29x10°)(3.6079)

P.=5.2254x10° 1b

P 5.2254x10°

— c

. =54.210 psi o0, =542 psi
A 96.392

3
o =—to 32X e 35 b 0, =—1.448 ksi
T4 3.6079 ‘

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




’*\ PROBLEM 2.48

\x‘ omn The assembly shown consists of an aluminum shell (£, =10.6 x 10° psi,
= 12.9 x 10°°F) fully bonded to a steel core (£, =29 x10° psi,
= 6.5 x 10°%/°F) and is unstressed. Determine (a) the largest allowable
Steel change in temperature if the stress in the aluminum shell is not to exceed
T 6 ksi, (b) the corresponding change in length of the assembly.

Aluminum shell

1.25 in.

SOLUTION
Since «, > «, the shell is in compression for a positive temperature rise.

Let 0, =—6 ksi=-6x10" psi

(d2 ) Z(1.25% =0.75%) = 0.78540 in®

A =%d2 =%(o.75)2 =0.44179 in’

P=-0,4,=0,4,
where P is the tensile force in the steel core.

0,4, (6x10%)(0.78540)

o,=——%4= : =10.667x10° psi
A, 0.44179
O
E=—"+a,(AT)=
£ (AT)= £
O o
o,-a)AT)=—-—+=
(&, — o )(AT) EE
3 3
(6.4x10‘6)(AT)=1O'667X160 4610 —=0.93385x10°°
29%10 10.6x10
(@) AT =14591°F AT =145.9°F <
10.667x10° 6 A
b = " 4 (6.5%x107°)(145.91)=1.3163%10
(b) 20x10° ( X )
or
. 3
=6X—106+(12.9><10‘6)(145.91):1.3163><1o—3
10.6x10
O0=Le=(8.0)(1.3163x107)=0.01053 in. 5=0.01053 in. 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




25 mm PROBLEM 2.49

Brass core

= 105.GPa The aluminum shell is fully bonded to the brass core and the assembly is
a =209 X10°%°C unstressed at a temperature of 15°C. Considering only axial deformations,
determine the stress in the aluminum when the temperature reaches 195°C.

Aluminum shell
E = 70 GPa
a =236 x10%°C

L— 60 mm —»‘

SOLUTION

Brass core:

E =105 GPa

o =20.9%10"%/°C
Aluminum shell:

E =70 GPa

o =23.6x10"°/°C
Let L be the length of the assembly.

Free thermal expansion:

AT =195-15=180°C
Brass core: (0;), = Loy, (AT)
Aluminum shell:  (6;) = L, (AT)

Net expansion of shell with respect to the core: o0=L(a,—0,)AT)

Let P be the tensile force in the core and the compressive force in the shell.

Brass core: E, =105x10°Pa P
4, =%(25)2 = 490.87 mm> e
=490.87x10°m?
PL
5p)y =——
(0p)s P
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PROBLEM 2.49 (Continued)

Aluminum shell: E,=70x10°Pa
A =%(602 ~25%)

=2.3366x10°mm?
=2.3366x10"m?
o= (5P)b +(5P)a
PL PL

+
E A, E,A

a“-a

L(at, — &, )(AT) = = KPL

where

K= ! + !
EbAb EaAa

B 1 N 1
(105x107)(490.87x107°)  (70x10°)(2.3366x107)

=25516x10°N"

Then

p =% —a,)AT)
K
(23.6x107° —20.9x107°)(180)
- 25.516x107°
=19.047x10°N

3
Stress in aluminum: o, =—£=—m=—8.15x106Pa 0, =-8.15MPa <«
A, 2.3366x10~
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25 mm PROBLEM 250

Ak

& Brass core Solve Prob. 2.49, assuming that the core is made of steel (£, =200 GPa,
E i ;8?9(’5"1‘0@% o, =11.7% 107°/°C) instead of brass.
Aluminum shell PROBLEM 2.49 The aluminum shell is fully bonded to the brass core
E=70GPa and the assembly is unstressed at a temperature of 15°C. Considering
~__ = 28 XAG only axial deformations, determine the stress in the aluminum when the
<— 60 mm —> temperature reaches 195°C.
SOLUTION
Aluminum shell: E=70GPa a=23.6x10"%/°C
Let L be the length of the assembly. P J £
s D
Free thermal expansion: AT =195-15=180°C \_/
Steel core: (0;), =L, (AT) ‘
Aluminum shell: (0;), =L, (AT)
Net expansion of shell with respect to the core: o0=L(a,—o,)AT) ‘*t N
Let P be the tensile force in the core and the compressive force in the shell. P g
Steel core: E, =200x10°Pa, A, = %(25)2 =490.87 mm” = 490.87x10°m’
PL
Op), =——
( P)S ES AS
Aluminum shell: E,=70x10°Pa
PL
Op), =——
( P)“ EaAa

A, =%(602 —25)* =2.3366x10°mm? =2.3366x10"° m*
5=(5,), +(5,),

Lo, —a)AT) = PL + PL = KPL
’ E A E,A,
where
K=L+ !
E A EA,
1 1

= +
(200x10%)(490.87x107°)  (70x10°)(2.3366x107)
=16.2999x10°N™"
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PROBLEM 2.50 (Continued)

Then
- -6 _ -6
P (&, — )(AT) _ (23.6%10 ll.7><1(9) )(180) 131 41x10°N
K 16.2999x10"
3
Stress in aluminum: o, = _ P BLOX0 ~56.2x10°Pa

5 0, =-56.2 MPa <«
A 2.3366x10™

a
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PROBLEM 2.51

A
950 mm 30-mm diameter A rod consisting of two cylindrical portions AB and BC is restrained at both
Steel ends. Portion 4B is made of steel (E, =200 GPa, ¢, =11.7x107°/°C) and
3 5 portion BC is made of brass (E, =105 GPa, a, =20.9x107%/°C). Knowing
i that the rod is initially unstressed, determine the compressive force induced in
50-mm diameter . .
ABC when there is a temperature rise of 50 °C.
300 mm Brass
I C
SOLUTION

A =%ij =%(30)2 =706.86 mm? = 706.86x 107 m?

Age =%d§c =%(50)2 =1.9635x10° mm’ =1.9635x10 > m>

Free thermal expansion:
8, =L 0, (AT) + Ly-0t, (AT)
=(0.250)(11.7x107°)(50) + (0.300)(20.9x107°)(50)
=459.75x10°m

Shortening due to induced compressive force P:
PL PL
+

Op =
E Ay EyApe

i 0.250P . 0.300P
(200x10°)(706.86x107°)  (105x10°)(1.9635%x107)

=3.2235x107 P

For zero net deflection, &, =J;

3.2235%107° P=459.75%107°
P=142.62x10°N

P=142.6 kN 4
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PROBLEM 2.52

A steel railroad track (£, =200 GPa, ¢, =1 1.7x107°/°C) was laid out at a temperature of 6°C. Determine
the normal stress in the rails when the temperature reaches 48°C, assuming that the rails (a) are welded to
form a continuous track, (b) are 10 m long with 3-mm gaps between them.

SOLUTION

(a)

()

O, =a(AT)L = (11.7x107°)(48 - 6)(10) = 4.914x107°> m

5 =%=L—;=%=50x10‘120
0=06,+0,=4914x10" +50x10"2 =0

0=-98.3x10° Pa 0 =-98.3 MPa
8=0; +68, =4.914x107 +50x10™"2 6 =3x10"

3x107° —=4.914%x107
o= 12
50%10
=-38.3%10° Pa 0 =-38.3 MPa
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A

<24 in.v‘<—32 in, — PROBLEM 2.53

L G A rod consisting of two cylindrical portions AB and BC is restrained at
both ends. Portion 4B is made of steel (E, =29x10° psi,
a,=6.5x10°/°F) and portion BC is made of aluminum

21 .in. diameter 13 -in- diameter (E, =10.4x10° psi, @, =13.3x107°/°F). Knowing that the rod is

initially unstressed, determine (@) the normal stresses induced in portions
AB and BC by a temperature rise of 70°F, (b) the corresponding
deflection of point B.

SOLUTION

A =%(2.25)2 =3.9761in> Ay =%(1.5)2 =1.76715 in>

P P
Free thermal expansion. AT =70°F m

Total:

(07) 45 = L1300, (AT) +(24)(6.5x107°)(70) =10.92x 10 in
(6)pc = Lpe, (AT) = (32)(13.3x1075(70) = 29.792 x10 in.
8r =(6;) 15 +(6;) g =40.712x107in.

Shortening due to induced compressive force P.

(Op) 45 = Plip _ 264P =208.14x107°P
E Az (29%10°)(3.9761)
(8p)pc = Plyc _ 32P =1741.18x107° P

E, Ay (10.4%10°)(1.76715)

Total: Op=(0p) 15 +(0p) e =1949.32x107° P
For zero net deflection, &, = &, 1949.32x107° P=40.712x107 P=20.885x10" Ib
3
(@) oO,3=- P __20885x10° _ 555107 psi 0,5 =—525ksi 4
Ay 3.9761
3
Ope =— P__20885x10° _ 1) grx10° psi Opc =—11.82 ksi «
Ape 1.76715
() (5,) 5 =(208.14x107)(20.885x10%) = 4.3470x 10 in.

05 =(8,) 5 = +(8p) ;5 —=10.92x107° = +4.3470x107 8, =6.57x107 in.—» <
or

(0p) g =(1741.18x107)(20.885x10%) = 36.365x10in.

0y =(0) e+ (0p)ge = =29.792x107 «+36.365x107 — =6.57x107in. — (checks)
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PROBLEM 2.54

) , Solve Prob. 2.53, assuming that portion 4B of the composite rod is made

[ 24 m,.r_sz e of aluminum and portion BC is made of steel.
A B < PROBLEM 2.53 A rod consisting of two cylindrical portions 4B and BC
is restrained at both ends. Portion 4B is made of steel (E, =29 x 10° psi,
a,=6.5x10°/°F) and portion BC is made of aluminum
21 -in. diameter 15 -in. diameter (E, =10.4x10° psi, @, =13.3x107°/°F). Knowing that the rod is
initially unstressed, determine (@) the normal stresses induced in portions
AB and BC by a temperature rise of 70°F, (b) the corresponding

deflection of point B.

SOLUTION
N N S—
Ay =2 (2.25) =3.9761 in’ Ay =2 (1.5)? =1.76715 in?
AB—Z(. )" =3. in BC—Z(.S)—.775m
Free thermal expansion. AT =70°F
(0;) 45 = L300, (AT) = (24)(13.3x107°)(70) = 22.344 x10 > in.
0 pe = Lget, (AT) = (32)(6.5x107°)(70) = 14.56 10 in.
(0r)pc = Lpcor (AT) = (32)( )(70)
Total: Sy =(6;) 45 +(0r) g =36.904x10 i,
Shortening due to induced compressive force P.
(Gp)ay =t = 246P =580.39%x107° P
E, A (10.4x10°)(3.9761)
(8p)pc =8E = 362P =624.42x107° P
E Ay (29x10°)(1.76715)
Total: Op=(0p) 5 +(5p) 5 =1204.81x107° P
For zero net deflection, &, = &, 1204.81x107° P =36.904 %107 P=30.631x10" Ib
3
@ o =—AP =—3O'363;17>6<110 =-7.70%10° psi 05 =-7.70 ksi <
AB .
3
Cpe =—AP =—301'673617X1150 =-17.33x10° psi Ope =—17.33 ksi 4
BC .
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PROBLEM 2.54 (Continued)

() (5) 5 =(580.39x107)(30.631x10°) =17.7779x10in.

8y =(8,) 5 =+ (85) 15 «—=22344x107 = +17.7779x107° 5, =4.57x107in. » <

or (6p) g = (624.42x107°)(30.631x10%) =19.1266 x10 > in.

05 = (8, ) e —+(0p) e = =14.56x107 «+19.1266x10° —-=4.57x10" in. - (checks)
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['A 50 mm PROBLEM 2.55

=

aF Ml — 375 mm
- I A brass link (E, =105 GPa, o, =20.9x107%/°C) and a steel rod
& 5 :%7'5 m (Es=200 GPa, a, =11.7x107%/°C) have the dimensions shown

0.12 mm 250 mm»! 300 dismel at a temperature of 20°C. The steel rod is cooled until it fits
' — e freely into the link. The temperature of the whole assembly is
Steel L then raised to 45°C. Determine (@) the final stress in the steel
A Section A-A rod, (b) the final length of the steel rod.
SOLUTION

Initial dimensions at 7' =20 °C.
Final dimensions at 7 =45 °C.

AT =45-20=25°C
Free thermal expansion of each part:

Brass link: (8,), = &, (AT)L = (20.9x107°)(25)(0.250) = 130.625x10°m

Steel rod: (6;), =&, (AT)L = (11.7x107°)(25)(0.250) = 73.125x10°m
At the final temperature, the difference between the free length of the steel rod and the brass link is

5=120x107° +73.125x10™° —130.625x10™° = 62.5x10°m
Add equal but opposite forces P to elongate the brass link and contract the steel rod.

Brass link: E=105x10°Pa

4, =(2)(50)(37.5) =3750 mm* =3.750x 10 m*
_PL_ P(0.250)

(5,) = 5 —=634.92x107*P
EA  (105x10°)(3.750x107)
Steelrod:  £=200x10°Pa 4, = %(30)2 =706.86 mm® =706.86x10~°m” @»»t::“::,;&?
(6p), = PL P(0.250) =1.76838x107° P

T E A, (200x10°)(706.86x107°)
(0p), +(8p), =0: 2.4033x107° P=62.5x10"° P =26.006x10°N

3
(a)  Stress in steel rod: o, =—£ = _(26.006x10°) =-36.8x10° Pa o, =-36.8 MPa «

Y4 706.86x107°

(b)  Final length of steel rod: L, =Ly +(J7), —(dp);

L, =0.250+120x107° +73.125x107° — (1.76838x107°)(26.003x10)

=0.250147 m L, =250.147 mm <«
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PROBLEM 2.56

Two steel bars (E, =200 GPa and e, =11.7x107%/°C) are used to
reinforce a brass bar (£, =105 GPa, ¢, =20.9x107%/°C) that is
subjected to a load P =25 kN. When the steel bars were fabricated, the
distance between the centers of the holes that were to fit on the pins
was made 0.5 mm smaller than the 2 m needed. The steel bars
were then placed in an oven to increase their length so that they
would just fit on the pins. Following fabrication, the temperature
in the steel bars dropped back to room temperature. Determine
(a) the increase in temperature that was required to fit the steel
bars on the pins, (b) the stress in the brass bar after the load is
applied to it.

SOLUTION

(a) Required temperature change for fabrication:

8, =0.5mm=0.5x10"m
Temperature change required to expand steel bar by this amount:
O, = Lo, AT, 0.5x107° =(2.00)(11.7x10™°)(AT),
AT =0.5x107° = (2)(11.7x107°)(AT)
AT =21.368°C 214°C <

(b)  Once assembled, a tensile force P develops in the steel, and a compressive force P develops in the
brass, in order to elongate the steel and contract the brass.

Elongation of steel: 4, = (2)(5)(40) = 400 mm” =400x10"°m*

F'L P*(2.00)

= ) —= x107° P*
AE,  (400x107°)(200x10%)

(5P )s =

Contraction of brass: 4, =(40)(15) =600 mm? =600x10"°m?

P'L P*(2.00)

= - -—=31.746x107 P
A4E,  (600x107°)(105%10%)

(Op)y =

But (6,), +(Jp), is equal to the initial amount of misfit:

(6p), +(8p), =0.5x107, 56.746x107° P" =0.5x107
P =8811x10°N

Stresses due to fabrication:

*

3
Steel: o =L _38UXIO" s 035106Pa = 22.03 MPa

STA 400x107

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 2.56 (Continued)

+_ P 8811x10°
Brass: Oy=——=-—"—"-

y 500%10=° =—-14.68x10° Pa =—14.68 MPa
" X

To these stresses must be added the stresses due to the 25 kN load.

For the added load, the additional deformation is the same for both the steel and the brass. Let & be the
additional displacement. Also, let P; and P, be the additional forces developed in the steel and brass,
respectively.

s BL _ BL
ASES AbEb
—6 9
P - AE, o _ (400x10°)(200x10°) o )0 106
L 2.00
—6 9
P - AEy 5 _ (600x107°)(105x10°) o o o 1600
L 2.00
Total P=P +P,=25x10°N

40x10°8"+31.5x10°6" =25%10° 0 =349.65x10°m

P, =(40x10°)(349.65x10™°) =13.986x10° N
P, =(31.5x10°)(349.65x107°) =11.140x10° N

P, 13.986x10°

N

=34.97x10°Pa

A4 400x10°°

_ B _11.140x10°

o, = —=18.36x10°Pa
4y, 600x107

Add stress due to fabrication.

Total stresses:

0, =34.97x10° +22.03x10° = 57.0x10°Pa 0, =57.0 MPa

0, =18.36x10° —14.68x10° =3.68x10°Pa 0, =3.68 MPa 4
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40 mm

PROBLEM 2.57

Determine the maximum load P that may be applied to the brass bar of
Prob. 2.56 if the allowable stress in the steel bars is 30 MPa and the
allowable stress in the brass bar is 25 MPa.

PROBLEM 2.56 Two steel bars (E, =200 GPa and ¢, =11.7 x 10 %/°C)
are used to reinforce a brass bar (E, =105 GPa, ¢y, = 20.9 x 10 °C)
that is subjected to a load P =25 kN. When the steel bars were fabricated,
the distance between the centers of the holes that were to fit on the pins was
made 0.5 mm smaller than the 2 m needed. The steel bars were then placed
in an oven to increase their length so that they would just fit on the pins.
Following fabrication, the temperature in the steel bars dropped back to
room temperature. Determine (@) the increase in temperature that was
required to fit the steel bars on the pins, (b) the stress in the brass bar after
the load is applied to it.

SOLUTION

See solution to Problem 2.56 to obtain the fabrication stresses.

Allowable stresses:

Available stress increase from load.

Corresponding available strains.

Smaller value governs .-

o, =22.03 MPa
0, =14.68 MPa
O-s,all =30 MPa, O-b,all =25 MPa

0,=30-22.03=7.97 MPa
0, =25+14.68=39.68 MPa

6
g, :ﬁzmzw,gsxmf"’
T E, 20010
6
g =@=—39'68X18 =377.9%107°
E, 105x10

£=39.85%10"°

Areas: A, = (2)(5)(40) = 400 mm? = 400x10"°m?

4, = (15)(40) = 600 mm* = 600x10"°m*

Forces P, = E, A.e=(200x10°)(400x107°)(39.85x107°) =3.188x10°N

s

P, = E, A, = (105x10”)(600x107°)(39.85x107°) = 2.511x10° N

Total allowable additional force:

P=P + B, =3.188x10° +2.511x10’ =5.70x10°N P=570kN <«
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0.02 in.

—>| 14 in. ‘ 18 in. i

Bronze Aluminum
A=24in2 A=28i?

E =15 X 10°psi E =10.6 X 10%psi
a =12 X 10°%°F @ =129 X 10°%°F

PROBLEM 2.58

Knowing that a 0.02-in. gap exists when the temperature is 75°F,
determine (a) the temperature at which the normal stress in the
aluminum bar will be equal to —11 ksi, (b) the corresponding exact
length of the aluminum bar.

SOLUTION

0, =-11ksi=-11x10’psi
P=-0,4,=(11x10")(2.8) =30.8x10°Ib

Shortening due to P:

P

—s]

P

a

PL, PL
—_— +—

B EbAb EaAa

_ (30.8x10°)(14) . (30.8x10%)(18)
(15x10%)(2.4)  (10.6x10°)(2.8)

=30.657x107in.

Available elongation for thermal expansion:

8, =0.02+30.657x107° =50.657x10in.

But &, = Lo, (AT) + L,c, (AT)

= (14)(12x107°)(AT) + (18)(12.9x 1075 )(AT) = 400.2x 10 °)AT

Equating, (400.2x10™°)AT =50.657x107° AT =126.6 °F

(@ Ty =Ty +AT =75+126.6=

PL,
E A

a“"a

(b) 5a = Laaa (AT) -

= (18)(12.9x107°)(26.6) —

L

exact

(30.8x10*)(18)

201.6 °F T, = 201.6°F <

- =10.712x107in.
(10.6x10°)(2.8)

=18+10.712x107* =18.0107in. L =18.0107 in. 4
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0.02 in. PROBLEM 2.59

—>| 14 in. ‘ 18 in. i

Determine (a) the compressive force in the bars shown after a

I:(: temperature rise of 180°F, (b) the corresponding change in length of
the bronze bar.

Bronze Aluminum
A=24in2 A=28in?

E =15 X 10°psi E =10.6 x 10%psi
a =12 X 107°%°F @ =129 X 1075°F

SOLUTION

Thermal expansion if free of constraint:
8p = Lo, (AT) + Lo, (AT)
=(14)(12x107%)(180) + (18)(12.9x107°)(180)
=72.036x10%in.

Constrained expansion: ¢ =0.021n.

Shortening due to induced compressive force P:

P | P
—] |

5, =72.036x107 —0.02=52.036x10in.

But 5, Pl PLy ( L, L ]p
EbAb EaAa EbAb EaAa
= 1‘2 + 186 P=99536x10""P
(15x10°)(2.4)  (10.6x10°)(2.8)
Equating, 995.36x107° P =52.036x107
P=52279%10’1b
(@) P =523 kips 4
PL
by 6, =Loy(AT)——=
(b) 50 (AT) A,
3
=(14)(12x107%)(180) — (52‘279X610 D _ 9 91x10n, 3, = 9.91x10%in. «
(15x10°)(2.4)
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0.5 mm PROBLEM 2.60

'4— 300 mm *»‘ 250 mm—»‘
At room temperature (20°C) a 0.5-mm gap exists between the ends
- E of the rods shown. At a later time when the temperature has reached
140°C, determine (@) the normal stress in the aluminum rod, (b) the
change in length of the aluminum rod.
Aluminum Stainless steel
A = 2000 mm? A = 800 mm?
E =75GPa E =190 GPa

a=23%X10%°C a=173%x10"%C

SOLUTION
AT =140-20=120°C

Free thermal expansion:

8, =L, (AT)+ Lo, (AT)
=(0.300)(23x107%)(120) + (0.250)(17.3x107°)(120)
=1.347x10"m

Shortening due to P to meet constraint;:

0p=1.347x107° —0.5x107° =0.847x107m
é‘P: a + S — a S
E,A, EA, \EA, EA,
0.300 0.250
= 9 s 9 < |P
(75%10%)(2000x107%) ~ (190x10°)(800x107°)
=3.6447x107° P

PL PL L L

Equating, 3.6447x107° P=0.847x107°
P=23239x10°N

3
@ o =—L o 223X s i0°pa 0,=-1162 MPa <

‘4 2000%x107°

a

PL
b o0 =L o (AT)- 4
(b) . =L, (AT) EA
3
=(0.300)(23%x107°)(120) — (232.39%107)(0.300) =363x10°m J,=0.363 mm <

(75%10°)(2000x107%)
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PROBLEM 2.61

A 600-1b tensile load is applied to a test

l 25tp. Ve coupon ma(%e from %—in. flat steel pl_ate
600 1b <= . . —>600lb (£ =29%10"psi and v =0.30). Determine
4/' 4 B R the resulting change (a) in the 2-in. gage
Lin, length, (b) in the width of portion 4B of the
) test coupon, (c¢) in the thickness of
portion AB, (d) in the cross-sectional
area of portion 4B.
SOLUTION
a=| L1 )=0.03125 in?
2 )\ 16
_P__600 =19.2x10%psi
A 0.03125
3
g, =220 66 07x10
E  29x10
(@) O, =L, =(2.0)(662.07x107%) 5, =1.324x107in. 4
g, =&, =—ve, =—(0.30)(662.07x107°) =-198.62x107°
(B)  Oyian = Wo€, = (%j (—198.62x107%) 8, =-99.3x10"n. 4
(©)  Opickness = LoE- =(%j(—198.62><106) 5 =-12.41x10"%in. <«

) A=wi=w(+e)(+e,)

=wlp(l+¢&,+&, +€,€,)
Ad=A—- Ay =wyty(€, + €, +E,E,)
= Gj [%) (-198.62x107° —198.62x10°° + negligible term)

=—12.41x10"%in? Ad=-12.41x10"%n* «
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kN 5 kN

/ 22-mm diameter
{

L— 200-mm —>|

A S

PROBLEM 2.62

In a standard tensile test, a steel rod of 22-mm diameter is subjected
to a tension force of 75 kN. Knowing that v =0.3 and
E =200 GPa, determine (@) the elongation of the rod in a 200-mm
gage length, () the change in diameter of the rod.

SOLUTION
P=75kN=75x10°N 4
0,
gy
5)’

=247 = %0.022)* = 380.13x 107 m>
4 4
3
Lo DX 97301x106 Pa
A 380.13x10
6
-2 —197‘301“90 — 986.51x107°
E 200x10

= Le, = (200 mm)(986.51 x 107%)

(a)
= —ve, = —(0.3)(986.51x107%) = —295.95x 107

0, =0.1973 mm <«

de, = (22 mm)(-295.95 x 107%)

—0.00651 mm <«

() 9,
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PROBLEM 2.63

A 20-mm-diameter rod made of an experimental plastic is subjected to a tensile force of magnitude P = 6 kN.
Knowing that an elongation of 14 mm and a decrease in diameter of 0.85 mm are observed in a 150-mm length,
determine the modulus of elasticity, the modulus of rigidity, and Poisson’s ratio for the material.

SOLUTION

Let the y-axis be along the length of the rod and the x-axis be transverse.

A =%(20)2 =314.16 mm* =314.16x10°m*>  P=6x10°N

P 10°

o, =20 _190985x10°Pa
4 314.16x10
ﬁ_ 14 mm

=0.093333

YL 150 mm

o, 19.0985x10°

Modulus of elasticity: E =— =204.63x10°Pa E =205 MPa 4
g, 0.093333
g, =0 085 _ 4 0ms
d 20
Poisson’s ratio: y= &5 _ 00425 vy=0.455 4
g, 0.093333

E _ 204.63x10°
2(1+v)  (2)(1.455)

Modulus of rigidity: G = =70.31x10°Pa G=703 MPa 4
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PROBLEM 2.64

2.5 1in.
|
The change in diameter of a large steel bolt is carefully measured as the
f nut is tightened. Knowing that E =29x10°psi and v = 0.30,
determine the internal force in the bolt, if the diameter is observed to
decrease by 0.5x 107 in.
SOLUTION

5,=-05x10"in. d=25in.
_& _ 05x107 _

g, =—2= -02x107
d 25
£ —£ -3
y=-S o 28 _02XI07 4 6667 <107
£ % 0.3

o, = Ee, = (29 x10%)(0.66667 x 107) = 19.3334 x 10° psi
A= %dz - %(2.5)2 — 4.9087 in>

F = 0,4 = (19.3334 x 10*)(4.9087) = 94.902 x 10° Ib
F = 94.9 kips <
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700 kN PROBLEM 2.65

A 2.5-m length of a steel pipe of 300-mm outer diameter and 15-mm

wall thickness is used as a column to carry a 700-kN centric axial load.
Knowing that £ =200 GPa and v=0.30, determine (a) the change in
length of the pipe, (b) the change in its outer diameter, (c) the change in
its wall thickness.
SOLUTION
d,=03m t=0.015m
d;=d,—2t=03-2(0.015)=0.27 m P=700x10°N
4 =%(d3 —di2)=%(0.32 ~0272)=13.4303x10° m?
PL 700x10°*)(2.5
P )2.5)

EA (200x10°)(13.4303x107)

=—651.51x10* m
S _—651.51x10°

= =-260.60%x107¢
L 2.5
Ear =—vE =—(0.30)(—260.60x107°)
=78.180%x107¢

(b) Ad,=d,&_,; =(300 mm)(78.180x10°)

(c) At=te ;= (15 mm)(78.180x10)

J=-0.652 mm <

Ad, =0.0235 mm <

At=0.001173 mm <«
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PROBLEM 2.66

i m— .—’ > An aluminum plate (E=74GPa and v=0.33) is subjected to a
] i — centric axial load that causes a normal stress 0. Knowing that, before
-~ 1 — loading, a line of slope 2:1 is scribed on the plate, determine the slope

of the line when o =125 MPa.

SOLUTION

o 2(1+¢))

The slope after deformation is tan @ = 1—y

+E&,

[+ &,

o, 125x10°

& =—=——F
E  74x10

g, =—ve, =—(0.33)(1.6892x107°) =—0.5574x10~

y
g 2(1-0.0005574)
1+0.0016892

=1.6892%x107°

=1.99551 tan@ = 1.99551 4
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PROBLEM 2.67

The block shown is made of a magnesium alloy, for which
E=45 GPa and v=0.35. Knowing that o, =-180 MPa,
determine (a) the magnitude of o, for which the change in the
height of the block will be zero, (b) the corresponding change in
the area of the face ABCD, (c) the corresponding change in the
volume of the block.

SOLUTION

(@ 6,=0 e =0 o.=0

y z

1
£, =E(0'x —-vo, —vOo,)

o, =vo, =(0.35)(-180x10°)

=—63%x10°Pa 0, =—63 MPa 4
1 35)(—243x10°
£, =—(0,-v0, —v0,)=——(0, +0,) = (035 3;< %) __189x107
E Y E Y 45%10
o, —VvOo 6
£, == (0,~v0, ~vo,) = o TIN5 51507
E Y E 45%10
(b) Ay=L.L.
A=L (1+e )L (+e)=L L (1+€ +& +£E,)
AA=A-A, =L L (e +¢&,+€€)=L.L (€, +E,)
A A =(100 mm)(25 mm)(—3.51x107 —1.89x107) AA=-13.50 mm’> <
(C) V() ZLXLyLz
V=L(0+¢&)L,(1+¢)L.(1+¢,)
=L LL(l+e +¢&,+& +EE +EE +EE TEEE,)
AV=V-Vy=LL/L, (& +&,+&, +small terms)
AV = (100)(40)(25)(—3.51x10> +0—1.89x107%) AV =-540 mm® <«
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o, = 40 MPa

U1

PROBLEM 2.68

A 30-mm square was scribed on the side of a large steel pressure

DI — ; vessel. After pressurization, the biaxial stress condition at the square
30mm | [ . % =50 MPs is as shown. For £ =200 GPa and v=0.30, determine the change
] — in length of (a) side AB, (b) side BC, (c¢) diagnonal AC.

P

<—30 mm—

SOLUTION

Given:

Using Eq’s (2.28):

(a) Change in length of 4B.

(b) Change in length of BC.

o,=80MPa 0, =40 MPa

£ =L (o, -vo,) _8020300) _545,10+
E 200x10°

g, = L6, -v0,) = 200360 g0+
E 200x10°

8,5 =(AB)e, = (30 mm)(340x107) =10.20x10~ mm

5, =1020 um <«

Osc =(BC)e, = (30 mm)(80x107°) =2.40x10~* mm

Sy =2.404m <4

(¢) Change in length of diagonal AC.

From geometry,
Differentiate:
But

Thus,

(ACY* = (4B)* +(BC)*
2(AC) A(AC) = 2(AB)A(AB) +2(BC)A(BC)
AAC)=68,.  AAB)=68,, A(BC)=5,
2(AC)S ¢ = 2(AB)S 5 +2(BC) Sy

AB BC 1 1
Oup=——0,3+——0p =—=(10.20 um)+—(2.40um
AC AC AB AC BC \/5( /,l ) \/5( /,l )

5, =891 um <
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in.

20 i

PROBLEM 2.69

The aluminum rod 4D is fitted with a jacket that is used to apply a
hydrostatic pressure of 6000 psi to the 12-in. portion BC of the rod.
Knowing that £ =10.1x10° psi and v=0.36, determine (@) the change in
the total length AD, (b) the change in diameter at the middle of the rod.

SOLUTION

0,=0,=—P=-6000psi o0,=0

x y

1
£, =E(0X —vo, —VvO,)

€y

1
10.1x10°
=-380.198x107¢

[~6000 — (0.36)(0) — (0.36)(—6000)]

1
=—(-vo,+0,-vo,)

= m[—(0.36)(—6000) +0-(0.36)(—6000)]

=427.72x107°

Length subjected to strain £,: L =12 in.

(@) 6, =Le, =(12)(427.72x107°)

(b) O, =de, =(1.5)(-380.198x107")

8, =5.13x107in. <

8, =-0.570x107in. «
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Mg 1 PROBLEM 2.70

For the rod of Prob. 2.69, determine the forces that should be applied to
the ends 4 and D of the rod (a) if the axial strain in portion BC of the rod
is to remain zero as the hydrostatic pressure is applied, (b) if the total
12m  20in. length AD of the rod is to remain unchanged.

J PROBLEM 2.69 The aluminum rod 4D is fitted with a jacket that is

used to apply a hydrostatic pressure of 6000 psi to the 12-in. portion BC
of the rod. Knowing that E=10.1x10° psi and v=0.36, determine
(a) the change in the total length AD, (b) the change in diameter at the
- middle of the rod.

s
T

SOLUTION

Over the pressurized portion BC,

o,=0,=-p 0,=0,

1
(8y)BC =E(—v0'X +0, -v0o,)

1
= E(va +0,)
(@  (&)pc=0 2wp+0,=0
o, =—2vp =—(2)(0.36)(6000)
=—4320 psi

4 =%d2 =%(1.5)2 =1.76715 in>

F =40, =(1.76715)(-4320) =~7630 Ib

ie., 7630 Ib compression 4
(b)  Over unpressurized portions 48 and CD, c,=0,=0
%,
(gy)AB = (gy)CD :F
For no change in length,
0=L,p (&) g+ Lpc(€,)pc + Lep(€)cp =0
(Lyg +Lep)Ey) ap+ Lyc(€,)pc =0
o, 12
y _
(20—12)E+E(2Vp +O-y) =0
o —— 24wp _ (24)(0.36)(6000) = 22592 psi
7 20 20
P=Ao, =(1.76715)(-2592) = -4580 Ib P =4580 1b compression 4
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PROBLEM 2.71

In many situations, physical constraints prevent
strain from occurring in a given direction.
For example, £, =0 in the case shown, where
longitudinal movement of the long prism is
prevented at every point. Plane sections
perpendicular to the longitudinal axis remain
plane and the same distance apart. Show that for
this situation, which is known as plane strain,
we can express 0, £, and £, as follows:

- (a) o,=v(0,+0,)
£, =%[(1 -v)o, —v(1+v)o,]
1
g, =E[(1 -v)o, —v(1+v)o,]
SOLUTION
ez=0=%(—vo;—v0'y+0'z) or o,=v(0,+0,) <

X

£ 2%(0} —vo, —VvO,)

1
:E[O'X —vo, -V (0, +0,)]

:%[(1 -v)o, —v(1+v)o,] <
g, =%(—vo;c +0,-v0,)

:%[_vax +0,-v(0,+0,)]

= L{0-1)a, vl 40, «
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% PROBLEM 2.72

T In many situations, it is known that the normal stress in a given direction is zero,
— for example, o, =0 in the case of the thin plate shown. For this case, which is
| - known as plane stress, show that if the strains & and &, have been determined
E:» experimentally, we can express o,, 0,, and &, as follows:

E8X+vey Egy +ve, v € +£)
O . =p,— O, =L———— E =—(& &
) 1-v? g 1-v? D e
SOLUTION
o,=0
8X—E(O'x—v0'y) (1
£, —E(—vax+0'y) 2)
Multiplying (2) by v and adding to (1),
1-v* E
£ +ve, = ; or O, =m(gx +ve,) |
Multiplying (1) by v and adding to (2),
—? E
£, +ve, = o, or  0,= = (e, +ve,) <4

1 v ,E(
£, =E(—v0'X —-vo,) =—E-1—2(£x +VE, +E, +VE)

v(l+v) v
z_?(gx+8y):_:(gx+gy) 4
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PROBLEM 2.73

For a member under axial loading, express the normal strain £”in a
direction forming an angle of 45° with the axis of the load in terms of the
z B axial strain & by (@) comparing the hypotenuses of the triangles shown in
Fig. 2.49, which represent, respectively, an element before and after
@) deformation, (b) using the values of the corresponding stresses of ¢”and
o, shown in Fig. 1.38, and the generalized Hooke’s law.

_*l
¥
lh

N S
;\
~H
Bl o
\/é
S
)
S
|
Y~

SOLUTION

1-ve
! 1+e€,
(a) (b) ()
Figure 2.49
@ 20+ =(1+) +(1-ve,)
2(1+2& +€%)=1+2¢, + &> +1-2ve, +Vve?
4e’+ 267 =2¢e + €l —2ve +VE]
Neglect squares as small 4e’=2¢ —2ve, &= 1-v ;v e, 4
Jz JZ(14")
] |-2E,
| \ +Ex
Refore deformation After deformation
(A) (B)
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PROBLEM 2.73 (Continued)
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A
D ?&\x
0 o *

PROBLEM 2.74

The homogeneous plate ABCD is subjected to a biaxial loading as
shown. It is known that o, = 0, and that the change in length of
the plate in the x direction must be zero, that is, £ =0. Denoting
by E the modulus of elasticity and by v Poisson’s ratio, determine
(a) the required magnitude of o, (b) the ratio o,/ €.

SOLUTION

(@)
1

(b) & =E(—v0x -vo, +JZ)=%(—VZJO —0+0,)= 1=

o, =vo, 4
o} E
Q- <
g, 1-v
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30 mm |

30 mm < |

PROBLEM 2.75

A vibration isolation unit consists of two blocks of hard rubber
bonded to a plate AB and to rigid supports as shown. Knowing
that a force of magnitude P = 25kN causes a deflection
0 = 1.5 mm of plate AB, determine the modulus of rigidity of the
rubber used.

SOLUTION

N~

<>

n

4 J F=%P=%(25xlO3N)=12.5><103N
PT T%_P 3
l%? 1P T:E:M:833_33X103 Pa
4 (0.15m)0.1m)
o0=15

1.5x10°m  h=0.03m
-3
h _ 9 _L5x107 s
h 0.03
3
G =T _833.33xX10° e 10 Pa
y 0.05

G =16.67 MPa <«

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




A —

P

PROBLEM 2.76

A vibration isolation unit consists of two blocks of hard rubber with a
modulus of rigidity G =19 MPa bonded to a plate 4B and to rigid

150 mm A supports as shown. Denoting by P the magnitude of the force applied
100 mm to the plate and by o the corresponding deflection, determine the
effective spring constant, k = P/J, of the system.
<
30 mm |
30 mm < |
S
SOLUTION
¥ J Shearing strain: y = %
]
. e
i 3P P ‘ S Gs
Shearing stress: T=Gy= e
g——-)l ‘4—> Force: lP:,ﬂ:% or p:@
n g} 2 h h
Effective spring constant: & = P _264
) h
with A =(0.15)(0.1) = 0.015m* % =0.03m

_ 2(19x10° Pa)(0.015 m?)
0.03m

k =19.00 x 10° N/m

k =19.00x10° kN/m <
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PROBLEM 2.77

The plastic block shown is bonded to a fixed base and to a horizontal rigid
plate to which a force P is applied. Knowing that for the plastic used
G = 55 ksi, determine the deflection of the plate when P = 9 kips.

SOLUTION
Consider the plastic block. The shearing force carried is P = 9 x10° Ib

The areais 4 = (3.5)(5.5) = 19.25 in®

3
Shearing stress: T = P_ 9107 = 467.52 psi
A 19.25
Shearing strain: y=L = 2732 0085006
G 55x10
But V= % J = hy = (2.2)(0.0085006) 0 =0.0187 in. 4
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PROBLEM 2.78

A vibration isolation unit consists of two blocks of hard rubber bonded to
plate AB and to rigid supports as shown. For the type and grade of rubber
used 7,,; =220 psiand G =1800 psi. Knowing that a centric vertical force
of magnitude P=3.2 kips must cause a 0.1-in. vertical deflection of
the plate 4B, determine the smallest allowable dimensions a and b of the
block.

e

SOLUTION

Consider the rubber block on the right. It carries a shearing force equal to 1 P.

ip
The shearing stress is 7= 27
3
or required area = P = 3.2x10° =7.2727 in*
27 (2)(220)
But A=(3.0)b
A . .
Hence, b= 30" 2.42 in. b, =242 in. 4
Use b=242in and 7 =220 psi
Shearing strain. y= r_220_ 0.12222
G 1800
But y= é
a
Hence, a=é=L=0.818in. a,, =0.818 in. 4
y 0.12222
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PROBLEM 2.79

The plastic block shown is bonded to a rigid support and to a vertical plate to
which a 55-kip load P is applied. Knowing that for the plastic used G =150 ksi,
determine the deflection of the plate.

4.8 in.

|5

SOLUTION .
A=(32)(4.8) =15361n
P =55%x10°1b
4 Y P 55x10°
r=2 =277 _3580.7 psi
4 AN 4 1536 P
: t.z G =150 x10° psi
b =L BT o3g71x107
| G 150x10
h h=2in.

S = hy =(2)(23.871x107)
=47.7%x107 in.

0 =0.0477 in. | «
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PROBLEM 2.80

What load P should be applied to the plate of Prob. 2.79 to produce a %—in. deflection?

PROBLEM 2.79 The plastic block shown is bonded to a rigid support and to a vertical plate to which a
55-kip load P is applied. Knowing that for the plastic used G =150 ksi, determine the deflection of the plate.

SOLUTION

1 2 y 5 =Lin. = 0.0625 in.

{ b 16

| b h =2in.

4 Fe

\ =0 _ 00625 _ 03105
h
<] G =150 x 10° psi

7 = Gy = (150 X 10%)(0.03125)
= 4687.5 psi

A = (3.2)(4.8) = 15.36 in?

P =74 = (4687.5)(15.36)
=72x10°1b

72 kips 4
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PROBLEM 2.81

Two blocks of rubber with a modulus of rigidity G =12 MPa are
bonded to rigid supports and to a plate 4B. Knowing that ¢ = 100 mm
and P = 45 kN, determine the smallest allowable dimensions a and b of
the blocks if the shearing stress in the rubber is not to exceed 1.4 MPa
and the deflection of the plate is to be at least 5 mm.

SOLUTION
5P
_ \ [
=P
/ /i |
lop~xx—
LR T
Shearing strain: 7=é:1
a G
6
a:G_5=(12><10 Pa)EO.OOSm):O'M29m 4 = 42,9 mm 4
T 1.4x10° Pa
ip
Shearing stress: r:2_=i
A 2bc
3
p=—t= 10" N =0.1607 m b =160.7 mm <

2¢t 2(0.1m) (1.4x10° Pa)
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PROBLEM 2.82

Two blocks of rubber with a modulus of rigidity G =10 MPa are bonded
to rigid supports and to a plate 4AB. Knowing that »=200 mm and
¢=125 mm, determine the largest allowable load P and the smallest
allowable thickness a of the blocks if the shearing stress in the rubber
is not to exceed 1.5 MPa and the deflection of the plate is to be at least

6 mm.
SOLUTION
5P
N\
= tP
/ /i |
lp~x—
G P
1
1p
Shearing stress: S L
A 2bc
P =2bcr =2(0.2 m)(0.125 m)(1.5x10” kPa) P =75.0kN <«
Shearing strain: 7:2 -
a G
6
a:G_5=(10><10 Pa)(0.006m) _ o, 40,0 mm <

T 1.5%x10° Pa
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PROBLEM 2.83"

/ 22-mm diameter

r ‘ 46kN  Determine the dilatation e and the change in volume of the 200-mm
N ) ) length of the rod shown if (@) the rod is made of steel with £ =200 GPa
L;Qo() m][]]4,| and v=0.30, (b) the rod is made of aluminum with £ =70 GPa and
v=0.35.

46 kN
16 E

SOLUTION

A:%ar2 :%(22)2 =380.13 mm? =380.13x10°m?

P=46x10°N
o, — L _12101x10°Pa
A
0,=0,=0
1 _0,
£, —E(ax—voy—vo;)_
O-X
£, =& =—VE =—V
E
e=€.+€,+€ —l(ax—vax vax)—(l_zv)o-x
E
Volume: ¥ = AL =(380.13 mm?)(200 mm) = 76.026 x10* mm’
AV =Ve
6
(a)  Steel: =4 0'60)(121'()91X10 ) = 242%10°° e=242x10"° 4
200x10
AV =(76.026x10%)(242x107%) = 18.40 mm’ AV =18.40 mm® <
6
()  Aluminum: =4 0'70)(121'81X10 ) =519x10° e=519x10"° «
70x10
AV =(76.026x10°)(519x107%) =39.4 mm’ AV =394 mm’ <
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PROBLEM 2.84"

—\l |‘;2'0 m'*)I V. Determine the change in volume of
600 [ g . . =G00I  the 2-in. gage length segment 4B in
—/‘ A B Prob. 2.61 (a) by computing the
1o dilatation of the material, (b) by
’ subtracting the original volume of
portion AB from its final volume.
SOLUTION

From Problem 2.61, thickness = %in., E=29x10° psi, v=0.30.

(@) A= Gj{%) =0.03125 in*

Volume: ¥, = AL y=(0.03125)(2.00) = 0.0625 in’

oX=£= 600 =192x10°psi  ©,=0.=0

A4 0.03125 7
3

£, =l(0'x -vo, —vo.,) =&=w=662.07x10‘6
E E  29x10

g,=¢, =-ve, =—(0.30)(662.07x107°) = -198.62x107°

e=€,+¢&,+€ =264.83x107°
AV =V,e=(0.0625)(264.83x10°) =16.55x107 in* |

(b)  From the solution to Problem 2.61,
5, =1.324x10"in., &,=-99.3x10"in, & =-1241x10"in.

The dimensions when under a 600-1b tensile load are:

Length: L=L,+38, =2+1324x107 =2.001324 in.
Width: w=w, +0, =%—99.3><1o*6 =0.4999007 in.
Thickness: t=t,+0, :%—12.41><1o-6 =0.06248759 in.
Volume: V = Lwt =0.062516539 in®
AV =V -V, =0.062516539 —0.0625 =16.54x107° in’ <
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PROBLEM 2.85"

A 6-in.-diameter solid steel sphere is lowered into the ocean to a point where the pressure is 7.1 ksi (about
3 miles below the surface). Knowing that E=29x10° psi and v=0.30, determine (a) the decrease in
diameter of the sphere, () the decrease in volume of the sphere, (c) the percent increase in the density of the
sphere.

SOLUTION
. T 3
For a solid sphere, Vy= Edo
% 3
=2(6.00
o (6.00)
=113.097 in’
0,=0,=0,=-p
=-7.1x10psi
£, =%(0x —vo, —V0,)
__(1=2v)p _ (0.4)(7.1x10%)
E 29x10°
=-97.93x107°
Likewise, £,=¢, =-97.93x107°
e=g,+¢&,+€£ =-293.79x107°
(@) —Ad=-dye, =—(6.00)(-97.93x107°) =588x10"in. —Ad =588x107%in. «
(b) AV =-V,e=—(113.097)(-293.79x107°) =33.2x10 % in’ —AV =332x107in* 4
(¢)  Let m=mass of sphere. m = constant.
m=pVy =pV =pl(l+e)
mzﬁ_lzLxﬁ_ :L_l
Lo Lo Vo(l+e) m I+e
=(l-e+e’ -+ )—l=—e+e’ —¢ +---
~—e=293.79x107°
P =P 100% = (293.79x107°)(100%) 0.0294% <
Po
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[<— 85 mm—| PROBLEM 2.86"
j J_ J_ 1 T (a) For the axial loading shown, determine the change in height and the
l vly ly |oy = ~P8MPa change in volume of the brass cylinder shown. (b) Solve part a,
T E= 105 GPa assuming that the loading is hydrostatic with o, =0, =0, =-70 MPa.
v =033
135 mm
l !
SOLUTION

hy=135mm=0.135m
Aozgdg =%(85)2 =5.6745x10°mm’ =5.6745x10 m?
Vy = Ayhy =766.06x10°mm’ = 766.06x10™°m’

(@ 0,=0, 0,=-58x10°Pa, 0. =0

X

G 6
£, =(vo, +0, —vo) =2 =210 _ 555 3851076
E E  105x10
Ah=he, = (135 mm)(—552.38x10°°) Ah=-0.0746 mm <

_ 1-2v)o - 6
o= 2v(ax+0y+0'2)=( )9y _ (0.34) nglo ) - _187.81x10°°
E 105x10
AV =V,e=(766.06x10° mm*)(~187.81x107%) AV =-143.9 mm’ <
() o©,=0,=0.=-70x10°Pa o, +0,+0,=-210x10°Pa
_ . 6
€ =l(—v0'x+0' —vo;)z1 2v 5 = (034X 70);10 ) = 226.67x10°
’E g E 7 105x10
Ah=hge, = (135 mm)(-226.67x107) Ah=-0.0306 mm <«
6
o= 2v(ax+0y+az)=(0'34)( 210510 ) — 68010
105%10
AV =V,e = (766.06x10° mm*)(—680x107°) AV =-521mm’ <
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PROBLEM 2.87"

A vibration isolation support consists of a rod 4 of radius R, =10 mm and

a tube B of inner radius R, =25 mm bonded to an 80-mm-long hollow

rubber cylinder with a modulus of rigidity G = 12 MPa. Determine the

largest allowable force P that can be applied to rod 4 if its deflection is not
S0 to exceed 2.50 mm.

SOLUTION

Let r be a radial coordinate. Over the hollow rubber cylinder, R, < r < R,.

Shearing stress 7 acting on a cylindrical surface of radius 7 is

P P
T=—=
A 2rmrh
The shearing strain is
_r__F
4 G 2xGhr
Shearing deformation over radial length dr,
a“s_,
dr N
do=ydr= p_dr S
27Gh r I
Total deformation.
R R
5=["as=1_["&
R 2xGhJR 1
R, P
= Inr| " =——(nR,-InR)
27Gh R 27xGh
P In R, pe 25Ghd

= or =
27Gh R, In(R, /R,)

Data: R =10mm=0.010m, R,=25mm=0.025m, #=80 mm=0.080 m

G =12x10°Pa 0=2.50x10"m
6 -3
p - (2m)(12x10°)(0.080)(2.50x10 )=16.46><103N 16.46 KN 4
In(0.025/0.010)
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PROBLEM 2.88

A vibration isolation support consists of a rod 4 of radius R; and a tube B of
inner radius R, bonded to a 80-mm-long hollow rubber cylinder with a
modulus of rigidity G = 10.93 MPa. Determine the required value of the ratio
R,/R; if a 10-kN force P is to cause a 2-mm deflection of rod A4.

80 mm

SOLUTION

Let r be a radial coordinate. Over the hollow rubber cylinder, R < r <R,.

Shearing stress 7 acting on a cylindrical surface of radius 7 is

P P
T=—=
A 2rxrh
The shearing strain is
_rt__ P
4 G 2rnGhr

Shearing deformation over radial length dr,

a_
dr
dd=ydr
drd = p_dr
272Gh r
Total deformation.
R R
s=["as=—L_["4"
R 27Z'Gh R r
- r® oL _n R, -R)
27xGh R 27xGh
:L ln&
27Gh R,
6
R _22GhS _ (27)(10.93x10 )(?.080)(0.002) 10988
R, P 10.10
%zexp(1.0988)=3.00 R,/R, =3.00 <

1
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PROBLEM 2.89°

The material constants E, G, k, and v are related by Eqs. (2.33) and (2.43). Show that any one of these
constants may be expressed in terms of any other two constants. For example, show that
(a) k= GE/(9G —3E) and (b) v = (3k — 2G)/(6k + 2G).

SOLUTION
k=—E and G= £
3(1-2v) 2(1+v)
(a) 1+v:£ or v:i_
2G 2G
f o E _ 2EG _ 2EG PR
3{1_2(5_% 32G-2E+4G] 18G—-6E 9G - 6E
kK 2(0+v
b L=V
G 3(1-2v)
3k —6kv=2G +2Gv i
3k—2G =2G + 6k po k=26
6k +2G
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PROBLEM 2.90°

Show that for any given material, the ratio G/E of the modulus of rigidity over the modulus of elasticity is
always less than 1 but more than 1. [Hint: Refer to Eq. (2.43) and to Sec. 2.13.]

SOLUTION

E

=——— or £=2(1+v)
2(1+v) G

Assume v >0 for almost all materials, and v < % for a positive bulk modulus.

Applying the bounds, 2< g < 2(1 + %) =3
Taking the reciprocals, 1 > G > 1
2 E 3
or l < £<l 4
3 E 2
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Stress-to-strain equations are

The constraint conditions are

d PROBLEM 2.91"
A composite cube with 40-mm sides and the properties shown is
made with glass polymer fibers aligned in the x direction. The cube
is constrained against deformations in the y and z directions and is
subjected to a tensile load of 65 kN in the x direction. Determine
(a) the change in the length of the cube in the x direction, (b) the
stresses 0, 0, and o,.
. E.=50GPa v, =0.254
E, =152 GPa v, =0.254
E, =152 GPa v, =0.428
SOLUTION

Pt SRS L - - 1
TE g £ ()
X y z
v, 0. O, V0O
e =_7x Ty 7 @)

£ =z x Yz 3
e )
v.x VX
o % @
x y
v 74 VZ
) ®)
y z
v v
Ve 6
EE (6)

€,=0 and ¢, =0.

Using (2) and (3) with the constraint conditions gives

v v
Lay_iazziax )
E, E. E,
v, 14
=0,+—0. =0, ®)
Ey z Ex
1 42 254
O'y—o 80'Z =0 > o, or 0,-04280,=0.077216 0,
15.2 15.2 50
_ 0428 o, + ! o, = 0.254 o, or —0428 0, +0,=0.077216 0,
152 7 152 50 d
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PROBLEM 2.91" (Continued)

Solving simultaneously, 0,=0,=0.134993 o,
Using (4) and (5) in (1) e =tg Yoy Ve,
g b X Ex X EX y E z

E, = Ei[l —(0.254)(0.134993) — (0.254)(0.134993)] o,

X

0931420,
Ex
A = (40)(40) =1600 mm? =1600x10° m?
3
o, =£=65X—106=4O.625x106 Pa
A4 1600x10”
3
. (0.93142)(40.6925><10 ) 7567810
5010
(@) O, =L.e, =(40 mm)(756.78x107%) 5. =0.0303 mm <«
() 0, =40.625x10°Pa o, =40.6 MPa 4
0, =0. =(0.134993)(40.625x10°) =5.48x10° Pa 0,=0,=548 MPa 4
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PROBLEM 2.92"

The composite cube of Prob. 2.91 is constrained against
deformation in the z direction and elongated in the x direction by
0.035 mm due to a tensile load in the x direction. Determine (a) the
stresses O, O, and o,, (b) the change in the dimension in the
y direction.

E ,=50GPa v,_=0254

Xz

E, =152 GPav,, =0.254
E, =152 GPa v, =0.428

SOLUTION

Constraint condition:

Load condition :

From Equation (3),

5 (0254)(15.2)

x _ Xz (1)
E, E, E.
V.0 o v, O,
St B At )
E, E, E,

E. E, E @

X VX
e o)

x y

vZ vZ
L ©)

y V4

v, Vv
e S - 6
EE (6)

Ve, 1
0=—"*o0,+—0,

E E

X z

=0.077216 0,
50
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PROBLEM 2

From Equation (1) with o, =0,

X

0.98039
= O-X
EX
EX‘C:X
o, =—>*
0.98039
Bu, g =90 =005 mMm oo g
L 40 mm

X

~ (50x10%)(875%107°)

(o2
@ o 0.98039

=44.625%10° Pa

0. =(0.077216)(44.625x10°)=3.446x10° Pa

.92" (Continued)

= Ei[ax ~02540.]= Ei[l —(0.254)(0.077216)] 0,

X

o (0:428) (3.446x10%)

From (2), £, =‘)Ei6x +Eiay —v—zyaz
P y -
_(0.254)(44.625%10°) N
50x10°
=-323.73x10°

(b) 8, =L,e, =(40 mm)(-323.73x10™°)

15.2x10°

o, =44.6 MPa <
0,=04

0, =3.45 MPa <

0, =-0.0129 mm <
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PROBLEM 2.93

Two holes have been drilled through a long steel bar that is subjected to a centric
axial load as shown. For P = 6.5 kips, determine the maximum value of the
stress (a) at A, (b) at B.

SOLUTION

= — in.

(a) Athole 4: r = 1
2 4

N | =

d=3—l=2.50in.
2

A, =dt = (2.50)(%) =1.25in?

Cpon = L 65 = 5.2 ksi
A, 125
2(1
2 (3) = 0.1667
D 3
From Fig. 2.60a, K =256
Opax = KO, = (2.56)(5.2) O = 13.31ksi 4
(b) AtholeB: r= %(1.5) = 0.75, d=3-15=15in.
1 .2 P 6.5 .
=dt = (.5 —=|=0.751in", o, =——=——=28.667ksi
Anet ( ) [ 2 ) non 14118I 075
2r _ 2(0.75) - 05
D 3
From Fig. 2.60a, K =2.16
Opax = KO, = (2.16)(8.667) Oax = 18.72 ksi 4
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PROBLEM 2.94

Knowing that o,; = 16 ksi, determine the maximum allowable value of the
centric axial load P.

SOLUTION
Athole 4: rzl-lzlin.
2 2 4
1 .
d=3-—=2501n.
2
A =dt = (2.50)6] =1.25in?
2(1
2 (2) = 0.1667
D
From Fig. 2.60a, K =256
O =L p = e L2NO) g gy 450
Aot K 2.56
At hole B: ro= %(1.5) = 0.75 in, d=3-15=15in.
1 .2
A, =dt = (1.5) 7= 0.75 in",
2r _20.75) _ 0.5
D 3
From Fig. 2.60aq, K =216
P = heOma _ OTIO) _ 5 5615,
K 2.16
Smaller value for P controls. P =5.56kips 4
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9 mm PROBLEM 2.95

Knowing that the hole has a diameter of 9 mm, determine (@) the radius
ry of the fillets for which the same maximum stress occurs at the hole 4
and at the fillets, (b) the corresponding maximum allowable load P if
the allowable stress is 100 MPa.

SOLUTION
For the circular hole, r = [%] 9) = 4.5 mm
d=96-9=87mm £ =235 _ (09375
D 96
A, = dt = (0.087 m)(0.009 m) = 783 x 10°° m?
From Fig. 2.60a, Kige = 2.72
Oy = KholeP
At
-6 6
P = O _ (183X107)A00X10°) _ oo 103\
(a) For fillet, D =96 mm, d = 60 mm
D_% _ 60
d 60
A = dt = (0.060 m)(0.009 m) = 540 x 107° m?
KenelP . A0 (5.40x107°)(100 x 10%)
Omax =,  — +» Kﬁllel = = = 3
A P 28.787 x 10
=1.876
-
From Fig. 2.60b, Ff =019 .. ry =0.19d = 0.19(60) ry =114 mm |

(b) P=288kN «
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PROBLEM 2.96

For P =100 kN, determine the minimum plate thickness ¢ required if
the allowable stress is 125 MPa.

SOLUTION
At the hole: ry, =20mm  d, =88-40 =48 mm
2y _ 220 _ 0.455
D, 88
From Fig. 2.60a, K =220
KP KP KP
Opax = =— o t=
Anet dAt dAo-max
3
- @20A0XION)__ 5675102 m = 36.7 mm
(0.048 m)(125 x 10° Pa)
At the fillet: D = 88 mm, dp = 64 mm D _388_ 1.375
d, 64
re=15mm 25 =15 _ 02344
d, 64
From Fig. 2.60b, K =1.70
KP  KP
Omax = =
Amin dBt
KP  (1.70)100 x 10° N)

t = =21.25x10" m = 21.25 mm

dgo,..  (0.064 m)(125 x 10° Pa)

The larger value is the required minimum plate thickness.

t =36.7mm 4
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PROBLEM 2.97

The aluminum test specimen shown is subjected to two equal and opposite
centric axial forces of magnitude P. (a) Knowing that £ = 70 GPa
and o, =200 MPa, determine the maximum allowable value of P and the
corresponding total elongation of the specimen. (b) Solve part a, assuming that
the specimen has been replaced by an aluminum bar of the same length and a
uniform 60 X 15-mm rectangular cross section.

Dimensions in mm

SOLUTION
0, =200x10°Pa E=70x10"Pa
A_;. = (60 mm)(15 mm)=900 mm? =900x10~° m?
(a)  Test specimen. D=75mm, d =60 mm, »=6 mm
D_T5 155 -5 g1
d 60 d 60
. P
From Fig. 2.60b K=1095 O s = K;
—6 6
P= AGI?'“ _ 900x10 1 )9(5200X10 ) ~92.308x10° N P=923kN <

Wide area 4~ = (75 mm) (15 mm) =1125 mm? =1.125x10 m?

PL, P _L 92308x10°[ 0.150 0.300 0.150
o=X—"‘‘t=—>-"L= 5 T+ ot 3
AE, E 4 70x10° [1.125x107  900x107° 1.125x10
=7.91x10°m 5=0.791 mm <
(b)  Uniform bar.
P = Ao, =(900x107°)(200x10°) =180x10° N P=180.0 kN «

PL__(180x10°)0-600) _, 14103 m 5=1.714 mm <«

T AE - (900x107°)(70x10%)
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Dimensions in mm

PROBLEM 2.98

For the test specimen of Prob. 2.97, determine the maximum value of the
normal stress corresponding to a total elongation of 0.75 mm.

PROBLEM 2.97 The aluminum test specimen shown is subjected to two equal
and opposite centric axial forces of magnitude P. (a) Knowing that £ = 70 GPa
and o, =200 MPa, determine the maximum allowable value of P and the
corresponding total elongation of the specimen. (b) Solve part a, assuming that
the specimen has been replaced by an aluminum bar of the same length and a
uniform 60x15-mm rectangular cross section.

SOLUTION

Stress concentration.

From Fig. 2.60b

Note that ¢, < 0y.

s=xtli _PsL 5 075%10°m

EA E A4
L =L; =150 mm=0.150 m, L, =300 mm=0.300 m
A = 4, = (75 mm) (15 mm) = 1125 mm* =1.125x10~° m*

A, =(60 mm) (15 mm) = 900 mm?* =900x10~° m*

L 0.150 0.300 0.150 ,1
r—Lt= —+ —+ — =600 m
4 1.125x10 900x10 1.125x10
9 -3
pe ES =(70><10 )(0.75%10 )=87.5><103N
Eﬁ 600
Ai
D=75mm, d=60mm, r=6 mm
D_T5_1s T8 410
d 60 d 60
K =195
3
Opax =K P = (1.95)(87.5><610 ) =189.6x10° Pa O =189.6 MPa «
A pin 900x10™
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PROBLEM 2.99

1
475 in.

A hole is to be drilled in the plate at A. The diameters of the bits
available to drill the hole range from 1 to 1'/, in. in L-in.
increments. If the allowable stress in the plate is 21 Kksi,
determine (a) the diameter d of the largest bit that can be used if
the allowable load P at the hole is to exceed that at the fillets, (b)

the corresponding allowable load P.

SOLUTION
At the fillets: D_46875 5 03B _4
d 3.125 d 3.125
From Fig. 2.600, K =210
A = (3.125)(0.5) = 1.5625 in*
Onax = Kﬁ = Oa
K 2.10
At the hole: A = (D —2r)t, K from Fig. 2.60a
P Cl O-a
Omax = K = Oan 3 Py = —Anlé 1
Anet
with D = 4.6875 in. t =0.5i1n. o, = 21ksi
Hole diam. r d=D-2r 2r/D K A By
0.5 in. 0.25 in. 4.1875 in. 0.107 2.68 2.0938 in” 16.41 kips
0.75 in. 0.375 in. 3.9375 in. 0.16 2.58 1.96875 in” 16.02 kips
1 in. 0.5 in. 3.6875 in. 0.213 2.49 1.84375 in’ 15.55 kips
1.25 in. 0.625 in. 3.4375 in. 0.267 241 1.71875 in’ 14.98 kips
1.5 in. 0.75 in. 3.1875 in. 0.32 2.34 1.59375 in” 14.30 kips

(@) Largest hole with P > 15.625 kips is the %-in. diameter hole.

(b) Allowable load P =15.63 kips
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PROBLEM 2.100

11 .
445 in.

(a) For P =13 kips and d = %in., determine the maximum stress
in the plate shown. (b) Solve part a, assuming that the hole at 4 is

not drilled.
SOLUTION
Maximum stress at hole:
Use Fig. 2.60a for values of K.
z = 0.5 =0.017, K =268
D  4.6875

Ao = (0.5)(4.6875 — 0.5) = 2.0938 in’

Omax = K P _ 263013 16.64 ksi,

mx T 4, 2.0938

Maximum stress at fillets:

Use Fig. 2.60b for values of K.

IO gy PSS s ka0
d 3.125 d  3.125
A = (0.5)(3.125) = 1.5625 in*
O = P _QI003) _ g 47y
A 15625
(@)  With hole and fillets: 17.47 ksi 4
()  Without hole: 17.47 ksi 4
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PROBLEM 2.101

- ﬁ?‘mm Rod ABC consists of two cylindrical portions AB and BC; it is made of a mild
' ameter steel that is assumed to be elastoplastic with £ =200 GPa and o, =250 MPa.
A force P is applied to the rod and then removed to give it a permanent set
O 6, =2 mm. Determine the maximum value of the force P and the maximum
Samm amount &, by which the rod should be stretched to give it the desired permanent

0.8 m diameter set m

SOLUTION
V3

Ayp 22(30)2 =706.86 mm” =706.86x107° m’

Age =%(40)2 =1.25664x10°mm’ =1.25664x10™ m’

P =A_ 0y =(706.86x107)(250x10°) =176.715x10°N

min

P, =176.7kN 4

max

_PLy PLy  (176.715%10°)(0.8) . (176.715x10%)(1.2)

EA,;;  Edge  (200x10%)(706.86x107°)  (200x107)(1.25664x107)
=1.84375x10 m =1.84375 mm

5/

§,=8,-0 or 8,=0,+5 =2+1.84375 5, =3.84 mm <«
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PROBLEM 2.102

- ?1?“12;& Rod 4BC consists of two cylindrical portions 4B and BC; it is made of a mild
) steel that is assumed to be elastoplastic with £ =200 GPa and o, =250 MPa.
A force P is applied to the rod until its end 4 has moved down by an amount
N 0,, =5 mm. Determine the maximum value of the force P and the permanent
iy set of the rod after the force has been removed.
0.8m diameter
SOLUTION

Ayp =%(30)2 =706.86 mm” =706.86x107° m’

Ape =%(40)2 =1.25664x10° mm* =1.25644x10> m*

P..=4

max min

oy =(706.86x107°)(250x10°) =176.715x10° N

P =176.7kN <

max

5,:P’LAB+P'LBC: (176.715%10*)(0.8) N (176.715%x10*)(1.2)
EA,;  Edge  (200x10°)(706.68x107%)  (200x10°)(1.25664x107%)

=1.84375x107 m =1.84375 mm

S§,=5,-8=5-1.84375=3.16 mm S,=3.16 mm «
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_ PROBLEM 2.103

The 30-mm square bar AB has a length L=2.2 m; it is made of a mild steel that is
assumed to be elastoplastic with £ =200 GPa and o, =345 MPa. A force P is applied
L to the bar until end 4 has moved down by an amount ¢,,. Determine the maximum
value of the force P and the permanent set of the bar after the force has been removed,
knowing that (a) 0,, =4.5 mm, (b) J,, =8 mm.

SOLUTION

A=(30)(30) =900 mm? =900x10"°m?
Loy  (2.2)(345%x10°)

- T =3.795x107 =3.795 mm
X

oy =Ley =

If 6, 20,, P,=Acy, =(900x107°)(345x10°)=310.5x10°N

Unloading: 5’=%= ovL _ Sy =3.795 mm
O0p=0,—-0
(@  6,=45mm>6, P,=310.5x10°N 5, =310.5kN <
Operm = 4.5 mm —3.795 mm Operm =0.705 mm <
®)  6,=8mm>5, P,=310.5x10°N 5, =310.5kN <
O perm = 8.0 mm —3.795 mm Operm = 4.205 mm <
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_ PROBLEM 2.104

The 30-mm square bar 4B has a length L =2.5m; it is made of mild steel that is assumed
to be elastoplastic with £ =200 GPa and o, =345 MPa. A force P is applied to the bar
L and then removed to give it a permanent set J,. Determine the maximum value of the
force P and the maximum amount 6,, by which the bar should be stretched if the desired
value of &, is (@) 3.5 mm, (b) 6.5 mm.

SOLUTION

A=(30)(30) =900 mm?* =900x107° m*
Loy,  (2.5)(345x10°)
E 200x10°

Oy =Ley = =4.3125x10°m =4.3125 mm

When 6, exceeds dy, thus producing a permanent stretch of 6, the maximum force is

P, = Ao, =(900x107°)(345x10°) =310.5x10°N =310.5 kN «
5,=6,-6=8,-6, . 8,=0,+5
(@ 6,=3.5mm J,=3.5mm+43125 mm =7.81mm <«

(b) 6,=65mm 6, =6.5mm+43125 mm =10.81 mm <«
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h.e PROBLEM 2.105

»—3-in. diameter Rod 4B is made of a mild steel that is assumed to be elastoplastic
with £=29x10° psi and o, =36 ksi. After the rod has been attached
60in.  to the rigid lever CD, it is found that end C is % in. too high. A vertical
force Q is then applied at C until this point has moved to position C".
Determine the required magnitude of Q and the deflection ¢, if the

lever is to snap back to a horizontal position after Q is removed.

SOLUTION

Since the rod 4B is to be stretched permanently, the peak force in the rod is P = B,, where
z(3Y
B, = Aoy = Z[g) (36) =3.976 kips

Referring to the free body diagram of lever CD,

Q /;\? \ Dj
-
=

A
T s

M, =0: 330-22P=0

0= 2 p_ (22)3.976)

= 2.65 kips =265 kips 4
33 33 P ¢ P

During unloading, the spring back at B is
_ Loy (60)(36x10%)

Oy =L & = =0.0745 in.
A > 29%10°
From the deformation diagram,
Slope: e=§=5—c 5C=£5B=O.1117in. 0-=0.1117 in. <4
22 33 =22
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e PROBLEM 2.106

»—g-in. diameter Solve Prob. 2.105, assuming that the yield point of the mild steel is

50 ksi.

60 in.

PROBLEM 2.105 Rod 4B is made of a mild steel that is assumed to
be elastoplastic with £ =29x10° psi and 0y =36 ksi. After the rod
has been attached to the rigid lever CD, it is found that end C is % in.
- too high. A vertical force Q is then applied at C until this point has
moved to position C’. Determine the required magnitude of Q and the
deflection ¢, if the lever is to snap back to a horizontal position after
Q is removed.

SOLUTION

Since the rod 4B is to be stretched permanently, the peak force in the rod is P = P,, where

2
P, = Ao, :%(gj (50) = 5.522 kips

Referring to the free body diagram of lever CD,

SM, =0: 330-22P=0

22, (22)(5.522)

=3.68 kips =3.68 kips 4
33 33 P ¢ P

Q =
During unloading, the spring back at B is
_ Loy (60)(50x10%)

Op=L & = =0.1034 in.
PR E 29x10°
From the deformation diagram,
0 O 33
Slope: 0=-"L="C . 6.==2=6, 6c = 0.1552 in. 4
P 22 33 c 2’ ¢
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PROBLEM 2.107

Each cable has a cross-sectional area of 100 mm’ and is made of an
elastoplastic material for which o, =345 MPa and E =200 GPa. A force
Q is applied at C to the rigid bar ABC and is gradually increased from 0 to
50 kN and then reduced to zero. Knowing that the cables were initially taut,
determine (@) the maximum stress that occurs in cable BD, (b) the
maximum deflection of point C, (c¢) the final displacement of point C.
(Hint: In Part ¢, cable CE is not taut.)

SOLUTION

Elongation constraints for taut cables.

Let @ =rotation angle of rigid bar 4BC.

Equilibrium of bar ABC.

Assume cable CE is yielded.

From (2),

P, zé‘B;D: ¢k
Ly Ly
L 1
5BD =45 5CE :_5CE (1
L, 2

)

Ll'

FSDI\ 1\:69
i
=
Q
)M =02 LypFy+LycFep—Lye Q=0

L 1
O=Fq + _LAB Fgp = Fep + EFBD (@)
AC
F; = Aoy = (100x107°)(345x10°) =34.5x10°N

Fyp =2(0—Fpp) = (2)(50x10° —34.5%10°) =31.0x10°N

Since F,,, < Ao, =34.5x10°N, cable BD is elastic when Q =350 kN.
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PROBLEM 2.107 (Continued)

(@) Maximum stresses. Ocp =0y =345 MPa
F, 0x10’
=20 2 SO0 546,105 py
4 100x10
(b) Maximum of deflection of point C.
3
5, = FapLgp _ (31.09><10 )(2) . —31%10% m
EA (200x107)(100x107")
From (1), Oy = Oy =265, =62x107 m

Permanent elongation of cable CE: (6¢g), =(Ocp) — Oy Ler

FepL oyL
(Oce)p = (Ocg Dmax — % = (Ocr max ~ YECE
6
=6.20x10° —M: 2.75%x107°m
20010
(¢)  Unloading. Cable CE is slack (F; =0) at 0=0.
From (2), Fyp =2(Q = Fep) =2(0-0)=0
. . . FypLan

Since cable BD remained elastic, 0y, =—=—"==0.

EA

Oyp =310 MPa 4

6.20 mm | <«
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PROBLEM 2.108

o Elg) —+
Solve Prob. 2.107, assuming that the cables are replaced by rods of the
same cross-sectional area and material. Further assume that the rods are

braced so that they can carry compressive forces.

PROBLEM 2.107 Each cable has a cross-sectional area of 100 mm’

and is made of an elastoplastic material for which o, =345 MPa and

(B)5 fﬂc” E =200 GPa. A force Q is applied at C to the rigid bar 4BC and is

¥ gradually increased from 0 to 50 kN and then reduced to zero. Knowing

L that the cables were initially taut, determine (@) the maximum stress
1m——

Q that occurs in cable BD, (b) the maximum deflection of point C, (c) the
1 m—] final displacement of point C. (Hint: In Part ¢, cable CE is not taut.)

SOLUTION

Elongation constraints.

Let 8 =rotation angle of rigid bar 4BC.

gzé‘ﬂ;cz Ock
Ly Ly
L 1
530 :ﬁé‘CE =_5CE (1)
L,c 2

Equilibrium of bar 4BC.

oy 1"
c Y
B <
A 1/&
M, =02 LygFpp+LycFop—Lye Q=0

L 1
Q:FCE+_LABFBD:FCE+5FBD (2

AC

Assume cable CE is yielded. F,, = Ao, =(100x107°)(345x10°)=34.5x10°N
From (2), Fyp =2(0—Fpp) = (2)(50x10° —34.5%10°) =31.0x10°N

Since Fj,, < Ao, =34.5x10°N, cable BD is elastic when Q =50 kN.
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PROBLEM 2.108 (Continued)

(@) Maximum stresses. Oy =0y =345 MPa
BD=FZD 213(;(')0;1)02 =310x10° Pa Oyp =310 MPa <
(b) Maximum of deflection of point C.
5, = FypLep _ (31.0x10°)(2) C31x10% m

EA (200x10%)(100x107%)
From (1), Op = Oy =20, =62x107m 6.20 mm | <
Unloading. Q" =50x10°N, &}, =6,

From (1), Opp =50

EASy,  (200x10°)(100x107°)(1 &%)

Elastic Fyj, = =5x10°8;.
BD 2
’ 9 —6 "’
F - EAS8(; _ (200x107)(100x107°)(57) _10x10°8,
Leg 2
From (2), Q' = Fly +1Fj, =12.5%10°8,

Equating expressions for ¢,  12.5x10°8. = 50x10°
O =4x107 m

¢)  Final displacement. 0.=(8.), —0.=62%x10" -4x107>=22x10"m 220 mm{ <
C C/m C
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-

190 mm

190 mm

L

%

PROBLEM 2.109

Rod 4B consists of two cylindrical portions AC and BC, each with a cross-sectional
area of 1750 mm’. Portion AC is made of a mild steel with E =200 GPa and
oy =250 MPa, and portion CB is made of a high-strength steel with £ =200 GPa
and oy =345 MPa. A load P is applied at C as shown. Assuming both steels to be
elastoplastic, determine (a) the maximum deflection of C if P is gradually increased
from zero to 975 kN and then reduced back to zero, (b) the maximum stress in each

portion of the rod, (c¢) the permanent deflection of C.

SOLUTION
Displacement at C to cause yielding of AC.

L,cOy 4c (0.190)(250x10%)

Ocy =LycEy ac = 7 200x10° =0.2375x10" m

Corresponding force. F e = Aoy e =(1750x107°)(250%x10°) =437.5x10°N

9 -6 -3
r, __EAS. __(200x10°)(1750x10°°)(0.2375x107) _ o0 ¢ sy
Leg 0.190

For equilibrium of element at C,

F,o—(Fog+B)=0 B, =F,.—F.=875x10°N

Since applied load P =975x10*N >875x10° N, portion AC yields. 0

(a)

()

(©

_ FepLep _ (537.5%10°)(0.190)

Frp=F,-—P=437.5x10° —975x10°N =-537.5x10° N

5 = S —=0.29179x10" m
E4  (200x10°)(1750x107°)
0.292 mm 4
Maximum stresses: 0, =0y 4o =250 MPa 250 MPa 4
F, 5x10°
Ope =25 =~ 337 Sxmé =-307.14x10°Pa = -307 MPa -307 MPa <«
A 1750x10™
Deflection and forces for unloading.
S5 = PicLac :_P(;BLCB - p=_p Lyc =_p
EA EA C AC L AC
P'=975x10° = Pj. — Py =2P;. P;-=487.5x10"° N
3
54875 <10 )(0'190)6 =0.26464x10° m
(200x10°)(1750x107%)
5,=6,-06=029179x107 —0.26464x10°
=0.02715x107 m 0.0272 mm <«
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-

190 mm

%

190 mm

L

PROBLEM 2.110

For the composite rod of Prob. 2.109, if P is gradually increased from zero until the
deflection of point C reaches a maximum value of 6, =0.3 mm and then decreased
back to zero, determine (@) the maximum value of P, (b) the maximum stress in each
portion of the rod, (c) the permanent deflection of C after the load is removed.

PROBLEM 2.109 Rod 4B consists of two cylindrical portions AC and BC, each with a
cross-sectional area of 1750 mm”. Portion AC is made of a mild steel with E =200 GPa
and oy, =250 MPa, and portion CB is made of a high-strength steel with E =200 GPa
and oy =345 MPa. A load P is applied at C as shown. Assuming both steels to be
elastoplastic, determine (@) the maximum deflection of C if P is gradually increased
from zero to 975 kN and then reduced back to zero, (b) the maximum stress in each
portion of the rod, (c) the permanent deflection of C.

SOLUTION

Displacement at C is

0, =0.30 mm. The corresponding strains are

m

5 .

o= On 030mm _ eg107
L, 190 mm

Eop =— Op _ 030mm _ 0o 107

Loy 190 mm

Strains at initial yielding:

(a) Forces: F,. =

Oy.ac _ 250%10°

£y o= =1.25%107° ieldin
Y, AC E 200x10° (yi g)
Oypc  345x10° 3 .
£ = =— =-1.725%10 elastic
LB | 200%10° ( )

Ao, =(1750x107°)(250x10°) =437.5x107° N

Fy = EAg.py = (200x10°)(1750x107%)(—1.5789x107) = -552.6x10~° N

For equilibrium of element at C, F,. —F, —P=0

(b)  Stresses: AC:

CB:

P=F,.—Fg, =437.5x10° +552.6x10° =990.1x10° N =990 kN <«
O 4c =0y, 4c =250 MPa 4

Fep _ 552.6x10°
A 1750%107°

Ocp = =-316x10° Pa -316 MPa 4
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PROBLEM 2.110 (Continued)

(¢) Deflection and forces for unloading.

S = PicLyc __ FesLes
EA EA

4 4 L
Feg :_PAC%:_PAC
AB

P'=P).—Ply =2P,-=990.1x10°N .. Pj.=495.05x10°N
5 (495.05%10%)(0.190)
(200x10%)(1750x107%)

=0.26874x107 m = 0.26874 mm

6,=0,— ¢’=0.30 mm—0.26874 mm 0.031mm <«
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PROBLEM 2.111

N
Two tempered-steel bars, each %—in. thick, are bonded to a %—in. mild-steel
34,  bar. This composite bar is subjected as shown to a centric axial load of
magnitude P. Both steels are elastoplastic with £ =29x10° and with yield
. strengths equal to 100 ksi and 50 ksi, respectively, for the tempered and mild
14 in- ' steel. The load P is gradually increased from zero until the deformation of
\ the bar reaches a maximum value 0, =0.04 in. and then decreased back to
L zero. Determine (@) the maximum value of P, (b) the maximum stress in the
tempered-steel bars, (c) the permanent set after the load is removed.
e
SOLUTION
. . L ’ .
For the mild steel, 4, = (lj (2) =1.00 in? Oy = On _ (14)(50X160 ) _ 0.024138 in.
2 E 29x%10
: L ’ ,
For the tempered steel, 4, = Z[i] (2)=0.75in*>  §,, = Ir2 _ (14)(100X310 ) ~0.048276 in.
16 E 29x10
Total area: A= 4, + 4, =1.75 in’
0y, <0, <0dy,. The mild steel yields. Tempered steel is elastic.
(a) Forces: P = A0y, =(1.00)(50x10°)=50x10Ib
EA ?)(0.75)(0.
p= L0, _ (29x107)(0.75)(0.04) —62.14%10°Tb
L 14
P=PR+P =112.14x10’1b =112.1kips P=112.1kips «
A 3 -
(b) Stresses: o SR Oy, =50%107 psi =50 ksi
1
P : ’ . : ,
) =—2=w=82.86><103 psi=82.86 ksi 82.86 ksi 4
4, 0.75
. , PL (112.14x10%)(14) .
Unloading: ¢'=—= =0.03094 in.
EA  (29x10°%)(1.75)
(c) Permanentset: 6, =9, — 0’ =0.04—0.03094 = 0.00906 in. 0.00906in. 4
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P' PROBLEM 2.112

For the composite bar of Prob. 2.111, if P is gradually increased from zero to
3. 98 kips and then decreased back to zero, determine (a) the maximum
deformation of the bar, (b) the maximum stress in the tempered-steel bars,

” (c) the permanent set after the load is removed.
m.

PROBLEM 2.111 Two tempered-steel bars, each %—in. thick, are bonded to
a %—in. mild-steel bar. This composite bar is subjected as shown to a centric
axial load of magnitude P. Both steels are elastoplastic with E =29x10° psi
and with yield strengths equal to 100 ksi and 50 ksi, respectively, for the
tempered and mild steel.

SOLUTION
Areas: Mild steel: A= [%) (2)=1.00 in?

Tempered steel: A, = 2(%) (2)=0.75 in?

Total: A=A+ A4,=1.75in’
Total force to yield the mild steel:

oy =% <. By = Aoy, =(1.75)(50x10°) =87.50x10° b

P > P, therefore, mild steel yields.
Let A =force carried by mild steel.
P, =force carried by tempered steel.
B = 4,0, =(1.00)(50x10*) = 50x10°Ib
B+P =P, P,=P-P =98x10°-50x10° =48x10°Ib
_BL _ (48x10°)(14)

(@ 6, < =0.03090in. <«
EA4,  (29%10°)(0.75)
3
B o=t XA 103 psi —64ksi 4
4, 075
. , PL  (98x10%)(14) .
Unloading: 6’ =—=——""—-"——--=0.02703 in.
—roading EA (29%10°)(1.75)
(¢) 6p=8,—0 =0.03090-0.02703 =0.00387in. 4
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PROBLEM 2.113

S b
The rigid bar ABC is supported by two links, AD and BE, of uniform
. e (@ 37.5x6-mm rectangular cross section and made of a mild steel that is
”" T assumed to be elastoplastic with £ =200 GPa and o, =250 MPa.
Lm The magnitude of the force Q applied at B is gradually increased from
‘ ¢ zero to 260 kN. Knowing that @ =0.640 m, determine (a) the value of
h r[g - B-" = the normal stress in each link, (b) the maximum deflection of point B.
Q
I 2.64 m |
SOLUTION
Statics: XM =0: 0.640(Q — Py;)—2.64P,, =0

Deformation: 0, =2.646, d;, =af=0.6406

Elastic analysis: ‘ PA 5 P.: o
A=(37.5)(6) =225 mm* =225x10° m* 1‘ f
9 6 L |
P, - EA 5, = (200x10°)(225x10 )5A _26.47x10°8,
L, 1.7
=(26.47x10°)(2.646) = 69.88x10°0 Q
)
O'AD=PA—0=310.6><1096 , {
4 9 -6 S, l oo — A
P, = EA 5, = (200%10°)(225%10 )53 _45%10°5, A|
Ly 1.0

=(45%10°)(0.6400) = 28.80x10°0

Op =E’7E=128><10"9

From Statics, O = Py, +%PAD =Py, +4.125P,,

=[28.80x10° +(4.125)(69.88x10°]1 8 =317.06x10°0
6, at yielding of link 4D: &, =0y =250x10° =310.6x10°6
6, =804.89x10°°
0, =(317.06x10°)(804.89x107°) = 255.2x10°N
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PROBLEM 2.113 (Continued)

(@) Since 0=260x10" > Q,,link 4D yields. o,p =250 MPa <

P,, = Aoy = (225x107°)(250x107°) = 56.25x10° N
From Statics, Py, =Q—4.125P,, =260x10° —(4.125)(56.25x10%)

Py =27.97x10°N

P, . ’
Oy =185 2 2TITXN 154 35100 Pa 0y =124.3 MPa <
A 225%10°

3
) 8y =teetee o CTIDAONLD) 65y 5351076 m 5, =0.622 mm | <
EA  (200x10°)(225x10°°)
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PROBLEM 2.114

Solve Prob. 2.113, knowing that @ = 1.76 m and that the magnitude of
. T e By the force Q applied at B is gradually increased from zero to 135 kN.
Im PROBLEM 2.113 The rigid bar ABC is supported by two links, AD
¢ and BE, of uniform 37.5x6-mm rectangular cross section and made
of a mild steel that is assumed to be elastoplastic with £ =200 GPa

! ? —a— and o0, =250 MPa. The magnitude of the force Q applied at B is
Q gradually increased from zero to 260 kN. Knowing that a =0.640 m,
| 264 m | determine (a) the value of the normal stress in each link, (b) the
maximum deflection of point B.
SOLUTION
Statics: SM-=0:1.76(Q — Py;)—2.64P,, =0

Deformation: 0, =2.640, 5, =1.766

Elastic Analysis:

A=(37.5)(6) =225 mm* =225x10° m? TPAD TP Gy
BE
9 —6
P, = EA 5, = (200x10°)(225x10 )5A _26.47x10°5, - ,
L 1.7 1,
=(26.47x10°)(2.6460) = 69.88x10°6 Q
O _Li _3106x10% 6
A l
o -6 ' —
P, = EA 5, = (200x10”)(225x10 )53 _ 451005, < l Se <
Ly 1.0 Al
=(45%10°)(1.766) =79.2x10°8
Oy B 35551000
A
. 2.64
From Statics, Q = Py, +WPAD = Py, +1.500P,,
=[73.8x10° +(1.500)(69.88x10°] 8 =178.62x10°8
6, at yielding of link BE: 0, =0, =250x10° =352x10°6,
6, =710.23x107°
0y =(178.62x10°)(710.23x107°) =126.86x10° N
Since Q0 =135x10°N > Q,, link BE yields. Opp =0y =250 MPa 4

Py, = Aoy =(225%107°)(250x10°) = 56.25x10° N
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PROBLEM 2.114 (Continued)

From Statics, P, = ﬁ(g — P, )=525x10°N

P, 525x10° 6
a O = = =233.3x%10 o,p =233 MPa 4
(@) P4 225%10° P
: . Pip -3
From elastic analysis of AD, =——>——=751.29x10"rad
69.88x10
(b) 5, =1.760=1322x10"m 05 =1322mm| <«
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PROBLEM 2.115"

Solve Prob. 2.113, assuming that the magnitude of the force Q

forces without buckling.

applied at B is gradually increased from zero to 260 kN and then
decreased back to zero. Knowing that a =0.640 m, determine (a)
the residual stress in each link, (b) the final deflection of point B.
Assume that the links are braced so that they can carry compressive

PROBLEM 2.113 The rigid bar ABC is supported by two links,
AD and BE, of uniform 37.5X 6-mm rectangular cross section and
made of a mild steel that is assumed to be elastoplastic with
E =200 GPa and o, =250 MPa. The magnitude of the force Q

2.64m | applied at B is gradually increased from zero to 260 kN. Knowing
that a =0.640 m, determine (a) the value of the normal stress in
each link, (b) the maximum deflection of point B.

SOLUTION

See solution to Problem 2.113 for the normal stresses in each link and the deflection of Point B after loading.

o, =250x10°Pa
0y =124.3x10°Pa
8, =621.53x10°m

The elastic analysis given in the solution to Problem 2.113 applies to the unloading.

0’ =317.06x10°0’

0 26010’

== - =820.03x107°
317.06x10°  317.06x10

0=

o’p =310.6x10°8 = (310.6x10”)(820.03x107°) = 254.70x10° Pa
oy =128%10°0 = (128x10°)(820.03x107°) =104.96 x10° Pa
0y =0.6406" =524.82x10° m

(a) Residual stresses.

O ipores = Oup — Olyp =250x10° —254.70x107° =—-4.70x10°Pa
OsE.1es = Opp — Opp =124.3x10° =104.96x10° =19.34x10°Pa

(b) Oy p=05—0,=621.53x10"° -524.82x107° =96.71x10° m

=—4.70MPa 4
=19.34 MPa 4

=0.0967 mm | <«
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PROBLEM 2.116

A uniform steel rod of cross-sectional area A is attached to rigid supports
% and is unstressed at a temperature of 45°F. The steel is assumed to be
| | elastoplastic with o, =36 ksi and E=29x10°psi. Knowing that
\ L | o =6.5x10"°/°F, determine the stress in the bar (a) when the temperature

is raised to 320 °F, (b) after the temperature has returned to 45°F .

SOLUTION

Let P be the compressive force in the rod.
Determine temperature change to cause yielding.

5=-LL  Laar)=-2L
AE E

+La(AT), =0

3
@ar), =2 3000 _ 99 05°F
Ea (29x10°)(6.5x107)

But AT =320-45=275°F > (AT})
(@) Yielding occurs. 0 =-0y =-36 ksi 4
Cooling: (AT) =275°F
P'L
0 =0,=0,=——+La(AT) =0
P T AE ( )

o'=L - _Eo(aty
A

=—(29x10°)(6.5x107°)(275) = —51.8375x 10" psi
(b) Residual stress:

0, =—0y —0' =—=36x10° +51.8375x10° =15.84x10 psi 15.84 ksi <

res
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PROBLEM 2.117

— 2
A = 500 mm A= 300 mm2

A \ ¢ \ B The steel rod ABC is attached to rigid supports and is unstressed at a

| temperature of 25°C. The steel is assumed elastoplastic, with £ = 200
GPa and 0, =250 MPa. The temperature of both portions of the rod is
then ralsed to 150°C. Knowing that a=11.7x107%/°C, determine

‘«— 150 mm ! 250 mm |

(a) the stress in both portions of the rod, (b) the deflection of point C.
SOLUTION
Ay =500x107m? L,-=0.150 m
App =300x107°m? Leg =0.250 m
Constraint: Op+0;=0

Determine AT to cause yielding in portion CB.

PL,. PL
_LRac _ZSs g o(AT) A < e
Edye  Edgg . | le—
are_ P [LAC , Lo J P (e
LypEa\ Aye  Acp

Atyielding, P =P, = 430y =(300x107°)(2.50x10°) = 75x10°N

(AT)Y — PY (LAC +LCB]

LigEa\ Ay Acp
: 75%10° ( 0.150 0250
(0.400)(200x10°)(11.7x107°)\ 500%107® ~ 300%107°

J=90.812°C

Actual AT: 150°C-25°C=125°C > (AT),

Yielding occurs. For AT >(AT),, P=F, =75x10°N

P 3
(@) o, =—AY =—533X1276 =-150x10" Pa 0,c=-150 MPa 4
AC X
o, ——i——a O, =—250 MPa «
CB — A - Y CB
CB

(b) For AT >(AT),, portion AC remains elastic.

P,L
O, =—21H4C 4 [ (AT
C/A EAAC AC ( )

(75%10°)(0.150)

- +(0.150)(11.7x107°)(125) =106.9%10° m
(200%10%)(500x107%) ( X )125)

Since Point 4 is stationary, &, =d., =106.9x10°m 0- =0.1069 mm— <«
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PROBLEM 2.118"

Solve Prob. 2.117, assuming that the temperature of the rod is raised

A = 500 mm? _ 2
A= 300 =
mm to 150°C and then returned to 25°C.

A\ c \ B

PROBLEM 2.117 The steel rod ABC is attached to rigid supports
and is unstressed at a temperature of 25°C. The steel is assumed
‘ elastoplastic, with E=200 GPa and o, =250 MPa. The

L— 150 mm ! 250 mm ‘

temperature of both portions of the rod is then raised to 150°C.
Knowing that o =11.7x107/°C, determine () the stress in both
portions of the rod, (b) the deflection of point C.

SOLUTION

A, =500x10°m?  L,.=0.150m A, =300x10"°m? Leg =0.250 m

Constraint: 0, +0; =0

Determine AT to cause yielding in portion CB. A c B
PL,. PLy, - : |
-— = ——>=L,30(AT) P T
Ed,c  Edcy
AT = P [LAC + LCB ]
LigEa\ Ayc  Agp

Atyielding, P =P, = 4,0, =(300x107°)(250x10%) = 75x10°N

3
(AT), = B, [LAC+LCBJ_ 75%10 ( 0.150 0250 j

LygEa\ Ay Aoy ) (0.400)(200%x10°)(11.7x107°) 5001070~ 300x10°°
=90.812°C
Actual AT: 150°C -25°C =125°C > (AT), A c )
= :
Yielding occurs. For AT > (AT), P=P, =75x10°N e’ , ‘ p!

ELz0(AT) _ (200x10°)(0.400)(11.7x10~)(125)

( Lic ch) 0.150 4 0250
Ao T Ay 50010 300x10

=103.235x10°N

Cooling: (AT) =125°C P’'=

Residual force: P

res

=P’ — P, =103.235x10° = 75x10° =28.235x10°N  (tension)
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PROBLEM 2.118" (Continued)

: p ‘ X
(a)  Residual stresses. O o= e o 28 235><1(6)
Ajc 500x10°

0, =56.5MPa «

o = Fes ~ 28.235x10°
P Ay 300x107°

O3 =9.41 MPa 4

. . P.L
(b)  Permanent deflection of point C. &, = #AC Oc =0.0424 mm — <
Ac
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v PROBLEM 2.119"

For the composite bar of Prob. 2.111, determine the residual stresses in
5 the tempered-steel bars if P is gradually increased from zero to
Lk 98 kips and then decreased back to zero.

PROBLEM 2.111 Two tempered-steel bars, each %—in. thick, are
bonded to a L-in. mild-steel bar. This composite bar is subjected as
shown to a centric axial load of magnitude P. Both steels are
elastoplastic with £ =29x10° psi and with yield strengths equal to
100 ksi and 50 ksi, respectively, for the tempered and mild steel. The
load P is gradually increased from zero until the deformation of the bar
reaches a maximum value 6, =0.04 in. and then decreased back to
\‘\/ zero. Determine (a) the maximum value of P, (b) the maximum stress
P

14 in.

in the tempered-steel bars, (c) the permanent set after the load is
removed.

SOLUTION
Areas: Mild steel: 4, = {%] (2)=1.00 in*

Tempered steel: A4, =(2) [%) (2)=0.75 in?

Total: A=A+ A, =1.75 in?

Total force to yield the mild steel: oy, = % s B =4o,,=(1.75)(50% 10°)=87.50x10’1b

P > Py; therefore, mild steel yields.

Let B, =force carried by mild steel.

P, =force carried by tempered steel.
B = 4,0y, = (1.00)(50x10%) = 5010 Ib
B+P =P, P,=P-PF =98x10°-50x10> =48x10°Ib

P, ’ :
o, =D X0 o 10° psi
4
3
Unloading: o' = P _98x107 _ 56x10° psi
A 1.75
Residual stresses.
Mild steel: Ol 1es =0 — 0 =50x10° —=56x10° =—6x10psi =—6 ksi
Tempered steel: 0, =0, —0, =64X 10° —56x10° =8x10psi 8.00 ksi «
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14 in.

PROBLEM 2.120"

For the composite bar in Prob. 2.111, determine the residual stresses in
in. the tempered-steel bars if P is gradually increased from zero until the

3 . . . .
\%/16 ™ deformation of the bar reaches a maximum value &, =0.04 in. and is
/

then decreased back to zero.

PROBLEM 2.111 Two tempered-steel bars, each %—in. thick, are bonded
to a +-in. mild-steel bar. This composite bar is subjected as shown to a
centric axial load of magnitude P. Both steels are -elastoplastic
with E=29x10° psi and with yield strengths equal to 100 ksi and 50 ksi,
respectively, for the tempered and mild steel. The load P is gradually
increased from zero until the deformation of the bar reaches a maximum
value J, =0.04 in. and then decreased back to zero. Determine (a) the
maximum value of P, (b) the maximum stress in the tempered-steel bars,

(c) the permanent set after the load is removed.

SOLUTION

For the mild steel,

_ L3y, _ (14)(50x10%)

1 ) .
A = =1(2)=1.001in" o =0.024138 in
: (2]( ) E 29%10°
3
For the tempered steel, A4, = Z(ij (2)=0.75in* &, = Loy _ (14)(1OOX:0 ) ~0.048276 in.
16 E 29x10

Total area:

A=A, + 4, =1.75in’
Oy, <0, <Oy,

The mild steel yields. Tempered steel is elastic.

Forces: P, = 4,6, = (1.00)(50x10°) =50x10’Ib
6
P = EdyS, _ (29x10°)(0.75)0.00) _ o 110
L 14

P . P : ’ ,
Stresses: 0,=—L=5, =50x10’psi o, =—2=w=82.86><103ps1

4 4, 0.75
Unloading: o"=£= 11214 = 64.08x10°psi

A4 175

Residual stresses. 0, ., =0, — 0" =50x10" — 64.08x10° =—14.08 10’ psi = —14.08 ksi

Oy 1es =0, — 0 =82.86x10° — 64.08x10° =18.78 10’ psi =18.78 ksi |
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PROBLEM 2.121%

Narrow bars of aluminum are bonded to the two sides of a thick steel plate as
shown. Initially, at 7, =70°F, all stresses are zero. Knowing that the
temperature will be slowly raised to 75 and then reduced to 7j, determine
(a) the highest temperature T, that does nof result in residual stresses, (b) the
temperature 75 that will result in a residual stress in the aluminum equal to
58 ksi. Assume ¢, =12.8x107%/°F for the aluminum and ¢, =6.5x107%/°F
for the steel. Further assume that the aluminum is elastoplastic, with
E=10.9%x10°psi and oy =58 ksi. (Hint: Neglect the small stresses in the
plate.)

SOLUTION

Determine temperature change to cause yielding.

PL

5=a+L0{a(AT)Y = Loy (AT)y
P
e o=-E(a, -o,)AT)y, =—0y
3
(AT)y =—L = el _—844.62 °F
E(o,-—o;) (10.9x10°)(12.8—-6.5)(107")
(@) Ty =T,+(AT), =70+844.62=915°F 915°F 4
After yielding,
S= %L + Lay, (AT) = Let, (AT)
Cooling:
o= rL + Lo, (AT) = Lo, (AT
AE }
The residual stress is
Pl
OLes = Oy _?: Oy _E(aa _as)(AT)
Set O, = Oy
0y =0y ~E(e, —,)AT)
3
7o 20y _ (26)(58><10 ) — —1689°F
E(o,-—o;) (10.9x10°)(12.8-6.5)(107°)
(b) T,=T,+AT=70+1689 =1759 °F 1759 °F 4

If 7, >1759 °F, the aluminum bar will most likely yield in compression.
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PROBLEM 2.122°

Bar AB has a cross-sectional area of 1200 mm” and is made of a steel
that is assumed to be elastoplastic with E =200 GPa and
oy =250 MPa. Knowing that the force F increases from 0 to 520 kN
and then decreases to zero, determine (a) the permanent deflection of

a = 120 mm

440 mm
point C, (b) the residual stress in the bar.
SOLUTION
A=1200 mm? =1200x10°m?
Force to yield portion 4C: P, = Aoy = (1200x107°)(250x10°)

=300x10°N

e
N SR

For equilibrium, F + Pz — P, =0.

Py =P, — F =300x10° —=520x10’
=-220x10°N

_ Popleg _ (220x10°)(0.440 —0.120)
EA  (200x10°)(1200x107°)
=0.293333x107m
_ Py 220%10°

B4 1200%10°
=-183.333x10°Pa

Oc =
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Unloading:

PAC_L

PROBLEM 2.122" (Continued)

_ PicLyc __ FsLep _ (F = Pic) Ly

5/

¢ EA EA EA
P Lyc +LBC _ FlLcg
A€\ E4  EA EA

, FL;y  (520%10%)(0.440-0.120)
o+ Leg 0.440

Ply =P —F =378.182x10° —520x10° = -141.818x10°N
, P 378.182x10°

=378.182x10°N

0= = =315.152x10°Pa

A4 1200x107°
, _ Py 141.818x10°

Ope =25 = =-118.182x10°Pa

A 1200x107°
5= (378.182)(0.120)

= 5 —=0.189091x10"m
(200x10)(1200x10%)

(@ O, =0c—08:=0293333x10">—0.189091x10~ =0.1042x10 " m

(b)  Oyc.res = Oy — O =250x10° —315.152x10° =—65.2x10°Pa

Ocp.res = Oy — Oy =—183.333x10° +118.182x10° =—65.2x10°Pa

0.1042 mm <«
—-65.2 MPa <

-65.2 MPa «
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PROBLEM 2.123"

2 L & Solve Prob. 2.122, assuming that ¢ =180 mm.
L
PROBLEM 2.122 Bar 4B has a cross-sectional area of 1200 mm” and
a =120 mm is made of a steel that is assumed to be elastoplastic with £ =200 GPa
440 mm and o0, =250 MPa. Knowing that the force F increases from 0 to
520 kN and then decreases to zero, determine (@) the permanent
deflection of point C, (b) the residual stress in the bar.
SOLUTION
A=1200 mm* =1200x10"°m?
Force to yield portion 4C: P, = Aoy = (1200x107°)(250x10°)

=300x10°N

For equilibrium, F + Pz — P, =0.

e
>

ﬁ —> [Z

Py =P, —F =300x10° —520x10°
=-220x10°N

PyLoy  (220x10°)(0.440 —0.180)

EA (200x10°)(1200x10™°)
=0.238333x107m

o =P _ 220x10°

FT 4 1200%107°
=-183.333x10°Pa

5C:
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PROBLEM 2.123" (Continued)

Unloading:
5. = P/;CLAC —_ PC"BLCB — r _P,;C)LCB
© E4 EA EA
:P/;C Lyc + Lyc — FLeg
EA EA) EA
, FL ?)(0.440 - 0.
. s _ (520x10°)(0.440-0.180) .o osn
Lyo+Ley 0.440
Ply =P, —F =307.273x10° =520x10° = -212.727x10°N
3
5 = (307.27:1><10 )(0.1806) 023045510 m
(200x10%)(1200x107°)
, P . ?
o = Fae IV 556 06110 Pa
A 1200x10”
, Py 212 i
Olp :ﬂzwz_lﬂ'znxloép
A 1200x10~
(@ 6. ,=06c—0,=0238333x10" —0.230455x10™ =0.00788x10 m =0.00788 mm <«
(b)) Oycres =0uc — e =250x10° —256.061x10° =—6.06x10°Pa =-6.06 MPa <
Ocpres =Ocp — Oy =—183.333x10° +177.273x10° =—6.06x10°Pa =-6.06 MPa <
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l P = 130 kips

-1
[\
=]

o]

Hr

=1

54 in.

PROBLEM 2.124

Rod BD is made of steel (E=29x10°psi) and is used to brace the axially
compressed member ABC. The maximum force that can be developed in member
BD is 0.02P. If the stress must not exceed 18 ksi and the maximum change in
length of BD must not exceed 0.001 times the length of ABC, determine the
smallest-diameter rod that can be used for member BD.

SOLUTION

Fyp =0.02P = (0.02)(130)=2.6 kips=2.6x10’Ib

Considering stress: ¢ =18 ksi =18x10’psi

o=t . 4T 206 14444 in2
A o 18

Considering deformation: ¢ =(0.001)(144) =0.144 in.

_Feplep . A= Foplpp _ (2.6x10°)(54)

- - =0.03362 in’
AE ES  (29x10°)(0.144)

Larger area governs. A =0.14444 in*

A=F . g= |t [A014444) d=0429in. 4
4 T T
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P =30 kN PROBLEM 2.125

Two solid cylindrical rods are joined at B and loaded as shown. Rod 4B is

] A made of steel (£ =200 GPa) and rod BC of brass (£ =105 GPa). Determine
N DR (a) the total deformation of the composite rod ABC, (b) the deflection of
250 mm " point B.
40 kN
K B
300 mm —> #~—50mm
SOLUTION
Rod 4B: F,;=—P=-30x10°N
L,; =0.250 m
E ;5 =200x10°GPa
Ay =%(30)2 =706.85 mm? =706.85x10°*m*
3
8y =tanlap __ OOX10)O020) _ _ g3 55510
E, 3 A (200x107)(706.85x107")
Rod BC: Fye =30+40=70 kN =70x10°N
Ly =0.300 m
Eg. =105x10°Pa
Age =%(50)2 =1.9635x10°mm? =1.9635x10~° m?
3
o= Laclne ___(00X1090300) o) g0 101y
Epedge  (105%10°)(1.9635%107°)
(a) Total deformation: &, =J,5 + S5 =—154.9x10°m =-0.1549 mm <«
(b)  Deflection of Point B. 8, = & 8, =0.1019 mm | «
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PROBLEM 2.126

30in. 3in. Two solid cylindrical rods are joined at B and loaded as shown. Rod 4B is
made of steel (E=29x10° psi), and rod BC of brass (E=15x10° psi).
Determine (a) the total deformation of the composite rod ABC, (b) the
I I deflection of point B.
30 kips 30 kips
40 in. 9 in.
k A
P = 40 kips
SOLUTION
Portion 4B: P, =40x10°Ib
L,z =40 in.
d=2in.
Ay =2d?="(2)? =3.1416 in
4 4
E 5 =29x10°psi
3
8y =antap OO0 47 5619104,
E A, (29%10°)(3.1416)
Portion BC: Py =—20x10°1b
Lz =30 1in.
d=3in.
Age =Za% =2 (3)2 =7.0686 in
4 4
Ege =15x10°psi
Py L - ’ .
o =sckse _ (20A00B0)__ g 655651072
Epcdge  (15x10%)(7.0686)
(@) 8=0,,+08, =17.5619x10° —5.6588x107° 5=11.90x10"in. | «
(b) O3 =-04 8, =5.66x10"in.T «
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PROBLEM 2.127

The uniform wire ABC, of unstretched length 2/, is attached to the
supports shown and a vertical load P is applied at the midpoint B.
Denoting by A4 the cross-sectional area of the wire and by E the
modulus of elasticity, show that, for o</, the deflection at the

midpoint B is

AE

SOLUTION

Use approximation.

siné’ztan@z?

Statics: +TZFY =0: 2P,sinfd-P=0

P Pl
P =— =
4B 0sing 268
Pl PP
Elongation: O p=""=E = —
BTAE T 24ES
Deflection:

From the right triangle,

(I+6,)° =+

5=

5 =

/’2/+2Z 5AB+§/§B_}2/

25, (1 +%5ATBJ ~26,
PP
AES

3
PC . senl L
AE AE

P N P&c
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Brass strip: PROBLEM 2.128

E = 105 GPa
a=20X%1075°C

The brass strip 4B has been attached to a fixed support
at A and rests on a rough support at B. Knowing that
the coefficient of friction is 0.60 between the strip and
the support at B, determine the decrease in temperature
for which slipping will impend.

SOLUTION W

Brass strip:

E =105 GPa R, 1
a=20x10"%/°C JUN

AsF =00 Now=0 N=w

I>3F.=0: P-uN=0 P=uW=pumg

5=—%+La(AT)=O ar=_L__Hmg

EAa  Eda
Data: 1 =0.60
A=(20)(3) =60 mm* =60x10"°m?
m =100 kg
2 =9.81 m/s

E=105%x10"Pa

_ (0.60)(100)(9.81)
(105x10%)(60x107°)(20x10%)

AT =4.67°C 4
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B ¢  PROBLEM 2.129

ﬁ Members AB and CD are lé—in.—diameter steel rods, and members BC and AD
i are %—in.—diameter steel rods. When the turnbuckle is tightened, the diagonal
member AC is put in tension. Knowing that E=29x10°psi and h=4 ft,
determine the largest allowable tension in AC so that the deformations in
members AB and CD do not exceed 0.04 in.
y A b
A -
]
SOLUTION
0,5 =0¢p =0.04 in.
h=4ft=48in.= L,
Ay =Za? =Z(1.125)* =0.99402 in®
4 4
_ FepLep
0 ="p Ao
EAcp6, °)(0. .
£, = EAcno _ (29x107)(0.99402)(0.04) _ 24.022x10°Ib -
Lep 48 sc C
Use joint C as a free body. < =
4 <O
4
+T2Fy:O: Fe —gFAC=0 FAC:%FCD Fac ¥°
F —5(24022x103)—300x1031b F,=30.0 kips <«
ac = e =2 4c =2V.UKIps
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PROBLEM 2.130

The 1.5-m concrete post is reinforced with six steel bars, each with a 28-mm
diameter. Knowing that E =200 GPa and E_ =25 GPa, determine the
normal stresses in the steel and in the concrete when a 1550-kN axial centric
force P is applied to the post.

1.5m

SOLUTION

Let P, = portion of axial force carried by concrete.

P, = portion carried by the six steel rods.

s Bl p EAS
E,A, L
s Bl p_ EAS
E'SAS ‘ L

P=R 4R =(EA+EA)S
B) P
E=—=——— —
L ECAC +ESAS
A = 6%df =%”(28)2 =3.6945%10° mm>
=3.6945x10" m*
A, =%d§ — A, =%(450)2 ~3.6945x10°

=155.349x10° mm?
=153.349x10" m’

L=15m
3
€= (25><109)(155.349><1(1)535)0+X(12(2)0><109)(3.6945><103) =33331x107
0, = E,£=(200x10")(335.31x107%) = 67.1x10°Pa 0,=67.1 MPa <
0, =E.£=(25x10")(-335.31x107°) =8.38x10°Pa 0, =838 MPa «
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L T PROBLEM 2.131

lin.
1 in. Lin,
4 ]% >//§//{/_ ™ The brass shell (o, =11.6 x107°/°F) is fully bonded to the steel core

pY s (@, =6.5x107%/°F). Determine the largest allowable increase in
Steel core temperature if the stress in the steel core is not to exceed 8 ksi.
E =29 X 105 psi
P
Brass shell
E =15 X 106 psi 12 in.

SOLUTION

Let P, = axial force developed in the steel core.

For equilibrium with zero total force, the compressive force in the brass shell is P..

. P,
Strains: £ = ;1 + o, (AT)
P
& =——""—+0a,(AT)
%"
Matching: E =&

P P
S+ a (AT) = —2— + o, (AT
A (AT) FA »(AT)

s b“'b
L, 1 P, = (0, -, )(AT) (1)
E A, EA4 ) "
4, =(1.5)(1.5) - (1.0)(1.0) = 1.25 in*
A, =(1.0)(1.0)=1.0 in*
a, — 0, =5.1x107°/°F
P =0,4, =(8x10%)(1.0)=8x10" Ib
1 1 1 1

=87.816x107 b~

+ = c + :
E A E,4, (29x10°)(1.0) (15x10°)(1.25)

From (1), (87.816 x 1077)(8 x 10%) = (5.1x 107°)(AT)
AT =137.8°F «
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PROBLEM 2.132

A fabric used in air-inflated structures is subjected to a biaxial loading
that results in normal stresses o, =120 MPa and o, =160 MPa.
Knowing that the properties of the fabric can be approximated as

v E =287 GPaand v = 0.34, determine the change in length of (a) side 4B,
(b) side BC, (c) diagonal AC.

SOLUTION
o, =120x10°Pa,
o,= 0,

0. =160x10°Pa

[120x10° —(0.34)(160x10°)] = 754.02x107°

£ —i(a —-vo, —vo,)=
X E X y z 109

£ —i(—va —-vo,+0,)= !
: ! R 5%

- [—(0.34)(120x10°) +160x10°]1=1.3701x107

10°
(@) 8,5 =(4AB)e, =(100 mm)(754.02x10™°) =0.0754 mm <

(b) Sy =(BO)e. = (75 mm)(1.3701x107°) =0.1028 mm <«

Label sides of right triangle ABC as a, b, and c.

A =a*+b*

Obtain differentials by calculus. A< g
2¢ dc=2a da+2bdb
de=2da+2ap
c c
But a =100 mm, ¢
b=75mm,

c=4+/(100%> +75%) =125 mm
da =06, =0.0754 mm
db = 8, =0.1370 mm

100

O, =dc=——
(0) AC ¢ 125

(0.0754) +%(0.1028) =0.1220 mm <«
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PROBLEM 2.133

An elastomeric bearing (G =0.9 MPa) is used to support a bridge
girder as shown to provide flexibility during earthquakes. The beam
must not displace more than 10 mm when a 22-kN lateral load is
applied as shown. Knowing that the maximum allowable shearing
stress is 420 kPa, determine (a) the smallest allowable dimension b,
(b) the smallest required thickness a.

B
200 mm —-|

SOLUTION
Shearing force: P=22%x10°N
Shearing stress: 7=420%10’Pa
T= r A= r
A T
3
=22X—103=52.381x10_3m2
420x10

=52.381x10°mm?
A= (200 mm)(b)

A 52.381x10°

(@ b=——="—"—"—=262mm b=262 mm <
200 200
3
y=L =200 4666710
G 09x10
) Buty=2 - a:ézm—mm3=21.4mm a=21.4mm <«
a Y 466.67x10"
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PROBLEM 2.134

Knowing that P =10 kips, determine the maximum stress when (a) » = 0.50 in.,
(b) r = 0.625 in.

%in
SOLUTION
P=10x10°lb D=50in. d=2.50in
L_30 500
d .50
3 L,
Apin = dt = (2-50)(Zj =1.8751in
(@ r=050in. L= 050 _ 0.20
d 250

From Fig. 2.605, K =1.94

_ kP _ (1.94)(10 x 10%)

O, = =10.35x10° psi
max =y 1.875 P
10.35 ksi
(b) r=0625in. L =092 _ 055 ko182
d 2.0
3
o = KP_(18)00X10) oo s
A 1.875
9.71 ksi <
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PROBLEM 2.135

The uniform rod BC has a cross-sectional area 4 and is made of a
mild steel that can be assumed to be elastoplastic with a modulus of
elasticity £ and a yield strength o,. Using the block-and-spring
system shown, it is desired to simulate the deflection of end C of the
rod as the axial force P is gradually applied and removed, that is, the
deflection of points C and C” should be the same for all values of P.
Denoting by u the coefficient of friction between the block and the
horizontal surface, derive an expression for (a) the required mass m
of the block, (b) the required constant k of the spring.

SOLUTION
Force-deflection diagram for Point C or rod BC. 4
For P< P, = Aoy —Z
¥
6= P==26, L oo L
P =P = 4oy
Force-deflection diagram for Point C” of block-and-spring system. mnag

+TZFy=O: N-mg=0 N=mg

*+>3F,=0: P-F,=0 P=F,

If block does not move, i.e., Fy <uN=umg or P<umg,

then

m —P

If P=pmg, thenslip at P=F, = umg occurs.

If the force P is the removed, the spring returns to its initial length.

(a) Equating Py and Fpay,

(b)  Equating slopes,

F,t -~
N
g=L o Pk
K
Aoy = umg mon-Y <
Hg
p=F4 <
L
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CHAPTER 3






PROBLEM 3.1

(a) Determine the maximum shearing stress caused by a 4.6-kN - m torque T in
the 76-mm-diameter shaft shown. (b) Solve part a, assuming that the solid shaft
has been replaced by a hollow shaft of the same outer diameter and of 24-mm
inner diameter.

SOLUTION

(a)  Solid shaft:

(b)  Hollow shaft:

c=%=38mm=0.038m

J = gc“ - %(0.038)4 = 3.2753%10° m*
3

__Te _ (46x10%0038) _ ., oo

J 3.2753x107°

T =534MPa <
¢y =% = 0.038m
2
= %di =12mm = 0.012 m
J= E(C;‘ —q) = %(0.0384 - 0.012%) = 3.2428 x107° m*

Te _ (4.6x10%)(0.038)

—— =53.9x10° Pa
J  3.2428x10

7T =539 MPa 4
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S0mm PROBLEM 3.2
—
(a) Determine the torque T that causes a maximum shearing stress of 45
. |-

ssmm MPa in the hollow cylindrical steel shaft shown. (b) Determine the
maximum shearing stress caused by the same torque T in a solid cylindrical

A shaft of the same cross-sectional area.
_7\_/

SOLUTION
(@) Given shaft: J = %(cg —cf )

J = %(454 —-30%) = 5.1689 x 10® mm* = 5.1689 x 107 m*

J c
6 6
p o GBI X 010 _ o oo 105
45 %10

T=517kN-m «
(b)  Solid shaft of same area:

A=7(3 - q) = 7(45* = 30°) = 3.5343x 10° mm’

et =4 or c=\/z=33.541mm
T

g , Te_ 2T

J = , =
2 J e’
3
T = (2)5.1689 x 1(3) ) =87.2x10° Pa
7(0.033541)

7 =87.2 MPa 4
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PROBLEM 3.3

Knowing that d =1.2in., determine the torque T that causes
maximum shearing stress of 7.5 ksi in the hollow shaft shown.

J=2(ch-d)= %(0.84 ~ 0.6%) = 0.4398 in*

2
Tc
Tmax=7
T:@:% T = 4.12 kip - in «
C .
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PROBLEM 3.4

Knowing that the internal diameter of the hollow shaft shown is d = 0.9in.,

determine the maximum shearing stress caused by a torque of magnitude
T =9kip - in.

SOLUTION

¢, = %dz = (%)(1.6) =08in. c¢=08in.

¢ = %dl = ej(og) = 0.45 in.

_ T4 a\_ T 4 4y _ . 4
J—2(02 Cl)—2(0-8 0.45%) = 0.5790 in
Te _ (9)08)

T =

7. =12.44ksi 4
M7 0.5790 max
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60 mm PROBLEM 3.5

A torque T =3kN-m is applied to the solid bronze cylinder shown.
Determine (a) the maximum shearing stress, (b) the shearing stress at

s
\

¢ > point D which lies on a 15-mm-radius circle drawn on the end of the
T=3kN. 1:5‘ 900 min cylinder, (c) the percent of the torque carried by the portion of the cylinder
L/ within the 15 mm radius.

SOLUTION
(@ ¢ =%d =30mm =30x10"m

J= %g - %(30 x107)* =1.27235x10° m*

T =3kN =3x10°N
_Te _ (3x10°)30x107)

"= 335X 108 = 70.736 x 10° Pa
. X

7, = 70.7 MPa <
(b) pp =15mm =15x10"m

Pp . _ (A5 107)(70.736 x 107°)

T, = 7, = 35.4 MPa 4
P (30x107) P
(C) TDZM TD:@ZZpgTD
Ip Pp 2
T, = %(15 x 1072)%(35.368 x 10%) = 187.5N - m
Io  100% = 187'53 (100%) = 6.25% 6.25%4
T 3x10
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PROBLEM 3.6

(a) Determine the torque that can be applied to a solid shaft of 20-mm diameter without exceeding an
allowable shearing stress of 80 MPa. (b) Solve Part @, assuming that the solid shaft has been replaced by a
hollow shaft of the same cross-sectional area and with an inner diameter equal to half of its own outer
diameter.

SOLUTION
(a)  Solid shaft: c= % = %(0 020) = 0.010 m
J="c* 7 0.10)* =15.7080 x 107°
27 2
T = ”% _ (15.7080 ><01819O)(80 X10°) _ 155 664 T=1257N -m 4

(b) Hollow shaft: Same area as solid shaft.

2
1 3
4= 7Z'(C§ - 012) = ;{c% - (Eczj :l = Zr[c% = 7c?

—c = (0.010) = 0.0115470 m
"5

¢ = lc2 = 0.0057735 m
2

J = %(c;‘ —c ) = —(o 0115470* — 0.0057735%) = 26.180 x 10~
6 -9
- Tomd _ (80X109(26.180x107) _ o\ 1o I =1814N-m 4
¢, 0.0115470
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C o
— <— 3 in.
8in. /t=—111
v | |
HuE
4in. > 4_(125'
i

PROBLEM 3.7

The solid spindle AB has a diameter d;=1.5 in. and is made of a steel with
an allowable shearing stress of 12 ksi, while sleeve CD is made of a brass
with an allowable shearing stress of 7 ksi. Determine the largest torque T

that can be applied at 4.

SOLUTION

Analysis of solid spindle 45:

Analysis of sleeve CD:

The smaller torque governs:

c=1a =075
2

T:E JT w3
J c 2

T = % (12x10°)(0.75)* =7.95%10* Ib - in

¢ =%d0=%(3)=1.5in.

c;=c, —t=15-025=1.251n.
_TT 4 4\ _T 4 4y _ . 4
=3 (e -¢) = S (15" ~1.25%) = 4.1172in

Jr _ (41172)(7 x10%)
c, 1.5

T= =19.21x10* b - in

T=795%10°1b - in

T = 7.95kip -in «
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Cﬁ PROBLEM 3.8

— ~—3in. The solid spindle 4B is made of a steel with an allowable shearing stress of
8in Yy 12 ksi, and sleeve CD is made of a brass with an allowable shearing stress
' 1= 3™ of 7 ksi. Determine () the largest torque T that can be applied at A if the
allowable shearing stress is not to be exceeded in sleeve CD, (b) the
. N P corresponding required value of the diameter d; of spindle 4B.
I =
4in — ~—d,

SOLUTION

(a)  Analysis of sleeve CD: ¢, = %d,, = %(3) =1.51n.
g=c¢ —-t=15-025=1251n.

ng(c;‘ ~cf) = %(1.54 ~1.25% = 41172 in*

Jr _ (4.1172)(7x10%)

T= =19.21x10%1b -in
cy 1.5
T =19.21kip - in 4
. . . Tc
(b)  Analysis of solid spindle AB: T=7
3
Lo Za L D20 i
c 2 T 12x10

c= 3/M =1.006in. d =2c
V4

d =2.0lin. 4
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PROBLEM 3.9

T, =300N-m A

The torques shown are exerted on pulleys 4 and B. Knowing that both
shafts are solid, determine the maximum shearing stress (a) in shaft AB,

30 mm
(b) in shaft BC.
Ty = 400 N - m
46 mm <—

SOLUTION
(a¢)  Shaft 4B: T, =300N-m, d =0.030m, ¢ =0.015m
;o Te_ 2T _ (2)(300)
gz m(0.015)°
= 56.588 x 10°Pa
()  Shaft BC: Tye = 300 + 400 = 700 N - m

d =0.046 m, ¢ = 0.023 m

Te _ 2T _ (2)(700)

T = — = =
T ad 1(0.023)

= 36.626 x 10°Pa

. = 56.6 MPa 4

. =36.6 MPa <«
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PROBLEM 3.10
T, =300N-m|
In order to reduce the total mass of the assembly of Prob. 3.9, a new design
30 mm —> is being considered in which the diameter of shaft BC will be smaller.
Determine the smallest diameter of shaft BC for which the maximum value
of the shearing stress in the assembly will not increase.

SOLUTION
Shaft 4B: T, =300N-m, d =0.030m, ¢ =0.015m
. Te _ 2T _ (2)(300)
g xd m(0.015)°
= 56.588 x10° Pa = 56.6 MPa
Shaft BC: Tye = 300 + 400 = 700 N - m

d =0.046 m, ¢ = 0.023 m
_Te_ 2T (700)

Tinax 3 3
J 7 7(0.023)
= 36.626 x 10° Pa= 36.6 MPa

The largest stress (56.588 x 10°Pa) occurs in portion AB.

Reduce the diameter of BC to provide the same stress.

Tc 2T
TBC=700N-m Tmax:TZF
s 2T (2)(700)

=7.875x107°m’>

c’ = = <
AT 7(56.588x10%)

c=19895x10"m d =2¢=39.79x10"m
d =39.8 mm <«
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PROBLEM 3.11

60N-m

Knowing that each portion of the shafts 4B, BC,
and CD consist of a solid circular rod, determine
(a) the shaft in which the maximum shearing
stress occurs, (b) the magnitude of that stress.

144N .m

48N+ m /i ; dep =21 mm

SOLUTION
Shaft 4B: T =48N-m
c =%d =7.5mm = 0.0075 m
Tc 2T
Tmax = =—3
J 7
o =28 55 433MPa
7(0.0075)
Shaft BC: T =—48+144 =96 N - m
c=td=omm g, =820 _ DO g g350p,
2 J e 7(0.009)
Shaft CD: T =—48+144+60 =156 N- m
c=td=105mm g, =162 CXDO) g5\ p,
2 J  zd  m(0.0105)
Answers: (a) shaft CD (b) 85.8 MPa <«
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60N - m PROBLEM 3.12

Knowing that an 8-mm-diameter hole has been
drilled through each of the shafts 4B, BC, and
CD, determine (a) the shaft in which the
maximum shearing stress occurs, (b) the
magnitude of that stress.

SOLUTION
1
Hole: a =5dl =4 mm
Shaft AB: T =48N-m
1
Cy =Ed2 =7.5mm
J = %(c;‘ ~ ) =§(0.00754 —0.004%) =4.5679 x 10 m*
o =1 2 GO0 _ 56 10 Mpa
J 45679%10°
Shaft BC: T'=-48+144=96N-m c, =%d2=9mm
J = %(c;‘ ~¢) =§(0.0094 ~0.004%) =9.904 x 10 m*
T =2 = OO _ g7 539 MPa
J 9.904x10
Shaft CD: T=-—48+144+60=156N-m ¢, =%d2=10.5mm
J = %(c;‘ ~¢f) =§(0.01054 ~0.004%) =18.691x 10~ m*
T =22 2 15OO0109) _ 5 636 Mpa
J 18.691x10°
Answers: (a) shaft CD (b) 87.6 MPa <«
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PROBLEM 3.13

Under normal operating conditions, the
electric motor exerts a 12-kip - in.
torque at £. Knowing that each shaft is
solid, determine the maximum shearing
in (a) shaft BC, (b) shaft CD, (c) shaft

SOLUTION

(a)  Shaft BC:

)"\3
3 3
-8C
B |/ ),15m.

() Shaft CD:

‘t‘k‘l ‘l’h{\ )
3k’r'pni/"=\ . “ep

2in.

(¢) Shaft DE:

T 300
=P,

2.25m.

From free body shown:

Tye =3kip -in
Tc Tc 2 T
’z':—:” :——3
J T4 W
2
2 3kip - in

(1 3
—x1.751n.
2

From free body shown:
Trp =3+4=Tkip-in
From Eq. (1):

2T 2 7kip-in
FTEE T iny
From free body shown:
Tphr =12kip - in
From Eq. (1):

221:2 12 kip - in

T w1 RS
5><2.251n.

(M

T =2.85ksi 4
T =4.46 ksi 4
7 =537 ksi 4
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PROBLEM 3.14

Solve Prob.3.13, assuming that a 1-
in.-diameter hole has been drilled
into each shaft.

PROBLEM 3.13 Under normal
operating conditions, the electric
motor exerts a 12-kip - in. torque at
E. Knowing that each shaft is solid,
determine the maximum shearing in
(a) shaft BC, (b) shaft CD, (c) shaft
DE.

SOLUTION

(a)  Shaft BC: From free body shown: T~ =3Kkip - in

/'\3
* -sc
B ) 175n.

¢ =%(l.75)=0.875 in. ¢ =%(1)=0.5m.

T

> (0.875* — 0.5%) =0.82260 in*

ng(cé‘—cf‘)z

_Ic _Gkip n)O0875in,) 7 =3.19ksi 4
J 0.82260 in
(b)  Shaft CD: From free body shown: T, =3+4 =7kip-in
llbrlinr\ ) c = l (20) =1.01n.
3kiouin. _7; 2
< 2in. > J_E(C4_C4)—£(1 0* - 0.5%) =1.47262 in*
= la-d)=30 S =1.
_Te _(kip n)(0in) 7 =475ksi <
J 1.47262 in
(¢) Shaft DE: From free body shown: 7,; =12kip - in
E 2.25 .
T ==
T 3 %)/mpm ¢, === =1125in
From motr
4',]5;’). /4 4 4 V4 4 4 . 4
J= 5(% - ):5(1.125 - 0.5%) =2.4179in
. _Tc _(2 kip - in)(1.125 in.) 7 =558ksi 4

J 2.4179 in*
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PROBLEM 3.15

The allowable shearing stress is 15 ksi in the 1.5-in.-diameter steel rod 4B and
8 ksi in the 1.8-in.-diameter brass rod BC. Neglecting the effect of stress
concentrations, determine the largest torque that can be applied at 4.

SOLUTION
Tnax = E: J = 045 T = _C3Tmax
J 2 2
Rod 4B: Toax = 15 ksi c= %d = 0.75 in.
T 3 .
T = 5(0.75) (15) = 9.94 kip - in
Rod BC: Toax = & Kksi c= %d = 0.90 in.
T 3 . .
T = 3(0.90) (8) =9.16kip - in
The allowable torque is the smaller value. T =9.16kip-in 4
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PROBLEM 3.16

The allowable shearing stress is 15 ksi in the steel rod 4B and 8 ksi in the
brass rod BC. Knowing that a torque of magnitude 7' = 10 kip - in. is applied
at A, determine the required diameter of (@) rod 4B, (b) rod BC.

SOLUTION
Tinax _E: JZE; 03 = =
J 2 T pax
(@) Rod4B: T =10kip -in Toax = 15 ksi
&= DU 6 44403
7(15)
c =0.7515 in.
(b) RodBC: T=10kip-in 7, =8ksi
=209 79577 in2
(8
c =0.9267 in.

d =2¢ =1.503in. 4

d =2c¢ =1.853in. 4
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PROBLEM 3.17

Aluminum

The allowable stress is 50 MPa in the brass rod AB and
25 MPa in the aluminum rod BC. Knowing that a torque of
magnitude 7 = 1250 N - m is applied at 4, determine the
required diameter of (a) rod 4B, (b) rod BC.

SOLUTION
Tnax =E J=Z 3= 27

J 2 T pax
(@) Rod 4B: &= DU _ 561551003

(50 x10%)

¢ =2515x10"m = 25.15 mm
d s = 2¢ = 50.3 mm 4

(b) Rod BC: ¢ = DUBD 5 g315106m°

(25 % 10°)

¢ =31.69x10"m = 31.69 mm
dge = 2¢ = 63.4 mm 4
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PROBLEM 3.18

Aluminum

The solid rod BC has a diameter of 30 mm and is made of an
aluminum for which the allowable shearing stress is 25 MPa.
Rod 4B is hollow and has an outer diameter of 25 mm; it is
made of a brass for which the allowable shearing stress is 50
MPa. Determine (@) the largest inner diameter of rod 4B for
which the factor of safety is the same for each rod, (b) the
largest torque that can be applied at 4.

SOLUTION
Solid rod BC: 7T = Ie J = £(:4
J 2
7, = 25x10°Pa
¢=1d=0015m
2
T, = gc%au = %(0.015)3(25 x10°) = 132.536 N - m
Hollow rod 4B: 7, = 50x10°Pa
T, =132.536 N - m
e = ldz = l(0.025) =0.0125m
2 2
Ty = _JTa” = Z(CE‘ - Cﬁ)@
cy 2 c,
014 _ A 2T
T
=0.0125" - (2)(132'536)(050125) =3.3203x10” m*
7(50 x 10%)
(a) ¢ =7.59%107m = 7.59 mm d; = 2¢; =15.18 mm <
(b)  Allowable torque. T, =1325N -m <
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PROBLEM 3.19

The solid rod AB has a diameter d, 3 = 60 mm. The pipe CD has
an outer diameter of 90 mm and a wall thickness of 6 mm.
Knowing that both the rod and the pipe are made of a steel for
which the allowable shearing stress is 75 Mpa, determine the
largest torque T that can be applied at 4.

SOLUTION
r, = 75%109Pa T, =%l
Rod AB: c=Ld=0030m J=%¢
2 2
T, = gc%an = %(0.030)3(75 x 10°)
=3.181x10° N - m
Pipe CD: ¢, = %dz =0.045m ¢ =c, —t=0.045 — 0.006 =0.039 m
J = %(c;‘ ) = %(0.0454 ~0.039%) = 2.8073x 10™° m*
—6 6
Ty = (28073 X(l)%42(75 x107) =4.679%10° N -m
Allowable torque is the smaller value. T, =3.18x10° N - m

3.18kN-m <«
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PROBLEM 3.20

The solid rod 4B has a diameter d,z = 60 mm and is made of a
steel for which the allowable shearing stress is 85 Mpa. The
pipe CD, which has an outer diameter of 90 mm and a wall
thickness of 6 mm, is made of an aluminum for which the
allowable shearing stress is 54 MPa. Determine the largest
torque T that can be applied at 4.

SOLUTION
Rod 4B: 7, =85%x10°Pa ¢ = %d =0.030 m
Ty = LTa =2 Tall
c 2
- %(0.030)3(85 x10°) = 3.605x10° N - m
Pipe CD: T, =54x10°Pa ¢, = %dZ =0.045m
¢, =¢y —t=0.045 - 0.006 = 0.039 m
J = %(c;‘ ) = %(0.0454 ~0.039%) = 2.8073% 10™° m*
-6 6
T, = Tty _ (28073x107°)(54x10%) _ oo oan
¢ 0.045
Allowable torque is the smaller value. T, =3.369x10° N - m

337kN-m <«
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PROBLEM 3.21

A torque of magnitude 7' =1000 N - m is applied at
D as shown. Knowing that the diameter of shaft AB
D is 56 mm and that the diameter of shaft CD is
42 mm, determine the maximum shearing stress in
(a) shaft AB, (b) shaft CD.

T =1000N - n

SOLUTION
Tep =1000N - m
Ty =27 =12 (1000)=2500 N - m
7o 40
(a)  Shaft 4B: c= %d =0.028 m
- =2—T3=M5002=72.50><106 72.5MPa 4
J x 7(0.028)
(b)  Shaft CD: c= %d =0.020m
JTe 2 _ @100 _ 66 g5100 68.7 MPa 4

J xd 7(0.020)
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PROBLEM 3.22

A torque of magnitude 7 =1000 N -m is applied
at D as shown. Knowing that the allowable
D shearing stress is 60 MPa in each shaft, determine
the required diameter of (a) shaft AB, (b) shaft CD.

T = 1000 N - m

SOLUTION
Tp =1000N - m
Tis =270 =12 (1000) = 2500 N - m
7o 40
(a) Shaft 4B: 7, =60x10° Pa
p=te 2L 5 20 D@0 o6 56,10¢ m
J 7zc 7t 7 (60x10%)
¢ =29.82x107 =29.82 mm d=2c=59.6mm 4
(b)  Shaft CD: 7, =60x10° Pa
p=te 20 5 20 @000 66105106 m?
J zc 7t 7 (60x10%)
c=21.97x10"m =21.97 mm d =2c=43.9mm 4
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PROBLEM 3.23

Under normal operating conditions, a motor exerts a
torque of magnitude 7, =1200Ib-in. at F.
Knowing that 7, =8in., 7, =3in, and the

allowable shearing stress is 10.5 ksi - in each shalft,
determine the required diameter of (@) shaft CDE,
(b) shaft FGH.

SOLUTION
T, =12001b - in

T, =27 =81200=32001b - in

7,y =10.5 ksi =10500 psi
Tec 2T 3 2T
T=—=—73 o ¢ =—
J e T

(a) Shaft CDE:

S (2) (3200)
7 (10500)

=0.194012 in*

¢=0.5789 in. dpg =2c dpp =1.158 in. 4
(b) Shaft FGH:

= 2)1200) _ 0.012757 in*
7 (10500)
c=0.4174in. dpg =2c drc =0.835in. 4
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PROBLEM 3.24

Under normal operating conditions, a motor exerts a
torque of magnitude T at F. The shafts are made of a
steel for which the allowable shearing stress is 12 ksi
and have diameters dc-pr = 0.900 in. and

drcy = 0.800 in. Knowing that rp = 6.5 in. and

r¢ =4.5 in., determine the largest allowable value of
Tr.

SOLUTION
Shaft FG: c= %d =0.400 in.
JT, 3
TF,all ==l 2303 all
T 3 . .
= 5(0.400) (12) =1.206 kip - in
Shaft DE: c =%d =0.450 in.
V4
Tgan = 5 03%11
V3 3 . .
= 5(0.450) (12) =1.7177 kip - in
r.o=Yor, 7, =%217177) =1.189 kip - in
p ’ 6.5
Allowable value of T}, is the smaller. Tp =1.189kip - in «
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PROBLEM 3.25

The two solid shafts are connected by gears as shown and are made
of a steel for which the allowable shearing stress is 8500 psi.

Knowing that a torque of magnitude 7. = 5 kip - in. is applied at C

and that the assembly is in equilibrium, determine the required
diameter of (a) shaft BC, (b) shaft EF.

SOLUTION
Toax = 8500 psi = 8.5 ksi
(a) Shaft BC: T- = 5kip -in
Te 2T 2T
Thax = — = 3 c=3
J 7 7T ax
c=3 26 = 0.7208 in.
7(8.5)
dge =2¢ =1.442in. <4
(b)  Shaft EF: T, =27, = E(5) =3.125kip - in
7 4
c=3 2r 3 (2)(3.125) =0.6163 in.
70 max 7(8.5)

dpe = 2c = 1233 in. <4
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PROBLEM 3.26

The two solid shafts are connected by gears as shown and are
made of a steel for which the allowable shearing stress is
7000 psi. Knowing the diameters of the two shafts are,

respectively, dz- =1.61in. and dgz =1.25in., determine the
largest torque T that can be applied at C.

SOLUTION
Tax = 7000 psi = 7.0 ksi
Shaft BC: dpgc =1.61n.
c= la? = 0.8 in.
2
TC = JTmaX = Eﬂl‘maxc3
c 2
T 3 . .
= 3(7.0)(0.8) = 5.63 kip - in
Shaft EF: dgr =1251n.
c= laf = 0.625 in.
2
T, = I Tax _ meaxc3
c 2
- %(7.0)(0.625)3 = 2.684 kip - in
. ry 4 .
By statics, T =+ T, = —(2.684) = 430kip - in
Lo 2.5

Allowable value of T, is the smaller.

T, = 430 kip - in «
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PROBLEM 3.27

A torque of magnitude 7" = 100 N - m is applied to shaft AB of the
gear train shown. Knowing that the diameters of the three solid
shafts are, respectively, d,; =21 mm, dq, =30mm, and
dgr = 40mm, determine the maximum shearing stress in
(a) shaft AB, (b) shaft CD, (c) shaft EF.

SOLUTION
Statics:
Shaft 4B: Tyy=T,=T3=T
Gears B and C: rg =25mm, 7, =60 mm
Force on gear circles. Fye = Ty _Tc
B Tc
r.=Ter, =01 _gur
g 25
Shaft CD: Tep =T =T, = 24T
Gears D and E: 7p =30 mm, rp =75 mm
Force on gear circles. Fpp = T _Tp
'p T
T, =21, = 04r) = 6T
p 30
Shaft EF: Tpp =Ty = Tpp = 6T
Maximum Shearing Stresses. 7, = Te _ 2—T3
J oz
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PROBLEM 3.27 (Continued)

(a) Shaft 4B: T =100 N -m

c= %d =10.5mm =10.5x107m

Tmax = % =550x 106 Pa Toax = 55.0 MPa «
T DX
(b) Shaft CD: T = (2.4)(100) = 240 N - m

c=%d=15mm=15><10_3m

ax = L‘m}“ =453%10°Pa T = 45.3 MPa <
(15x107)
(c) Shaft EF: T = (6)(100) = 600 N - m

c=%d=20mm=20x10_3m

(2)(600)

mx = 2 = 47.7 % 10° Pa Tpax = 47.7 MPa 4
(20 x107°)
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PROBLEM 3.28

A torque of magnitude 7 = 120N - m is applied to shaft AB of
the gear train shown. Knowing that the allowable shearing stress
is 75 MPa in each of the three solid shafts, determine the
required diameter of (@) shaft AB, (b) shaft CD, (c) shaft EF.

SOLUTION
Statics:
Shaft 4B: Tyy=T,=T3=T
Gears B and C: rg =25mm, 7, =60 mm
Force on gear circles. Fge = Ty _Tc
: Be
r.=Ter, =01 _g4r
g 25
Shaft CD: Tep =Tp =Ty = 24T
Gears D and E: rp =30mm, r; =75 mm
Force on gear circles. Fpp = T _Tp
'p T
T, =21, =041y = 6T
L) 30
Shaft EF: Tpp =Ty =Tp = 6T

Required Diameters.

_Tc 2T
C:32_T
V?Z"Z'
d=2c=23 2r
T,

max

Tow = 75 % 10°Pa

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it
without permission.




(a) Shaft 4B:

(b) Shaft CD:

(c) Shaft EF:

PROBLEM 3.28 (Continued)

2(120)

3—————~— =20.1x10"m
(75 x10”)

T, = (2.4)(120) = 288 N - m

dep = 23L88)6 =269%10"m
(75 x10%)

Tye = (6)(120) = 720 N - m

dgp = 23L20)3 =36.6x10"m
7(75%107%)

d,;; =201 mm <

dep =269 mm 4

dgr = 36.6 mm <
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PROBLEM 3.29

(a) For a given allowable shearing stress, determine the ratio 7/w of the
maximum allowable torque 7 and the weight per unit length w for the
hollow shaft shown. (b) Denoting by (7/w), the value of this ratio for a
solid shaft of the same radius c,, express the ratio 7/w for the hollow shaft
in terms of (7'/w), and c,/c,.

SOLUTION
w = weight per unit length,
pg = specific weight,
W = total weight,
L = length
w gLA
== pL = pgd = pgr(c3 - <)
2., 2 2
Jry me —¢f n(cz +01)(02 —01)
Ty = 5 Tar = Tanl
cy 2 o 2 c,
2., 2
o +6 )T,
@ L= (2 + )z . [+ &)z (hollow shaft) <«
w w 2pgc,
¢, = 0 for solid shaft: (Z) = Sl (solid shaft)
wly 2pg
2 2
(b) w=1+c_12 (Z]:(Z] (14_0_12]4
Tw), c; w w Jo ¢
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PROBLEM 3.30

While the exact distribution of the shearing stresses in a
hollow-cylindrical shaft is as shown in Fig. a, an approximate
7o value can be obtained for 7, by assuming that the stresses
/ / are uniformly distributed over the area 4 of the cross section,
as shown in Fig. b, and then further assuming that all of the
elementary shearing forces act at a distance from O equal to
the mean radius (¢, +¢,) of the cross section. This
(@ ®) approximate value 7, = T/A4r,,, where T is the applied torque.
Determine the ratio 7, /7, of the true value of the maximum
shearing stress and its approximate value 7, for values
of ¢ /c,, respectively equal to 1.00, 0.95, 0.75, 0.50, and 0.

Tmax

SOLUTION
For a hollow shaft:
- Te, 2T, 2Tc, _ 2Tc,
g ﬂ'(cé‘ —014) 71'((:22 —cf)(c% +clz) A(c§ +clz)
By definition, T, = L _ =
Ar,  Alc, +¢)
DiViding, Tmax — c2(zc2 + sl) — 1+ (01/02)2 <
7, ¢+ 1+ (¢/c,)
¢le, ‘ 1.0 ‘ 0.95 ‘ 0.75 ‘ 0.5 ‘ 0.0 ‘
Tnax! To ‘ 1.0 ‘ 1.025 ‘ 1.120 ‘ 1.200 ‘ 1.0 ‘
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PROBLEM 3.31

with a 30-mm-outer

)25() N-.m

(a) For the solid steel shaft shown (G = 77 GPa), determine the angle
of twist at 4. (b) Solve part a, assuming that the steel shaft is hollow

diameter and a 20-mm-inner diameter.

SOLUTION
@ c=1d=0015m, J=2c*="0015"

2 2 2
J=79.522x10"m®*, L=18m, G =77x10°Pa
T'=250N-m Q= 1

GJ
Q= (250)1.8) = 73.49 x 107 rad

(77%10°)(79.522 x 107°)

o= (73.49 x 107)180
T

() ¢, =0015m, clédl =0.010m, J= %(c;‘ —

)

p=421° 4

J =Z0.015* - 0.010%) = 63.814x10° m* 402
2 GJ

o= (250)(1.8)

= =91.58x 107 rad =
(77 x10%)(63.814 x 107%)

180

——(91.58x107 p=5254
/4
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PROBLEM 3.32

For the aluminum shaft shown (G = 27 GPa), determine (a) the torque T
that causes an angle of twist of 4°, (b) the angle of twist caused by the same
torque T in a solid cylindrical shaft of the same length and cross-sectional

area.
12 mm
SOLUTION
TL GJo
a = — T =—=—
(a) ?="0 7
@ =4°=69813x10" rad, L =1.25m
G =27GPa =27x10° Pa
J =7 (et - ) =2 (0.018* - 0.012%) =132.324 x 107 m*
2 2
7o @27 10%)(132.324 x 10%)(69.813 x 107°)
1.25
=199.539N- m T=199.5N -m <«
(b))  Matching areas: A = nc? =ﬂ'(622 —¢f )

¢ =yc3 — ¢ =\0.018> —0.012> =0.013416 m

J =%c4 = %(0.013416)4 =50.894 x 1070 m*

TL (195.539)(1.25)

=t - - =181.514x 10 rad @ =10.40° <
GJ (27 x10°)(50.894 x 10%)

4
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PROBLEM 3.33

Determine the largest allowable diameter of a 10-fi-long steel rod (G = 11.2 x 10° psi) if the rod is to be twisted
through 30° without exceeding a shearing stress of 12 ksi.

SOLUTION

L=10ft=120in. ¢ =30°= ?I’OTg = 0.52360 rad

7 =12ksi =12 x10°psi

(p—ﬂ T_GJ(p Tc _GJoc _ Goc c_i
GJ’ L’ J JL L’ Go
(12 x 10°)(120)

= (0.24555 in.

(1.2 10°)(0.52360)

d =2c=0491in. «
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PROBLEM 3.34

While an oil well is being drilled at a depth of 6000 ft, it is observed that the top of the 8-in.-diameter steel
drill pipe rotates though two complete revolutions before the drilling bit starts to rotate. Using
G =11.2x10° psi, determine the maximum shearing stress in the pipe caused by torsion.

SOLUTION
For outside diameter of 8 in., ¢ = 4 in.
| l‘ =i, For two revolutions, ¢ =2(27) =4x radians.
&in.

l__ G =11.2x10° psi
L =6000 ft = 72000 in.

From text book,

o=1L
GJ
Tc
Ty ="
J
Divide (2) by (1). T G

Q L

_Gep _ (11x10°)(4)(47)

" L

72000

1)
)

=7679 psi
7, = 7.68ksi 4
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PROBLEM 3.35
300N - m
The electric motor exerts a 500 N - m torque on
the aluminum shaft ABCD when it is rotating at a
constant speed. Knowing that G = 27 GPa and that
the torques exerted on pulleys B and C are as shown,
determine the angle of twist between (a) B and C,
44 mm (b) Band D.

yi m
1m

SOLUTION

(a) Angle of twist between B and C.
Tee =200 N -m, Lp-=12m

c =%d =0.022m, G=27x10’Pa

Jpe = %04 = 367.97x10°m
7L (200)(1.2)

= = = 24.157 x 107 rad =1.384° «
GJ  (27x10°)(367.97 x 10°) Paic

Pgic =

(b)  Angle of twist between B and D.

Ty =500N-m, Ly =09m, c¢= %d =0.024m, G=27x10"Pa

Jop = gc“ = %(0.024)4 = 521.153x 10 m*
o = GO 31980 %10 rad
(27 x10°)(521.153 % 10%)
Pop = Pyic + Poip = 24.157x107° +31.980 x 107 = 56.137 x 10~ rad Psp = 3.22° 4
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30 mm PROBLEM 3.36

30 mm

36 mm The torques shown are exerted on pulleys B, C,

A 400 N - m
[ JON-m 36 mm and D. Knowing that the entire shaft is made of
500N - m steel (G =27 GPa), determine the angle of
twist between (a) C and B, (b) D and B.

SOLUTION
(a)  Shaft BC: c= %d =0.015m

Jpe = %c“ =79.522x 10 m*

Ly =08m, G=27x10"Pa

Ppc = % = a7 10(:‘)(()(7);(252) 109 0.149904 rad Ppc = 8.54° 4
(b)  Shaft CD: c= %d =0018m  Jgp = %04 =164.896x 10~ m*

Lep =1.0m Tpp = 400 — 900 = =500 N - m

Oep = = = (500)1.0) = —0.11230 rad

GJ  (27x10°)(164.896 x 107%)
Psp = Pse + Ocp = 0.14904 — 0.11230 = 0.03674 rad

Qs = 2.11° <
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/\ PROBLEM 3.37
T e
| ! : The aluminum rod BC (G = 26 GPa) is bonded to the brass rod AB

200 mm (G = 39 GPa). Knowing that each rod is solid and has a diameter of
,— Brass 12 mm, determine the angle of twist (a) at B, (b) at C.
g (B
300 mm L,— Aluminum
C

q 100 N - m

SOLUTION
Both portions:

c =%d =6mm=6x10"m

J = gc“ - %(6 x107)* = 2.03575x 10 m*

T =100 N-m
Rod AB: G,p =39x10°Pa, L, =0.200m
(@ @g=0;= gi;“} = (39)(1(()19())(02)'((?;53?“09) =0.25191 rad @y =14.43° <
Rod BC: Gge = 26x10°Pa, Ly =0.300 m

e = Zf/ T 26x% 1(()19())(02).((())31(;?x 109 ~ 020679 rad

() @ = @5 + Ppe = 025191 + 0.56679 = 0.81870 rad P = 46.9° <
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PROBLEM 3.38

The aluminum rod 4B (G = 27GPa) is bonded to the brass
rod BD (G = 39GPa). Knowing that portion CD of the
brass rod is hollow and has an inner diameter of 40 mm,
determine the angle of twist at 4.

O

A /l/
\/400 mm

SOLUTION
Rod 4B: G =27x10°Pa, L=0.400 m
T =800N - m c=%d=0.018m
J= gc“ = %(0.018)4 = 164.896 10 m
Pup = LU (%00)(0.400) —— = 71.875x 10 rad
GJ  (27x10%)(164.896 x107%)
Part BC: G=39%x10°Pa L=0375m, c¢= %d =0.030 m

T =800 +1600 = 2400 N - m, J = gc“ - %(0.030)4 = 127234 %10 m*

TL (2400)(0.375)

= E_ =18.137 x 10 rad
biC = G T 39X 10°)(1.27234 X 109

Part CD: ¢ = %dl = 0.020 m

¢y = Ld, = 0030m, L=0250m
2

J =2 (c3 - ef) = 2(0.030* - 0.020%) =1.02102 x 10 m*
2 2

TL (2400)(0.250)

- = =15.068 x 107> rad
Yo = G T 39 % 10°)(1.02102 % 107

Angle of twist at 4. @y = Pyp T Ppic T Pcip
=105.080 x 10~ rad

9, =6.02° 4
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PROBLEM 3.39

1 < 3in The solid spindle 4B has a diameter d =1.5 in. and is made of a steel with
8in —t=7in G =11.2x10%psi and 7,; = 12 ksi, while sleeve CD is made of a brass
with G = 5.6 x10%psi and 7, = 7 ksi. Determine the angle through end
| | A can be rotated.
[ |
4in. —
b
SOLUTION

Stress analysis of solid spindle AB:

Stress analysis of sleeve CD:

The smaller torque governs.

Deformation of spindle AB:

Deformation of sleeve CD:

Total angle of twist:

= %ds =075 in.

T=E Tzﬁzzrc3
J c 2

T = %(12 x10°)(0.75)* = 7.95x10°1b - in

¢ =%do = %(3) = 1.5in.

aq=c—t=15-0.25=1.25in.
_ T4 4\ _ T4 4N _ . 4
J = 2(c2 o) = S (15" —1.25% = 4.1172in

Jr _ (41172)(7x107)
cy 1.5

T = =19.21%x10°1b - in

T =795%10°1b - in
¢=0.751n.

J = %04 =0.49701in*, L=12in, G=11.2x10° psi

3
01 = e = TXNOVUD 17138 radians

GJ  (11.2x10)(0.49701)

J=41172in*, L=8in, G=5.6x10°psi

_TL _ (7.95x10°) ()
GJ  (5.6x10%) (4.1172)

Pcp = 0.002758 radians

@up = P45+ Pcp = 0.019896 radians @.p =1.140° 4
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C o PROBLEM 3.40

] TIVB ~— 3in. The solid spindle 4B has a diameter d, = 1.75in. and is made of

Sin. i Llin a steel with G =11.2x10°psi and 7, = 12 ksi, while sleeve

- CD is made of a brass with G = 5.6x10°psi and 7, = 7 ksi.

Determine (a) the largest torque T that can be applied at 4 if the

given allowable stresses are not to be exceeded and if the angle of

I twist of sleeve CD is not to exceed 0.375°, (b) the corresponding
4in. — angle through which end 4 rotates.

< b}

SOLUTION
Spindle AB: c= %(l.75in.) =0.875in. L =12in, 7, =12ksi, G =11.2x10° psi
J="c% = %0875 = 0.92077in*
2 2
Sleeve CD: ¢ =125in, ¢, =1.5in, L =8in, 7, =7ksi

J =%(c§ — ) =41172in*, G =5.6x10° psi

(a)  Largest allowable torque 7.

Ciriterion: Stress in spindle 4B. T =% T = ﬁ
c
T= —(0'92077)(12) =12.63kip-in
0.875

_ Jr_41172in*

: (7ksi) T =19.21kip-in
c, 1.51n.

Critrion: Stress in sleeve CD. T

Criterion: Angle of twist of sleeve CD ¢ =0.375° = 6.545 x 107 rad

6
poTL 7 _JG ,_ GUIEEXI0) (oo o
JG L 8
T =18.86 kip - in
The largest allowable torque is T =12.63kip -in 4
. T L. L.
(b)  Angle of rotation of end A. Gy =0yp =0y p+0c,p=0—"—=T)——
J: G, J G,
= (12.63x10%) 12 — + 8 -
(0.92077)(11.2x 10%)  (4.1172)(5.6 x 10%)

=0.01908 radians @, =1.093° 4
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PROBLEM 3.41

7

Two shafts, each of _-in. diameter, are

connected by the gears shown. Knowing
that G=11.2x10°%psi and that the shaft
at F'is fixed, determine the angle through
which end 4 rotates when a 1.2 kip - in.
torque is applied at 4.

12 in.
SOLUTION
Calculation of torques.
. . Ty  Tgr 5
Circumferential contact force between gears B and E. F="28=2 Top=—=T4
s g ]

T, =12kip-in=12001b-in

Ty = 4—65(1200) = 16001b-in

Twist in shaft FE.
. 1 7 . 6 .
L=12in, c:Ed:Em" G =11.2x10°psi
V4 (7 N
J=Sc =2 = | =57.548x107in*
2 2116
Ppr = LU (16600)(12) —— =29.789 x 10" rad
GJ  (11.2x10”)(57.548 x107)
Rotation at E. Q5 = Qg =29.789 x 10~ rad

Tangential displacement at gear circle. 0 = 1@ = 130,

Rotation at B. Q5 = r—E¢E = i(29.789 x107) = 39.718 x 10 rad
g 4.5
Twist in shaft BA. L=8+6=14in. J=57548x10"in*
Pup = LU (16200)(14) —— =26.065x 10" rad
GJ  (112x10°)(57.548 x107)
Rotation at 4. @, =P+ Qg = 65783x10 " rad @, =3.77° <4
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PROBLEM 3.42

240 mm

Two solid shafts are connected by gears as shown. Knowing
that G = 77.2 GPa for each shaft, determine the angle
through which end A4 rotates when 7, = 1200N - m.

SOLUTION
Calculation of torques:
Circumferential contact force between gears B and C. F = T _Iep Tep = r—CTA B
g e g
240
T =1200N-m T, = EOZOO) =3600 N - m
Twist in shaft CD: c= %d =0030m, L=12m, G =772x10°Pa

J = %04 - %(0.030)4 = 127234 %10 m*

Pop = = (39600)(1'2) —— = 43.981x 107 rad
GJ  (77.2x107)(1.27234 x107")
Rotation angle at C. Pc = Pep = 43.981x 107 rad
Circumferential displacement at contact points of gears B and C. 0 =1:Qp = 150
) To 240 -3 3
Rotation angle at B. Qg =—@Qc = %(43.981 x1077) =131.942 x 107" rad
B
Twist in shaft AB: c= %d =0.02lm, L=1.6m, G=772x10"Pa

J = gc“ - %(0.021)4 — 305.49 % 10° m*

Oup = I _ (1300)(1.6) —— = 81.412x 10 rad
GJ  (77.2x107)(305.49x107)
Rotation angle at 4. @, =05+ 0,5 =213.354%x 10 rad p, =12.22° 4
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PROBLEM 3.43

A coder F, used to record in digital form the rotation
of shaft A4, is connected to the shaft by means of the
gear train shown, which consists of four gears and
three solid steel shafts each of diameter d. Two of the
gears have a radius » and the other two a radius nr. If
the rotation of the coder F is prevented, determine in
terms of 7, /, G, J, and n the angle through which end
A rotates.

SOLUTION
Typ =T,
7 T T
Tep = _CTAB =48 4
g n n
v T, T
Tpp = ETep ZQ—_/;
p n n
— _ Teplpgp _ T
Pr = Per GJ G
e, _9r _ Td
@p p e n nGJ
Oep = Teplep Tl
LT GI T nGJ
T, T, TAZ( 1 1)
be =Pt = 56r " n6r T ai\

e oo _TI(1 1
= — = — = —| — 4+ —
s e n GJ(n4 2

g n
0 _ Luslap _ T4
BTG GJ
TA(1 1
0 0, = A <
P4 Pp Pup GJ(n“ nz ]
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PROBLEM 3.44

For the gear train described in Prob. 3.43, determine
the angle through which end A rotates when
T =5Ib-in, | = 2.4in., d =1/16in.,
G =112x10%psi, and n = 2.

PROBLEM 3.43 A coder F, used to record in digital
form the rotation of shaft 4, is connected to the shaft
by means of the gear train shown, which consists of
four gears and three solid steel shafts each of diameter
d. Two of the gears have a radius » and the other two a
radius nr. If the rotation of the coder F is prevented,
determine in terms of 7, /, G, J, and n the angle
through which end 4 rotates.

SOLUTION

See solution to Prob. 3.43 for development of equation for ¢,,.

¢—Ll(1+i+ij
417G n?

Data: T=5lb-in, /[ =24in., c¢= %d = % in, G=112x10°psi
T (1 4
n=2 J==c"= —(—) = 1.49803 x10~%in*
2 2132
@, = 6(5)(2'4) — (1 L ij = 938.73x 10 rad @, =53.8° 4
(11.2 X 10°)(1.49803 x 107%) 4 16
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PROBLEM 3.45

The design of the gear-and-shaft system shown
requires that steel shafts of the same diameter be
D used for both 4B and CD. It is further required

that 7., <60 MPa, and that the angle ¢, through

max —

which end D of shaft CD rotates not exceed 1.5°.
Knowing that G = 77 GPa, determine the required
diameter of the shafts.

T =1000 N - m

400 mm

600 mm
SOLUTION
rg 100
Tep =Tp =1000N-m T, = =T, =——(1000) = 2500N - m
o 40
For design based on stress, use larger torque. T =2500 N-m
Te 2T
T=—= —3
J zc
c=2L —(2)(25002 =26.526 x10™°m’
7t 7(60x10°)
c=29.82x10"m =29.82mm, d =2c=59.6 mm
Design based on rotation angle. op =1.5°=26.18 % 107 rad
Shaft 4B: T, =250N-m, L=04m
_ TL _ (2500)(0.4) _ 1000
Pan =67 GJ GJ
B ~ 1000
Op = Oy era
Gears
on=T8g = (@](moo] _ 2500
P Lo NG GJ
Shaft CD: Tep =1000N-m, L=0.6m
_ TL _ (1000)(0.6) _ 600
er =Gy GJ GJ
o+ 2500 +@ _ 3100 _ 3100
O =0T P0 =75 "6 T 6l Gzt
4= 2100 (29)(3100) — =979.06x10~ m*
Gy, (77 x107)(26.18 x 107)
c=3146x10"m =31.46mm, d =2c=62.9mm
Design must use larger value for d. d =629mm <«
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300N -m

500 N - m

0.6 m

PROBLEM 3.46

The electric motor exerts a torque of
800 N - m on the steel shaft ABCD when it
is rotating at constant speed. Design
specifications require that the diameter of
the shaft be uniform from 4 to D and that
the angle of twist between A4 to D not
exceed 1.5°. Knowing that 7, <60MPa
and G = 77 GPa, determine the minimum
diameter shaft that can be used.

SOLUTION

Torques:

T,5 = 300 + 500 = 800 N - m

Tge =500N - m, Tep =0
Design based on stress. 7 = 60x10°Pa
p=le M s QB0 g gg106m?
J zc nt  7(60x10°)

¢ =2040%x10"m = 20.40 mm,

Design based on deformation.

d =2c¢ = 40.8 mm

Op 4 =1.5°=26.18 % 1073 rad

620 (2)(620)
- 4

z 4
Gzc

wGe

=195.80 x 10" m*

Ppic =0
_ TyeLpe _ (500)(0.6) 300
Yor="Gr T Gar GJ
_ TyL,s  (800)(0.4) 320
pa="Gr T Gar Gl
Ppia = Ppic Y Pcip t Ppia = 620 =
GJ
0620 (2)(620)

G Pp, 4
c=21.04x10"m = 21.04 mm,

Design must use larger value of d.

(77 % 10°)(26.18 X 107%)

d =2c=42.1mm
d=421mm 4
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PROBLEM 3.47

The design specifications of a 2-m-long solid circular transmission shaft require that the angle of twist of the
shaft not exceed 3° when a torque of 9 kN - m is applied. Determine the required diameter of the shaft,

knowing that the shaft is made of (a) a steel with an allowable shearing stress of 90 MPa and a modulus of
rigidity of 77 GPa, (b) a bronze with an allowable shearing of 35 MPa and a modulus of rigidity of 42 GPa.

SOLUTION
@ =3°=52360x10"rad, T=9x10°N-m L=20m
=£ = ZZ;L noct =£ based on twist angle.
GJ  7nc"G 7Go
T = Te =2—T2 oo =£ based on shearing stress.
J 7 T
(a)  Steel shaft: 7=90x10°Pa, G =77x10’ Pa
3
Based on twist angle, et = (2)Ox107)(2.0) =2.842x107% m*

()

(77 % 10°)(52.360 x 107)
¢ =41.06x107° m= 41.06 mm d =2c¢ =82.1mm

5 _ (9O x10%)

= =63.662x107° m’
(90 x10%)

Based on shearing stress,

c=3993%x10"m=39.93mm d =2¢ =79.9mm

Required value of d is the larger. d =82.1mm <«
Bronze shaft: 7=35%x10°Pa, G =42x10"Pa
3
Based on twist angle, 4= (2)(99X 10)2.0) —- =5.2103 % 10° m*
(42 x107)(52.360 x 107)
c =47.78x107° m=47.78 mm d = 2¢ =95.6 mm
3
Based on shearing stress, ¢ = w =163.702 x 10 m*
7(35x%10%)
¢ =54.70x 107 m = 54.70 mm d =2c¢ =109.4 mm
Required value of d is the larger. d =109.4 mm <«
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PROBLEM 3.48

A hole is punched at 4 in a plastic sheet by applying a 600-N
force P to end D of lever CD, which is rigidly attached to the
solid cylindrical shaft BC. Design specifications require that
the displacement of D should not exceed 15 mm from the
time the punch first touches the plastic sheet to the time it
actually penetrates it. Determine the required diameter of
shaft BC if the shaft is made of a steel with G = 77GPa and
7,; = 80 MPa.

SOLUTION

Torque T =rP =(0.300 m)(600 N) =180 N - m

Shaft diameter based on displacement limit.

o 15 mm

p===——"2=0.005rad
r 300 mm

oo L _ 2L
GJ nGc*

4 _ 2TL _ (2)(180)(0.500)
7Gp  x(77 x10°)(0.05)

11.045x107°m =11.045m d = 2¢ = 22.1 mm

=14.882x 107 m*

C

Shaft diameter based on stress.

7 =80x10°Pa r=£=2—T3
J e

222l _ (2080
rr 7(80x10%)

c=11273%x10"m =11273mm d = 2c = 22.5mm

=1.43239x10°m’

Use the larger value to meet both limits. d =22.5mm <4
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PROBLEM 3.49

The design specifications for the gear-and-shaft system
shown require that the same diameter be used for both
shafts, and that the angle through which pulley 4 will
rotate when subjected to a 2-kip - in. torque T, while
pulley D is held fixed will not exceed 7.5°. Determine
the required diameter of the shafts if both shafts are made
of a steel with G = 11.2x10%psi and 7,; = 12 ksi.

SOLUTION

Statics:

Gear B.

Gear C.

Torques in shafts.

Deformations:

Kinematics:

+‘>ZMB =0: T F
rF =T, =0 F =Tglrs 8 '~
s v B
=M, = 0: =
1eF =Ty =0
o v = F
B
7 5 F T
n=-X==-=25 'JD
rg 2

Typ=Ty=Tp Tcp=Tc=nly=nl,

Peip = TEL}L D= ng‘}L D)
Py = %) = %)
¢ =0 @c=¢p+@op =0+ ngAJL)
pPp = ~1c¥Pp  Pp = —:_C¢c =—ngc  Pp anL )
B
Oy =@+ Ppic = nZ‘;L + 25 = ( Z?TAL D
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PROBLEM 3.49 (Continued)

Diameter based on stress.

Largest torque: T,=Typ =nl,
ro= Tl _ 2”T3A T, =7, =12x10°psi, T, =2x10’Ib-in
J e
3
¢ =320 _J@CICXN) _ 6 6ar5in, =20 =1285in.
nT,, (12 x10%)

Diameter based on rotation limit.
@ =17.5°=0.1309 rad
o= (n* +DT,L _ @Q(129T,L

L=8+16 =241in.

GJ nc'G
3
o= QUDILL _ JOOICXIONEY _ 6r34gin o = 2¢ = 1247 in.
znGo 7(11.2 x10%)(0.1309)
Choose the larger diameter. d =1.285in. 4
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PROBLEM 3.50

Solve Prob. 3.49, assuming that both shafts are made of a
brass with G = 5.6x 10°psi and 7,; = 8 ksi.

PROBLEM 3.49 The design specifications for the gear-
and-shaft system shown require that the same diameter
be used for both shafts, and that the angle through which
pulley 4 will rotate when subjected to a 2-kip - in.
torque T, while pulley D is held fixed will not exceed
7.5°. Determine the required diameter of the shafts if
both shafts are made of a steel with G = 11.2 x10° psi
and 7,; =12 ksi.

SOLUTION

Statics:

Gear B.

Gear C.

Torques in shafts.

Deformations:

Kinematics:

|
+‘>ZMB=0: 8 r\Nr\
¥ '8
gl =T,=0 F =Tglrg F
EM, = 0:
roF =T,=0 T F
3
g T
D
n=lc_3_ss
g 2

Peip = Tg}L D= ng‘}L D)
Py = %) = %)
P =0 @c=¢p+@op =0+ ngAJL)
3Pp = ~1c¥Pp  Pp = —:_C¢c =—ngc  Pp anL )
B
Oy =@+ Ppic = n:‘;L + 2; = s Z?TAL D
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PROBLEM 3.50 (Continued)

Diameter based on stress.

Largest torque: T, =T, =nT,
7, = = 2”T3A 7, =7, =8x107psi, T,=2x10°Ib-in
J y 46
3
¢ =20 _J@CICXI) _ 3555 g = 20 =1471in,
nT,, (8 x107)

Diameter based on rotation limit.
@ =7.5°=0.1309 rad
o= (n* +)T,L _@U257T,L

L=8+16 =241n.

GJ G
3
= QUDLL _, (2)(7'25)(26X 00CY _ 6 7415in., d = 2¢ = 1.483 in.
G 7(5.6 X 10°)(0.1309)
Choose the larger diameter. d =1.483in. 4
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PROBLEM 3.51

A torque of magnitude 7" =4 kN- m is applied at end 4 of the
composite shaft shown. Knowing that the modulus of rigidity
is 77 GPa for the steel and 27 GPa for the aluminum,
|~ determine (a) the maximum shearing stress in the steel core,

54 . . . . .
e (b) the maximum shearing stress in the aluminum jacket, (c)

A .
St come 7/ g 95 1 the angle of twist at 4.
Aluminum jacket M
SOLUTION
1 T 4 _7 4 -9
Steel core: e =3 d,=0.027m J, :Ecl = 5(0.027) =834.79x10
GJ; = (77 x10°)(834.79 x 10™%) = 64.28 x 10° N - m?

Torque carried by steel core. T, =GJp/L
Aluminum jacket: ¢ =%dl =0.027m, ¢, =%d2 =0.036 m

J =%(c;‘ ) =§(o.0364 ~0.027%) =1.80355x 107 m*

GyJ, =(27 x10%)(1.80355 x 107%) = 48.70 x 10> N - m?
Torque carried by aluminum jacket. T, = G,J,¢/L
Total torque: T=T+T, =(GJ, +G,J,) ¢/L

Q T 4x10°

y_ = =35.406x107 rad/m
L GJ +GyJ, 64.28x10°+48.70x10°

(a) Maximum shearing stress in steel core.

T=Gy= Glcl% = (77 x 107)(0.027)(35.406 x 107>) =73.6 x10° Pa 73.6 MPa <4

(b) Maximum shearing stress in aluminum jacket.

T=G,y= Gzcz% =(27 x 107)(0.036)(35.406 x 107) =34.4x10° Pa 344 MPa <
()  Angle of twist. Q= L% =(2.5)(35.406 x 107°) =88.5 x 10 rad p=507° 4
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54 mm
A

Steel core

Aluminum jacket

PROBLEM 3.52

The composite shaft shown is to be twisted by applying a
torque T at end A. Knowing that the modulus of rigidity is 77
GPa for the steel and 27 GPa for the aluminum, determine the
largest angle through which end 4 can be rotated if the

following allowable stresses are not to
Tyeos = 00 MPa and 7, ... = 45MPa.

steel —

be exceeded:

SOLUTION

Steel core:

Aluminum Jacket:

Smaller value governs:

Allowable angle of twist:

%
Thhax = Gymax = Gcmax Z
Pan _ Tl gor each material.
L Ge

max

T, = 60x10° Pa, ¢ =1d=0.027m, G =77x10° Pa

max >y

6
Pu__ OOXI0 58 460%107 rad/m
L (77x10°)0.027)
Tall = 45X 106 Pa’ Cmax = %d = 003611‘1, G =27x% 109 Pa

Qi _ 45%10°

5 =46.296 x 10~ rad/m
L (27 x10°)(0.036)

% = 28.860 x 10~ rad/m

Oy =L % = (2.5)(28.860 x 10~%) = 72.15x 10~ rad

¢au = 4.130 4
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PROBLEM 3.53

The solid cylinders 4B and BC are bonded together at B and are
in. attached to fixed supports at 4 and C. Knowing that the modulus of
rigidity is 3.7 x 10° psi for aluminum and 5.6 x 10° psi for brass,
determine the maximum shearing stress (a) in cylinder AB, (b) in

T =125kip - in. Q ¥ cylinder BC.
B
Brass
—
18 in.

SOLUTION

The torques in cylinders 4B and BC are statically indeterminate. Match the rotation ¢, for each cylinder.

Cylinder 4B: c= %d = 0.751in. L =121n.

J = gc“ = 0.49701 in*

_ Tl _ T,5(12)
GJ  (3.7x10%)(0.49701)

= 6.5255x107°T

Cylinder BC: c= %d =1.0in. L =18 in.

J=2c = Z1.0)* =1.5708 in*
2 2

_ Tpel _ Tpc(18)
GJ  (5.6x10%)(1.5708)

Py = 2.0463x 10T},

Matching expressions for @z 6.5255x 107, = 2.0463 X 10T}

Tge = 3.1889 T (1)
Equilibrium of connection at B: Tyg+Tee —T=0 T =125x10°1b - in
Typ + Tpe = 12.5x10° 2)
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PROBLEM 3.53 (Continued)

Substituting (1) into (2), 41889 T, = 12.5x10°

T3 =29841x10°1b-in  Tpe = 9.5159x10°1b - in

(@) Maximum stress in cylinder AB.

_ Tee (29841 x10%)(0.75)

T p = =4.50x10% psi T,n = 4.50 ksi 4
B 0.49701 P 48
(b) Maximum stress in cylinder BC.
Tyee  (9.5159 x10%)(1.0) s .
Tpe = = = 6.06 X 10° psi Thr = 6.06 ksi 4
BC g 1.5708 P BC
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PROBLEM 3.54

i Solve Prob. 3.53, assuming that cylinder 4B is made of steel, for
Aluminum—__ | . which G=11.2 x 10° psi.

PROBLEM 3.53 The solid cylinders AB and BC are bonded together

T = 125kip - iu( 3 at B and are attached to fixed supports at 4 and C. Knowing that the
5 1d modulus of rigidity is 3.7 x 10° psi for aluminum and 5.6 x 10° psi for
Hirasi brass, determine the maximum shearing stress (¢) in cylinder 4B,
I " (b) in cylinder BC.
m.

SOLUTION

The torques in cylinders 4B and BC are statically indeterminate. Match the rotation ¢, for each cylinder.

Cylinder AB: ¢ = %d =0.75in. L=12in. J = gc“ = 0.49701 in*

@y = Lasl _ TAB6(12) =2.1557x107°T,
GJ  (11.2x10°)(0.49701)

Cylinder BC. ¢ = %d =1.0in. L=18in. J = %04 - %(1.0)4 = 1.5708 in*

_ Tgel _ Ty(18)
GJ  (5.6x10%)(1.5708)

= 2.0463 X 10T},

Matching expressions for @3~ 2.1557 X 107°T,, = 2.0463 X 10Ty, Tpe = 1.0535 T )
Equilibrium of connection at B: Ty + Ty =T =0 T, p + Tpe = 12.5x10° )
Substituting (1) into (2), 2.0535 T, =125 10°

T,5 = 6.0872x10°Ib - in Tye = 6.4128x10°1b - in

(a) Maximum stress in cylinder 4B.

3
7,y = L _ (CO872XT0DOT5) _ g 19, 103 g 7,5 =9.19ksi €
J 0.49701
(b) Maximum stress in cylinder BC.
3
Tge = Tpce _ (64128 x107)(1.0) _ 4.08 x 10° psi Tge = 4.08 ksi 4

J 1.5708

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.55

Two solid steel shafts are fitted with flanges that are then
connected by bolts as shown. The bolts are slightly undersized
and permit a 1.5° rotation of one flange with respect to the
| 2 other before the flanges begin to rotate as a single unit.

Knowing that G = 11.2 X 10° psi, determine the maximum
8T =3501Ib-ft shearing stress in each shaft when a torque of T of magnitude
420 kip - ft is applied to the flange indicated.

3 ft
PROBLEM 3.55 The torque T is applied to flange B.

2 ft

SOLUTION
Shaft 4AB:
J s = %c4 = %(0.625)4 = 0.23968 in*
T,zL
@y = ~ABZAB
GJ 4
GJ 05 (11.2x10%)(0.23968)
Typ = I3 - 24 %
AB
=111.853x10°p,
Shaft CD:
Applied torque: T =420kip - ft =50401b - in

T =T Lgp=23ft=36in, c= %d = 0.75in.

Jep = 2ct = 2(0.75)* = 0.49701 in*
2" 2
Tepl
o = ~Cotep
GJep
6
1y = Glene _ (12X10904970) | o) o0 165
LCD 36
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PROBLEM 3.55 (Continued)

Clearance rotation for flange B: @, =1.5°=26.18 107 rad

Torque to remove clearance: T/p= (111.853x10%)(26.18 x 107) = 2928.3 Ib - in

Torque T” to cause additional rotation ¢”: T” = 5040 — 2928.3 = 2111.7 Ib-in

" _ ot ”
I"=T;p+Tcp

2111.7 = (111.853 x 10*)p” + (154.625 x 10%)p” @” =7.923x107 rad

77, = (111.853x10%)(7.923 x 107) = 886.21 Ib - in
T{n= (154.625 x 10%)(7.923 x 107%) = 1225.09 Ib - in

Maximum shearing stress in 4B.

o, = Tae _ (29283 48862100.629) _ oo £1 =995 ksi 4
J s 0.23968

Maximum shearing stress in CD.

o _ Tope _ (1225.09)(0.75)
L T 0.49701

= 1849 psi Top = 1.849 ksi <
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PROBLEM 3.56

Two solid steel shafts are fitted with flanges that are then
connected by bolts as shown. The bolts are slightly undersized
and permit a 1.5° rotation of one flange with respect to the
other before the flanges begin to rotate as a single unit.
Knowing that G = 11.2 X 10° psi, determine the maximum
shearing stress in each shaft when a torque of T of magnitude
420 kip - ft is applied to the flange indicated.

PROBLEM 3.56 The torque T is applied to flange C.

SOLUTION
Shaft 4AB:
T=T;, Lj=2ft=24in, c= %d = 0.625 in.
Jp =2t = Z(0.625) = 0.23968 in*
2 2
T,sL
@y = —AB=AB
GJ 05 (11.2x10°)(0.23968)
Typ = 7 - 24 2
4B
=111.853x 10’y
Shaft CD:
Applied torque: T =420kip- ft =50401b-in
T=Tp, Lep=3ft=36in, c= %d =0.751n.
Jep = 2c* = Z(0.75)* = 0.49701 in*
2 2
TepL
9 = ~CR=CD
6
T.p = GJep @c _ (11.2x10°)(0.49701) o = 154.625%10° .
Lep 36
Clearance rotation for flange C: @ =1.5°=26.18x 107 rad
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PROBLEM 3.56 (Continued)

Torque to remove clearance: Tfp = (154.625 x 10%)(26.18 x 107) = 4048.1Ib - in
Torque T” to cause additional rotation ¢”: T” =5040 — 4048.1 =991.91b-in
I"=Tjy+ T
991.9 = (111.853 x10%)¢” + (154.625 x 10°)¢” .  ¢”"=3.7223x10>rad
Tip = (111.853x107)(3.7223 x 107°) = 416.35 Ib - in
T = (154.625 x107)(3.7223x10™%) = 575.56 Ib - in

Maximum shearing stress in AB.

T (416.35)(0.625)
J i 0.23968

= 1086 psi 7,5 = 1.086 ksi 4

Maximum shearing stress in CD.

_ Tepe | (4048.1+ 575.56)(0.75)
Jep 0.49701

Tep = 6980 psi Tep = 6.98 ksi 4
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60 mm

300 mm )

100 mm

45 mm

500 mm

PROBLEM 3.57

Ends 4 and D of two solid steel shafts 4B and CD are fixed, while
ends B and C are connected to gears as shown. Knowing that a
4-kN - m torque T is applied to gear B, determine the maximum
shearing stress (@) in shaft 4B, (b) in shaft CD.

SOLUTION

Gears B and C:

Solve (2) for F and substitute into (3):

Shaft AB:

Shaft CD:

7 40
Ps =_C¢c =—@ P5 =0'4¢c (D
rs 100
YMp=0:Tgy =r1.F ()
SMyp=0:T T, =rgF 3)
7, 100

T-Ty==2Tg T'=T;p+—Tp

Pp = ¢B/A

P = ¢C/D

To 40 4)

L=03m, ¢=0030m
Tyl _ Ty (03)
JG %(0.030)46

= 235.79 x10° %B (5)

L=05m, ¢=0.0225m

TepL Tep (0.5)
JG %(0.0225)4G

= 1242><103TC?D (6)

Substitute from (5) and (6) into (1):

@y = 0.4¢-: 23579 x 103%3= 0.4 %1242 %10 TCFD

Tep = 047462 = T, (7
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PROBLEM 3.57 (Continued)
Substitute for T, from (7) into (4):
T =T, +2.5(0474627 ;) T =2.1865T,5 (8)
For T =4 kN - m, Eq. (8) yields
4000N - m = 2.18657 T,s =18294N -m
Substitute into (7): Tep = 0.47462(1829.4) = 868.3N - m
(a) Stress in AB:

Ty 2T, 2 18294
Ty = = =

y = 0030 =43.1x10° 7,5 = 43.1 MPa <
T c 7T (0.

(b) Stressin CD:

2Ty 2 8683

T e S oomy =S Foo = 453 MPa <
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PROBLEM 3.58

60 mm

Ends 4 and D of the two solid steel shafts AB and CD are fixed,
while ends B and C are connected to gears as shown. Knowing that
the allowable shearing stress is 50 MPa in each shaft, determine the
largest torque T that may be applied to gear B.

45 mm

300 mm Y

100 mm

D
500 mm
SOLUTION
Gears B and C:
7 40
5 =00 =—c 05 =04 ¢c )
v 100
p (B
Tep
t;
BN g F SMy =0 Tpp =r.F )
\ t
6 SMy =0 T — Ty =rgF 3)
Solve (2) for F' and substitute into (3):
7 100
T-T,=-2T T=Tp+—T,
AB e CD AB 40 CD (4)
T =Ty +25T,
Shaft 4B: L=03m, ¢=0.030 m
b=y =280 =T8O _g3577510' Lan )
JG T 0.030) G G
2
Shaft CD: L=05m, ¢=0.0225m

b= =28 =T _jpp510' Lo ©)

JG %(0.0225)4 G
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PROBLEM 3.58 (Continued)

Substitute from (5) and (6) into (1) :
Gy =040 23579x10° Tis _g4x1242x10° T2
G G
T =0.47462T
Substitute for 7., from (7) into (4):

T =T, +25(0.47462 T ;) T =2.1865T,,

Solving (7) for T,, and substituting into (8),
Tep
T =21865| —=— T =4.6068 T,
0.47462

Stress criterion for shaft AB:

TAB = Tall =50 MPa:

T4p ZT Typ=—Typ=—CTyp
= %(0.030 m)*(50 x 10° Pa) = 2120.6 N - m
From (8): T =2.1865(2120.6 N - m) = 4.64 kN - m

Stress criterion for shaft CD:

TCD = Tau = 50 MPa:

Tep = Tffc Top = gc%@ = %(O.OZZSm)3(50><106 Pa)
= 894.62N - m
From (7): T =4.6068(894.62 N - m) = 4.12kN - m

The smaller value for T governs.

()

(®)

)

T=412kN-m <«
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PROBLEM 3.59

The steel jacket CD has been attached to the 40-mm-diameter steel
shaft AE by means of rigid flanges welded to the jacket and to the
rod. The outer diameter of the jacket is 80 mm and its wall thickness
is 4 mm. If 500 N - m torques are applied as shown, determine the
maximum shearing stress in the jacket.

SOLUTION
Solid shaft: c= %d = 0.020 m
Jg = §c4 = %(0.020)4 = 251.33x10° m*
Jacket: ¢, = %d = 0.040 m
¢ =¢, —t=0.040 - 0.004 = 0.036 m
_ T4 4\_ T 4 4
J, = 2((:2 o) = S (0.040" - 0.036%)
=1.3829x10°m*
Torque carried by shaft. Ty = GJg /L
Torque carried by jacket. T, =GJ,¢/L
Go T
Total torque. T =Ty + 7, = (Jg+J,)Go/L ek A
L Jg+J,
-6
T, J,; T = (1.3829 % 107°)(500) — 4231 N-m

T Jg+J,  1.3829%107° +251.33x107°
Maximum shearing stress in jacket.

;= Ty _ (423.1)(0.040)
J,  1.3829x10°°

=12.24%10°Pa 12.24 MPa «
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PROBLEM 3.60

A solid shaft and a hollow shaft are made of the same material and
are of the same weight and length. Denoting by # the ratio ¢,/ c,,

show that the ratio T./T, of the torque 7 in the solid shaft to the
torque T, in the hollow shaft is

o
(a) (- n*)/(1+n?) if the maximum shearing stress is the same in
¢ =nc
! 2 each shaft, (b) (1—n) (1 + nz) if the angle of twist is the same for
each shaft.
SOLUTION

For equal weight and length, the areas are equal.

2 _ 2 2\ _ 2 2
ey —ﬂ(cz—cl)—ﬂcz(l—n)

7T 4
S

(a) For equal stresses.

r= Tcy _ Ti6y

T 4 242
J. =—c =—c,(1—-n
760 =3 2 ( )

Js Jh
T _Je_ Fal-nYe _ d-w _(-n)" <
T, iy ESA-ne,(-nP)"? 1+ nH)(1-n?)P? 1+ n?
(b)  For equal angles of twist.
_LL _T,L
GJ,
T, _ Zey(1-n)’ _(-n? _1-n <
T, Zes(1-n') 1-n* 1+ n?
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PROBLEM 3.61

A torque T is applied as shown to a solid tapered shaft 4B. Show by
integration that the angle of twist at 4 is

o= 7TL
1272Gc*
SOLUTION
Introduce coordinate y as shown.
-
L
Twist in length dy:
A Y= o \
_Tdy _ Tdy _ 2TL'dy \
GJ] g% mGe'y \
2 Lo\ y
o= [ 2TL* dy _ 2TL v dy y=L
L 2Get T aGett )R i

2L
ot )1 _2TL4{_1+L}
zG* | 3y'), =Gt 240 30

2TL4{ 7 } 7L ' e

xGet 248 | 127G
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PROBLEM 3.62

spring constant will be 4.27 Ib - ft/rad.

The mass moment of inertia of a gear is to be determined experimentally by
using a torsional pendulum consisting of a 6-ft steel wire. Knowing that
G=112x10° psi, determine the diameter of the wire for which the torsional

SOLUTION

Torsion spring constant K = 4.27 b - ft/rad = 51.24 Ib - in/rad

_r_ T _GJ_ aGc
¢ TLIG] L 2L
A2 2LK _ (9(72)(5124)
G 7w(11.2x10%

¢ =0.1203 in.

=209.7x10%in*

d =2c¢=0241in. 4
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PROBLEM 3.63

An annular plate of thickness ¢ and modulus G is used to
connect shaft AB of radius r; to tube CD of radius r,. Knowing
that a torque T is applied to end 4 of shaft AB and that end D
of tube CD is fixed, (a) determine the magnitude and location
of the maximum shearing stress in the annular plate, (b) show
that the angle through which end B of the shaft rotates with
respect to end C of the tube is

op = | L _ L
B anGe\ 2 R

SOLUTION

Use a free body consisting of shaft 4B and an inner portion of the plate BC, the outer radius of this portion

being p.

The force per unit length of circumference is z¢.

(@)

()

a4+

M =0 4 \

trp)p—T =0 l T \1
T

r= 27tp? L f’\;f

T N /

. . 3 B y
Maximum shearing stress occurs at p = 7, Toax = 2? ™ - <
Shearing strain: y = Lz Lz

G 2nGTp

The relative circumferential displacement in radial length dp is
dé=ydp=pdy

d
P

0= I dp T dp
21Gtp* p 2xGTP?

s Tdp T (rdP_ T [ 1
W 2xGtp®  2xGtdn PP 272Gt

T 1 1 T 1 1
R Y=y e s f Gyt R M3 <
2nGt | 2n 25 4rGt | K I3

Pgic = j
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PROBLEM 3.64

Determine the maximum shearing stress in a solid shaft of 12-mm diameter as it transmits 2.5 kW at a
frequency of (a) 25 Hz, (b) 50 Hz.

SOLUTION
c=%d=6mm=0.006m P =25kW = 2500 W
(@) [ =25Hz r=-"L - 2% _i59155N - m
— 2f  27(25)
T=E=2—TS=2(15'—91553)=46.9><106P21 7 = 46.9 MPa 4
J oz 7(0.006)
() f=50Hz 7=2% _79577N m
— 27(50)
T=2(L5773)=23.5><106Pa 7 =23.5MPa 4
7(0.006)

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.65

Determine the maximum shearing stress in a solid shaft of 1.5-in. diameter as it transmits 75 hp at a speed of
(@) 750 rpm, (b) 1500 rpm.

SOLUTION
c= %d = 0.75 in. P =75 hp = (75)(6600) = 495x 10 Ib - in/s
750
=" =125H
@  f=- z
P 495x10°

= 6.3025x10°Ib - in

T2xf 27(125)

_Tc _ 2T _ (2)(6.3025x10%)

== —— =9.51x 10" psi T=951ksi 4
J zc 7(0.75)
1500
b =~ — =25Hz
b f %0
3
= 85107 5 15135 10%Ib - in
27(25)
3
7= DGISBXN0) _ 760103 psi T =476ksi 4

7(0.75)°
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PROBLEM 3.66

Design a solid steel shaft to transmit 0.375 kW at a frequency of 29 Hz, if the shearing stress in the shaft is not
to exceed 35 MPa.

SOLUTION

7, =35x10°Pa P =0375x10°W f =29Hz
P 0375x10°

T= =2.0580 N-m
2rf 27(29)
L Y MU
J zc 7t 7w(35x%x10°)

¢ =3345x10"m = 3.345mm
d=2c d =6.69 mm 4
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PROBLEM 3.67

Design a solid steel shaft to transmit 100 hp at a speed of 1200 rpm, if the maximum shearing stress is not to
exceed 7500 psi.

SOLUTION

T, = 7500psi P = 100hp =660 x 10*Ib - in/s

3
f:@:Q()HZ T = s :660X10 =52521x10°1b - in
60 2r f 27(20)
3
p=le 2 5 2 _QG2XA0) s
J zc T 7(7500)
¢ = 0.7639in. d=2c d =1.528 in. 4
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PROBLEM 3.68

Determine the required thickness of the 50-mm tubular shaft of Example 3.07 if is to transmit the same power
while rotating at a frequency of 30 Hz.

SOLUTION

From Example 3.07, P =100kW =100 x 10° W

7,; = 60MPa = 60 x 10° Pa ¢y = %d =25mm = 0.025m

£ =30Hz
r=-L 5305 N-m

2 f
J=2(d-dd) o=t

ot e st (2)530.52)(0.025)

= = 249.90x 10" m*
T (60 x10°)

¢ = 22.358x107° m = 22.358 mm

t =c¢, —¢ =25mm — 22.358 mm=2642 mm t =2.64mm <«
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PROBLEM 3.69

While a steel shaft of the cross section shown rotates at 120 rpm, a
12 3in. stroboscopic measurement indicates that the angle of twist is 2°

in a 12-ft length. Using G =11.2 x10° psi, determine the power
being transmitted.

SOLUTION

@ =2°=34907x10"rad L =12ft=144 in.

¢, = %du =15in. ¢ = %d,. = 0.6in.

J = %(c;‘ —ct) = 205" - 0.6*) = 7.7486 in’*

2
120
=—=2Hz
! 60
6 -3
7= quo _ (11.2x10 )(7.74;ij)(34.907><10 ) = 21.037 x10°Ib -in

P =27 fT=27(2)(21.037 x 10%) = 264.36x 10’ Ib-in/s
Since 1hp =66001b -in/s, P=40.1hp <
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PROBLEM 3.70

The hollow steel shaft shown (G = 77.2 GPa, 7,; = 50 MPa)

T rotates at 240 rpm. Determine (a) the maximum power that can
be transmitted, (b) the corresponding angle of twist of the shaft.

SOLUTION
1
1
¢ =—d, =12.5mm
2
_ T4 a\_ 7 4 4
J = 2(02 cl) = ~160)* - (12.5)"]
=1.234x10°mm* =1.234 x10°m*
7, = 50x10° Pa
6 —6
- _Te . _1,J _(50x10 )(1.2343><10 ) 20567 N - m
J c 30x10~
Angular speed. f =240 rpm = 4 rev/sec = 4 Hz

(a)  Power being transmitted. P =2xfT = 2m(4)(2056.7) = 51.7x 10° W

P =51.7kW <«

TL (2056.7)(5)

== 5 —— = 0.1078 rad
GJ  (77.2x107)(1.234x107)

(b)  Angle of twist. 1)

9 =617 4
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PROBLEM 3.71

As the hollow steel shaft shown rotates at 180 rpm, a
stroboscopic measurement indicates that the angle of twist of

r the shaft is 3°. Knowing that G = 77.2 GPa, determine (a) the
power being transmitted, (b) the maximum shearing stress in the
shaft.

SOLUTION
1
c = Edz =30 mm
1
2
_ T4 4\ _ T 4 4
7 =2 - i) = 160" - 12.5%)]
=1.234x10°mm* = 1.234 x 10 m*
@ = 3°=0.05236 rad
oo IL
GJ
9 -6
T Gl _ (77.2 x107)(1.234 x 107°)(0.0536) ~9976IN -m
L 5
Angular speed: f =180 rpm = 3 rev/sec = 3 Hz

(a) Power being transmitted. P =2xfT="2r(3)997.61) = 18.80 x 10°'W

P =18.80 kW <«

-3
() Maximum shearing stress. 7, = Te, _ 097.6DB30x 160 )
J 1.234x 10"

=24.3x10°Pa 7, =243 MPa <
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PROBLEM 3.72

The design of a machine element calls for a 40-mm-outer-diameter
shaft to transmit 45 kW. (a) If the speed of rotation is 720 rpm,
determine the maximum shearing stress in shaft a. (b) If the speed of
rotation can be increased 50% to 1080 rpm, determine the largest inner
diameter of shaft b for which the maximum shearing stress will be the
same in each shaft.

SOLUTION
720
=—=12H
@ == z

P =45kW = 45x10°W
P 45x10°

Tozf 27(12)

c=%d=20mm=0.020m

=596.83 N -m

= % _ 2 _ (D8 49494 %10 Pa T = 47.5MPa <
1080
b =—
& f==
3
_BXI0T 709N - m
27(18)
=16 _
J
014 _ Cg _ 2TC‘2
¢ =0.020* - (2)(397'89)(0'0§O) =53.333x10”
7(47.494 x10°)
¢ =1520x107m = 15.20 mm dy = 2¢, = 30.4 mm <«
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1 ' PROBLEM 3.73

A steel pipe of 3.5-in. outer diameter is to be used to transmit a torque
3.5 n. of 3000 Ib - ft without exceeding an allowable shearing stress of 8 ksi.
A series of 3.5-in.-outer-diameter pipes is available for use. Knowing
that the wall thickness of the available pipes varies from 0.25 in. to
0.50 in. in 0.0625-in. increments, choose the lightest pipe that can be
used.

SOLUTION
T =30001b-ft=36%x10>1b - in

@=%%=L%m.

Tc, 2Tc,
T=—707="77_ &
J n(q -q )
3
¢ =c _e =1.75% - (2)36x10 )3(1'75) = 43655 in*
nT (8 X 107)
¢, =1.4455in.

Required minimum thickness: ¢ =c¢, — ¢
t=1.75-1.4455=0.3045 in.
Available thicknesses: 0.251in., 0.31251n., 0.375 in., etc.
Use t=0.3125in. 4
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PROBLEM 3.74

The two solid shafts and gears shown are used to

- transmit 16 hp from the motor at 4, operating at a speed
of 1260 rpm, to a machine tool at D. Knowing that the
maximum allowable shearing stress is 8 ksi, determine
the required diameter (a) of shaft AB, (b) of shaft CD.

SOLUTION
(a) Shaft 4B: P =16 hp = (16)(6600) = 105.6 x 10* Ib - in/sec
1260
=——=21Hz
4 60
7 =8 ksi = 8 x10° psi
3
T,y = 2 = 1056X107 _ 4035 1p . in
2nf 27(21)
Tc 2T /ZT
T=—= —3 Cc = 3——
J 7 T
¢ = | AEWO3D _ 399 in,
(8 x107)
d,p =2c=0.799 in. d,p =0.799 in. 4
(b)  Shaft CD: Tep = :—C Ty = %(800.32) =1.33387x10°1b - in
B
3
o= 3'[2_T _ (2)(1.33387>3<10 ) _ 0.473 in.
T (8 x107)
dep = 2¢ = 0.947 in. dep = 0.947 in. 4
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PROBLEM 3.75

The two solid shafts and gears shown are used to
transmit 16 hp from the motor at 4 operating at a speed
of 1260 rpm to a machine tool at D. Knowing that each
shaft has a diameter of 1 in., determine the maximum
shearing stress (@) in shaft AB, (b) in shaft CD.

SOLUTION
(@)  Shaft 4B: P =16 hp = (16)(6600) = 105.6 x 10* Ib - in/sec
1260
== =21Hz
/="
3
Ty = = 1056107 03514 in
2rf 27 (21)
c=td=05m.
2
Tc 2T
T=—=—-
J
= %0'332) = 4.08x 10’ psi
7(0.5)
(b)  Shaft CD: Tep = :—C Ty = 2(800.32) =1.33387x 10°Ib - in
B

_ 2T (2)(1.33387 x10°)
e’ 7(0.5)°

= 6.79 x 10°psi

7,5 = 408 ksi 4
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PROBLEM 3.76

Three shafts and four gears are used to form a gear train
that will transmit 7.5 kW from the motor at 4 to a
machine tool at . (Bearings for the shafts are omitted in
the sketch.) Knowing that the frequency of the motor is
30 Hz and that the allowable stress for each shaft is
60 MPa, determine the required diameter of each shaft.

SOLUTION

Shaft AB:

Shaft CD:

Shaft EF:

P=75kW=75x10°W 7,; = 60 MPa=60x10° Pa

3
Fip=30Hz Tp=—>t T3X10_ 35789N.m
2n fup 2m(30)
Tey 2T 5 2T
T=—=—— " Cip=—"
Jup  TCyp nT
Cis =%‘782)=422.17x10—9 m’
(60 x 10°)
cup = 7.50x107 m = 7.50 mm d 5 =2¢,5 =15.00mm <«
3
fCD=”—BfAB=ﬂ(30)=12Hz Tpp = P _T53X1Y g9 475N - m
e 150 onfepy  2m(12)
TCD=TCCD =—23T céD=2TCD = 2(99'4722 =1.05543x107% m*
Jep  megp nT (60 x 10”)
cep =10.18 10> m=10.18 mm dep =2¢op =20.4mm <
P 75x10°

=248.68 N -m

fEF:ifCD:ﬂ(lz)ZLLSHZ Tgp =
r 150

n 2nfyy 27 (4.8)

p= Lo o 2 DY) ) eg6510¢ m
Jer  megg (60 %< 10”)
cpr =13.82x107° m =13.82 mm dpp =25 =27.6mm <
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PROBLEM 3.77

Three shafts and four gears are used to form a gear train that will
transmit power from the motor at 4 to a machine tool at F. (Bearings
for the shafts are omitted in the sketch.) The diameter of each shaft is
as follows: d ;=16 mm, d ,=20mm, d; =28mm. Knowing
that the frequency of the motor is 24 Hz and that the allowable
shearing stress for each shaft is 75 MPa, determine the maximum
power that can be transmitted.

SOLUTION

7,,=75MPa =75 x 10° Pa

ShaftAB: 45 = ~dp=0008m =248 = 2
2 J 48 TTCyp
7. =23 7. =2(0.008) (75%10%= 60319 N
all _ECABTall _E( .008)" (75 x10%)= 60. ‘m
fip = 24Hz Py = 27f 5Ty =27(24)(60.319) = 9.10 x 10° W

Shaft CD: Cep = %dCD =0.010m

el _ 20 2T = (0.010) (75% 105 = 117.81N ‘m
Jep  Tegp 2 2

fop =L f =% (24)=9.6Hz Py =27 f Ty = 27(9.6)(117.81)=7.11x 10> W

Shaft EF: Cpp= %dEF =0.014m
T, = %cgﬂan = % (0.014)3 (75 % 10°) = 323.27 N :m

For="2 1= 0.6)=3 84 Hz
" 150

Py =27 [Ty =271(3.84)(323.27)=7.80x10° W

Maximum allowable power is the smallest value. Py=711x10°W =7.11kW <«
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PROBLEM 3.78

A 1.5-m-long solid steel of 48 mm diameter is to transmit 36 kW between a motor and a machine tool.
Determine the lowest speed at which the shaft can rotate, knowing that G = 77.2 GPa, that the maximum
shearing stress must not exceed 60 MPa, and the angle of twist must not exceed 2.5°.

SOLUTION

P=36x10°W, c=%d=0.024m, L=15m, G=772x10°Pa

Torque based on maximum stress: 7=60MPa =60 x 10° Pa
Tc JT 7 ; T 3 6 3
T=— T="-="¢c"7==(0.024)(60x10") =1.30288 x 10° N -m
J c 2 2
Torque based on twist angle: ¢=2.5°=43.633 %10 rad

Lo _Glp_ 7c*Gep  7(0.024)* (77 x10”)(43.633 x 107°)
GJ L 2L (2)(1.5)

=1.17033% 10N -m

(0:

Smaller torque governs, so 7'=1.17033x 10> N -m

P 36 x10°
22T 27m(1.17033 x 10%)

P=2xfT f

f=490Hz <
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PROBLEM 3.79

A 2.5-m-long steel shaft of 30-mm diameter rotates at a frequency of 30 Hz. Determine the maximum power
that the shaft can transmit, knowing that G = 77.2 GPa, that the allowable shearing stress is 50 MPa, and that
the angle of twist must not exceed 7.5°.

SOLUTION
czéd =15mm=0.015m L=25m
. 6 TC‘
Stress requirement. 7=50x10"Pa 7= 7
=% o703 2 E50x10°)0.015)° = 26507 N - m
c 2 2
Twist angle requirement. @ =75°=13090x10"rad G = 77.2x10°Pa
o= TL _ 2TL
GJ nGc*

T = %Gc“go - %(77.2 % 10°)(0.015)*(130.90 x 10) = 803.60 N - m

Smaller value of T is the maximum allowable torque.
T =26507N-m

Power transmitted at /=30 Hz.

P =27fT = 27(30)(265.07) = 49.96 x 10° W P =50.0kW <
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PROBLEM 3.80

A steel shaft must transmit 210 hp at a speed of 360 rpm. Knowing that G = 11.2 x 10° psi, design a solid
shaft so that the maximum shearing stress will not exceed 12 ksi, and the angle of twist in a 8.2-ft length must
not exceed 3°.

SOLUTION
Power: P = (210 hp)(6600 in - Ib/s/hp) =1.336 x 10° in - Ib/s
Angular speed: f =(360 rpm) I min. _ 6 Hz
60 sec
6
Torque: P _1386XM07 5665 4 10% Ib - in
2r f (27)(6)
Stress requirement: T =12ksi, 7= Ie =2—T3
7T
3
¢ = 2L = S/ DCCTEXN) _ H94in,
T 7(12x107)
Angle of twist requirement: @ =3°=5236x10"rad

L =82ft=984in.

o _TL _ 2TL
GJ  nGc*
3
e 2L _, (2)(36.762 x 10 )(98.4)_3 14077 in.
nGo 7(11.2x10°)(52.36 x107°)
The larger value is the required radius. ¢ =1.408 in.
d =2c d =2.82in. 4
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PROBLEM 3.81

The shaft-disk-belt arrangement shown is used to transmit 3 hp from
point 4 to point D. (a) Using an allowable shearing stress of 9500 psi,
determine the required speed of shaft AB. (b) Solve part a, assuming that
the diameters of shafts AB and CD are, respectively, 0.75 in. and 0.625 in.

SOLUTION
7=9500psi P =3hp = (3)(6600) = 19800 Ib - in/s
T = E = 2_T T = ECST
J 2

Allowable torques.

3
> _in. diameter shaft: c= iin., Ty = 3 (9500) = 455.41b - in
s 16 2\16
z(3Y
% -in. diameter shaft: c= %in., T, = ?(§) (9500)=786.91b-in
. rB
Statics: Ty =rg(l - F,) To=r(F-F) .
T, =L, = 1'41?55 T, = 0.25T, Te
e .
. F
(@)  Allowable torques. Ty =45541b-in T, =786.91b-in
Assume T, =78691b -in
Then Ty = (0.25)(786.9) = 196.731b - in < 455.41b - in (okay) "
[
P 19800

P=27fT  fun =7 fus =16.02Hz <

2T,  27(196.73)

()  Allowable torques. Ty =78691b-in T, =45541b-in
Assume T, =45541b-in
Then Ty = (0.25)(455.4) =113.851b -in < 786.91b - in
p 19800

P=27fT  fus =7 fus =272 Hz 4

7T,  27(113.85)
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PROBLEM 3.82

A 1.6-m-long tubular steel shaft of 42-mm outer diameter ¢, is to be
d, =42 mm dy made of a steel for which 7,;, = 75MPa and G = 77.2 GPa. Knowing
that the angle of twist must not exceed 4° when the shaft is subjected to a
— Yt torque of 900 N - m, determine the largest inner diameter d, that can be
specified in the design.

SOLUTION
¢ = %dl =0.02lm L=16m

Based on stress limit: 7 = 75MPa = 75 x 10° Pa

To . _Te _ (900)0.021)

- s 10° =252x10""m*
T X

Based on angle of twist limit: @ = 4° = 69.813 x 107> rad

L TL (900)(1.6)

== o J=== - — =267.88x10" m*
GJ Gp  (77x10°)(69.813x107)

4

Larger value for J governs. J =267.88x107m*

J =%(cl4—cg)

-9
¢ oot 22 oyt - D26T88X107)

T T

=23.943x 107 m*

¢, =12.44%x107° m = 12.44 mm dy, =2c, =249 mm <
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i PROBLEM 3.83

A 1.6-m-long tubular steel shaft (G = 77.2GPa) of 42-mm outer
d, = 42 mm dy diameter d; and 30-mm inner diameter d, is to transmit 120 kW between
a turbine and a generator. Knowing that the allowable shearing stress is
65 MPa and that the angle of twist must not exceed 3°, determine the
minimum frequency at which the shaft can rotate.

SOLUTION
1 1
¢ =—d =0.021m, ¢, =-d,=0015m
2 2
J="(ct-cf) = %(0.0214 ~0.015) = 225.97 x 10 m*

Based on stress limit: 7 = 65MPa = 65x 10° Pa

-9 6
T:& c T _JT _ (22597 x107)(65x10%) _ 69943 N - m
G 0.021

Based on angle of twist limit: ¢ = 3° = 52.36x10™ rad
L . _Glp _ (T % 107)(225.97 x 107°)(52.36 x 107)

¢ GJ L 1.6

=56940N - m
Smaller torque governs. T =569.40 N - m

P=120kW =120x10° W

P 120x10°

- f=335Hz 4
T 27(569.40)

P =2nfT so f=2

or 2010 rpm <«
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PROBLEM 3.84

Knowing that the stepped shaft shown transmits a torque of magnitude
T = 2.50kip - in., determine the maximum shearing stress in the shaft

when the radius of the fillet is (a) r = %in., b) r= lisin.

SOLUTION
D =2in. d =1.5in. 2=i=1.33
d 15
c= %d = 0.751n. T =25kip-in
Te _ 2—T3 = —(2)(2'5)3 = 3.773 ksi
J e 7(0.75)
1. .
(a) r= gm. r =0.1251n.
r_0125 0833
d 1.5
From Fig. 3.32, K =142
Tc .
Toax = K7 = (1.42)(3.773) Toax = 5.36 ksi 4
3. .
(b) r=—in. 7 = 0.18751n.
16
r _ 01875 _ 0.125
d 1.5
From Fig. 3.32, K =133
Tc .
Toax = K7 = (1.33)(3.773) T = 5.02ksi d
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PROBLEM 3.85

Knowing that the allowable shearing stress is 8 ksi for the stepped shaft
shown, determine the magnitude 7 of the largest torque that can be

transmitted by the shaft when the radius of the fillet is (a) r=% in.,
b) r :% in.

SOLUTION
D=2in. d=15in. 2:1.33
d
1 . .
c= Ed =0.751n. Tax = S ksi
Tc JT T,
7. =K— or T = Zfmax _ Pmax>
e J Kc 2K
3. .
(a) r=—in. r = 0.18751n.
16
r _ 01875 _ 0.125
d 1.5
From Fig. 3.32, K =133
3
r = Z&OT) T =3.99 kip - in 4
(2)(1.33)
1. .
b)) r= ) in. r = 0.25 in.
2025 _ 1667
d 15
From Fig. 3.32, K =1.27

I 7(8)(0.75)°
T (2)1.27)

T =4.17 kip - in <
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PROBLEM 3.86

The stepped shaft shown must transmit 40 kW at a speed of 720 rpm.
Determine the minimum radius » of the fillet if an allowable stress of
36 MPa is not to be exceeded.

SOLUTION
Angular speed: f = (720 rpm) _Hz =12 Hz
60 rpm
Power: P =40x10°W
3
Torque: = P = 4010 =530.52N -m
2 f 27(12)

In the smaller shaft, d = 45mm, ¢ = 22.5mm = 0.0225m

_Te _ 2T _ (D(33052) _ 59 oo 106 pa

J md 7(0.0225)°

Using 7, = 36 MPa = 36 x 10° Pa results in

ax

6
K = Tm o SO0y 5y
T 29.65%10
From Fig 332 with 2 = 20M™ _ 5 I _ (24
d 45mm d
r =024d = (0.24)(45 mm) r =10.8 mm <
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PROBLEM 3.87

The stepped shaft shown must transmit 45 kW. Knowing that the allowable
shearing stress in the shaft is 40 MPa and that the radius of the fillet is
r = 6 mm, determine the smallest permissible speed of the shaft.

SOLUTION

From Fig. 3.32,

For smaller side,

o0 oo
d 30
D _ 60
d 30
K =126

c:%d=15mm=0.015m

KTc 2KT
T= =

J B 7’
3 3 6
r =%t _ 7O E0XI0T) _ 68 30N . 1
2K (2)1.26)
P =45kW = 45x10° P =27/T
3
/e P 45%10 - 426 Hz f =42.6Hz <4

22T 27(168.30 x 10°)
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PROBLEM 3.88

The stepped shaft shown must rotate at a frequency of 50 Hz. Knowing that
the radius of the fillet is » = 8 mm and the allowable shearing stress is 45
MPa, determine the maximum power that can be transmitted.

SOLUTION
KTe 2KT et
T = = 3 T =
J e 2K
d=30mm c :%d =15mm =15x10"m
D =60mm, r=8mm
D_60 5 3 26667
d 30 d 30
From Fig. 3.32, K =1.18
-3\3 6
Allowable torque. T = (15 X 1077)7(45 < 107) =202.17N-m
(2)(1.18)
Maximum power. P =2rfT = (27)(50)(202.17) = 63.5 X 10°wW P =635kW <«
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Full quarter-circular fillet
extends to edge of larger shaft.

PROBLEM 3.89

In the stepped shaft shown, which has a full quarter-circular fillet, D = 1.25 in.
and d=1in. Knowing that the speed of the shaft is
2400 rpm and that the allowable shearing stress is 7500 psi, determine the
maximum power that can be transmitted by the shaft.

SOLUTION

From Fig. 3.32,

For smaller side,

=—=125

D _1.25
d 10

= %(D —d) =0.15 in.

0.15

o2 015
d 1.0
K =131
1 .
c=—d =0.5In.
2
KTc Jr  nc’r
T = Ir'=—2=
J Kc 2K
3
7 = 2O G300 _ 4 4541410 1b - in

(2)1.31)
f =2400 rpm = 40 Hz
P =2xfT = 27(40)(1.1241 x 10°)

=282.5x10°1b - in/s P=428hp <
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PROBLEM 3.90

=Lp-da

S

Full quarter-circular fillet
extends to edge of larger shaft.

A torque of magnitude 7 = 200 Ib - in. is applied to the stepped shaft shown,
which has a full quarter-circular fillet. Knowing that D = 1in., determine the
maximum shearing stress in the shaft when (a) d = 0.8 in., (b) d = 0.9 in.

SOLUTION
@ 2-19_y5s
d 08
r= l(D—a?) =0.11in.
2
LAY
d
From Fig. 3.32, K =1.31
For smaller side, c= %d =04 in.
KTe 2KT
T = =
J e
_ (2)(1.31)(200)
7(0.4)°
(b) b = 10 =1.111
d 09
r= %(D —-d)=0.05
r 2005 05
d
From Fig. 3.32, K =144

For smaller side, c= %d = 0.45 in.

- _ 2KT _ (2)(1.44)(200)

= 2.61x10° psi 7 =261ksi 4

=2.01x10% psi 7 =2.01ksi 4

p o 7(0.45)
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PROBLEM 3.91

In the stepped shaft shown, which has a full quarter-circular fillet, the
allowable shearing stress is 80 MPa. Knowing that D = 30 mm, determine
the largest allowable torque that can be applied to the shaft if
(a) d =26 mm, (b) d = 24 mm.

Full quarter-circular fillet
extends to edge of larger shaft

SOLUTION
7 =80x10°Pa
@ 2-3C_11ss r-lo—ay=2mm L=2 00768
d 26 2 d 26
From Fig. 3.32, K =1.36
Smaller side, c= %d =13mm = 0.013m
KTc  2KT
T = = 3
J 7c
3 3 6
T:ﬂ'clez'(O.OB)(SOXlO)2203N.m T—203N-m 4
2K (2)(1.36)
w 2-39_155 -ty =zmm -3 0025
d 24 2 24
From Fig. 3.32, K =1.31

c=%d=12mm=0.012m

_z’t m(0.012)*(80 x 10%)
2K (2)(1.31)

T =1658 N-m 7 =1658N-m «

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.92

A 30-mm diameter solid rod is made of an elastoplastic material with 7, = 3.5 MPa. Knowing that the elastic
core of the rod is 25 mm in diameter, determine the magnitude of the applied torque T.

SOLUTION

');,: EMPA
L ¥

301-» z;T N Tﬁ'”z""”' <= A
l l" LLASTIC CORE

7y =3.5x10°Pa, ¢ = l(30 mm) = 15mm = 0.015m
2

Py = %(25 mm) = 12.5mm = 0.0125m

T, =Le, = Zr, = Z(0.0157(3.5x10°) = 18.555N - m
c 2 2
3 3
T=27|1- 20| 2 2(18.555)1 - LU
3 )3 (0.015)
-=212N-m T=212N-m 4
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PROBLEM 3.93

The solid circular shaft shown is made of a steel that is assumed to be
elastoplastic with 7, = 21ksi. Determine the magnitude 7 of the

applied torques when the plastic zone is (@) 0.8 in. deep, (b) 1.2 in. deep.

SOLUTION
7y = 2lksi
TY = ﬂ = TY£c3
C

=(mkm%05mf

Ty =111.3kip - in

7)‘, 2= DEP7H OF PLASTIC ZONE
Bk <= 1Stk
Edyc PY
CcoRk

(@) Fort=08in. p, =1.5-0.8=0.7in.

Eq. (3.32)

4 1 p3
T=—-T,1--2L]|=
3Y[ 48}

(b) Fort=1.2in.

3

%(111.3 kip - in)[l -

4 1pi| 4 .
T=—T,|1-—"L|=—(111.3kip-in)|1
Y|: 403i| 3( p )|:

1(07iny’
4 (1.5in)?

T =144.7kip - in 4

py =15-12=03in.

_ 1(03in)’
4 (1.5 in.)?

T =148.1kip - in «
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’\/ PROBLEM 3.94

¢ =32mm T The solid circular shaft shown is made of a steel that is assumed to be
elastoplastic with 7, = 145 MPa. Determine the magnitude T of the
T ﬁ applied torques when the plastic zone is (a) 16 mm deep, (b) 24 mm
/) deep.
SOLUTION

¢ =32mm = 0.032 m
7y = 145x10°Pa
_Jry 7

T, =20 = Z3r, = Z(0.032)3 (145 x 109
c 2 2

=7.4634%10°N - m

(a) tp =16mm=0.016m
Py =c—1p,=0.032-0.016=0.016m

3 3
r=2r 12120 |28 7 463axi0h) 1- L 2016
3 4¢) 3 40.032°

=9.6402x10°N - m T=964kN-m <4

()  tp=24mm=0024m
Py =c—tp=0032—0.024 = 0.008 m

3 3
r=2n1-120 | 224634 x10%)| 1 - 12008
3 453 40.032

=99123x10°N-m T =991kN -m <
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PROBLEM 3.95

The solid shaft shown is made of a mild steel that is assumed to be
elastoplastic with G =11.2x10°psi and 7, = 21ksi. Determine the
maximum shearing stress and the radius of the elastic core caused by the
application of torque of magnitude () T =100 kip - in.,
(b) T =140 kip - in.

SOLUTION
c=15in, J= %c“ = 7.9522in*, 7, = 21ksi

(@) T =100kip -in

_ Tc _ (100 kip - in)(1.5in.)

; A 7, =18.86 ksi 4
J 7.9522 in

Since 7,, < 7y, shaft remains elastic.
Radius of elastic core: ¢ =1500in. 4

(b) T =140kip - in

= 440d-5) _ 26.4ksi. Impossible: 7,, = 7, = 21.0 ksi 4
7.9522
. o J 7.9522 . L
Plastic zone has developed. Torque at onset of yieldis 7, = —7, = (21ksi) =111.33kip - in

c 1.5

4 1 p3
Eq.(3.32): T=-T,|1--£L
q( ) 3Y£ 403]

3
(&j -3l 4310 00743 P _ 06104
c T, 11133 ¢

Py = 0.6104c = 0.6104(1.51in.) Py =0916in. 4
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PROBLEM 3.96

It is observed that a straightened paper clip can be twisted through several revolutions by the application of a
torque of approximately 60 mN - m. Knowing that the diameter of the wire in the paper clip is 0.9 mm,
determine the approximate value of the yield stress of the steel.

SOLUTION

c =%d =0.45mm = 0.45x 10" m

T, =60mN-m=60x10°N-m

4 4 Jrt 4 & 2
T, = —T, :——YZ—'—CST :_CST
PTRTR T T3t v Ty
-3
g, = ole . _OOO0XI0T) 514 q06p, 7, =314 MPa <

T2 27 (045% 107

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.97

The solid shaft shown is made of a mild steel that is assumed to be
elastoplastic with 7, = 145MPa. Determine the radius of the elastic core
caused by the application of a torque equal to 1.1 Ty, where Ty is the
magnitude of the torque at the onset of yield.

30 mm

SOLUTION

1 4 ’
c=—d=15mm T =-1T, 1—[&]
2 3 c

Pr _ 44— 3T1 = J4 - (3)(1.1) = 0.88790

¢ Y

Py = 0.88790¢ = (0.88790)(15 mm) Py =13.32mm <«

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.98

For the solid circular shaft of Prob. 3.95, determine the angle of twist caused
by the application of a torque of magnitude (a) 7T = 80Kkip - in.,
() T =130kip - in.

SOLUTION
1 1 . 3 .
c=—d=—03)=15in. 7y =21 x 10 psi
27 2
L=4ft=48in. J = %04 = %(1.5)4 =7.9522 in*
Torque at onset of yielding: 7 = % T = s
C
3
1, = ol _ @IX10009522) _ 1y 3305 10°b - in
c 1.5
(@) T =80kip-in=80x10°1b-in
. . . TL
Since T < Ty, the shaft is fully elastic. ¢ = —
GJ
3
- OIOES 43 115%107 rad =247 4
(11.2 x10°)(7.9522)
4 3
(b) T =130kip-in =130x10°lb-in T >7, T =§TY!1—(&] }
S ®
3
@y = I _ (11330 >6< 109G _ 60,000 10 rad
GJ  (11.2x10°)(7.9522)
3
Py 3L :i/4_w = 0.79205
P T, 111.330x 10
-3
p=_— B S0000XI07 _ 555 10 rad 0 = 434° <
0.79205 0.79205
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PROBLEM 3.99

The solid shaft shown is made of a mild steel that is assumed to be
elastoplastic with G = 77.2 GPa and 7, = 145 MPa. Determine the angle
of twist caused by the application of a torque of magnitude (a)
T =600N-m, (b) T =1000 N - m.

.v

30 mm

SOLUTION

¢ =%d =15mm=15x 107 m

Torque at onset of yielding: T= % = 2_T3
zc
7ty m15x107°)°(145 % 10%)
Iy === > =768.71N - m

(@ T =600N-m. Since T < Ty, the shaft is elastic.

_TL _ 2TL (2)(600)(1.2)

= - = =0.11728 rad =6.72° 4
?=6r T 7 (15 x107)%(77.2 x 10%) ¢

(b)) T =1000N - m. T > Ty, A plastic zone has developed.

so-(3]] 3e-f)

gy = ok 2L @UESTHED 15006 rag
GJ _ 7*'G 2(5x 107 (772x10%)

Pr _slq— B0 _ 46003
p 768.71
¢ =

gy _ 015026
0.46003  0.46003

= 0.32663 rad p=1871° 4
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PROBLEM 3.100

A 3-ft-long solid shaft has a diameter of 2.5 in. and is made of a mild steel that is assumed to be elastoplastic
with 7, = 21ksi and G =11.2x 10®psi. Determine the torque required to twist the shaft through an angle of
(a) 2.5°, (b) 5°.

SOLUTION
L=3ft=36in,, c= %d =125in, 7, = 21x10° psi
J =" = 2125 = 3835 in*
2 2
3
g = e p It BEDCIXAO) ) 4rr 101 - in
J c 1.25
3
gy = ok _ (4927X100B0) _ 53 999 110 rad = 3.0939°
GJ  (11.2x10°)(3.835)
(@) @ =2.5°=43.633x10"rad o <@y The shaft remains elastic.
oo L
GJ
;o Glo _(12x 10°)(3.835)(43.633 x 107)
L 36
=52.059x10°Ib - in T =52.1kip-in <

(b)) @ =5°=287.266x% 10~ rad 0> @y A plastic zone occurs.

3
r=drli-1e
3 4\ ¢
_3 3
1(53.999><10 ]

= i(64.427 x10H|1 - — 5
3 4 87.266 x 10~

=80.814x10°1b - in T =80.8 kip - in 4
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PROBLEM 3.101

For the solid shaft of Prob. 3.99, determine (a) the magnitude of the torque T
required to twist the shaft through an angle of 15°, (b) the radius of the
corresponding elastic core.

e PROBLEM 3.99 The solid shaft shown is made of a mild steel that is
B assumed to be elastoplastic with G =77.2GPa and 7, =145 MPa.

\f Determine the angle of twist caused by the application of a torque of
30 mm magnitude (a) T =600 N - m, (b) T =1000 N - m.

SOLUTION

c=%d=15mm=15><10_3m

@ =15°=0.2618 rad
Ly, Lty  (1.2)145%x10%

= cG  (15%x107°)(77.2x10%)
(@) Since ¢ > @y, there is a plastic zone.
Tyc 2T
T = =
Y J e
7’t,  m15x107)%(145 % 10°)
2 2
4 1o, Y| 4 1(0.15026 Y’
T=2T1-~| 2| | = 2(768.71) 1——('—]
3 4\ ¢ 3 4\ 0.2618
=976.5N - m T=977N-m <«
B) Ly = pyp = coy
-3
py =00 = U5x107)(0.13026) _ ¢ 6151073 m Py =8.61 mm <

P 0.2618
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PROBLEM 3.102

The shaft 4B is made of a material that is elastoplastic with
7, = 12ksi and G = 4.5 x 10° psi. For the loading shown, determine
(a) the radius of the elastic core of the shaft, (b) the angle of twist at
end B.

SOLUTION

(a)

()

Radius of elastic core.

¢ = 0.5in. 7y =12 x10% psi
JTY VK T 3 3
T, =L ==, = =(0.5°(12%x10°)
c 2 2
= 2356.21b - in

T =25601b-in>T, (plastic region with elastic core)

3

4 1p
T=271,]1--21
3Y( 4c3j

3
p_Y3= 4 3T _ 4 _3E560) _ 54051
c T, 2356.2
Py _ 0.9047 py = (0.9047)(0.5) py = 0.452in. <
C

Angle of twist.

L=64ft=768in. G =4.5x10°psi

Tyl 2TyL  (2)(2356.2)(76.8)
JG  mc*'G m(0.5)*(4.5%x10%

Dy = 0.4096 radians

Py _ Pr Q= e _ 0.4096 = 0.4527 radians

¢ ¢ py 09047

@ =259 4
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PROBLEM 3.103

A 1.25-in.-diameter solid circular shaft is made of a material that is assumed to be elastoplastic with
Ty = 18ksi and G =11.2 X 10%psi. For an 8-ft length of the shaft, determine the maximum shearing stress
and the angle of twist caused by a 7.5 kip - in. torque.

SOLUTION
= %d = 0.625in, G =112x10°psi, 7, = 18 ksi=18000 psi
L=8ft=96in. T=75kip in=7.5x10°lb-in
T, = gc%y - %(0.625)3(18000) = 6.9029x 10°Ib - in
C
T > Ty : plastic region with elastic core .. 7., = 7y = 18ksi Toax = 18 ksi 4
yp =0 g 2t (LT OOU8000) 6665107 rad
L ¢ ¢G  (0.625)(11.2x10%
3
T = —Ty[l —lq’Y]
4o
L S ! — = 1.10533
Py 3J4_3T i/4_ ()(7.5x10%)
Iy 6.9029 x 10°
@ = 1.10533p, = (1.10533)(246.86 x 10~) = 272.86 x 107 rad 0 =15.63° 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.104

A 18-mm-diameter solid circular shaft is made of a material that is assumed to be elastoplastic with
7y = 145MPa and G = 77GPa. For a 1.2-m length of the shaft, determine the maximum shearing stress and

the angle of twist caused by a 200 N - m torque.

SOLUTION

TY=145><106Pa, c=%d=0.009m, L=12m, T=200N-m

T, =75 - 2o~ % (0.009)(145 % 10°) = 166.04 N - m
c 2 2
T > Ty (plastic region with elastic core) T..x = Ty = 145MPa 4
oy = LL_2hL _ (2)A6604)1.2) 251.08 x 107> radians

GJ G 7(0.009)*(77 x 10°)

3
r=2r, —l%
3 4 ¢y

3
Py :4_£=4_w=0,3g641 Py _ 072837
0 T, 166.04 P

p  251.08x107°

- = = 344.7 x 107> radians
0.72837 0.72837

4

9 =19.75° 4
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PROBLEM 3.105

A solid circular rod is made of a material that is assumed to be elastoplastic. Denoting by 7, and ¢y,
respectively, the torque and the angle of twist at the onset of yield, determine the angle of twist if the torque is
increasedto (a) T =1.1Ty, (b) T =125Ty, (¢) T =13 Ty.

SOLUTION
3
T:iTYl lqo%
3 4 ¢
L R T !
o Y Py 34_£
TY
T Q 1
@) —=110 - _112 =1.126 9, €
@ 7 oy Y- 3)10) Y o
T (1) 1
py —=125 Lo __ =  _1s87 =1.587 9, €
@7 o JA- 0029 Y %
© L-13 21 _5s 9=2150, 4

Ty oy 34-03)(1.3)
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The hollow shaft shown is made of a steel that is assumed to be
elastoplastic with 7, = 145MPa and G = 77.2 GPa. Determine
the magnitude 7 of the torque and the corresponding angle of twist
(a) at the onset of yield, (b) when the plastic zone is 10 mm deep.

/ PROBLEM 3.106
2\,

60 mm

25 mm

SOLUTION

(a)  Atthe onset of yield, the stress distribution is the elastic distribution with 7., = 7.
1 1
cy = Edz =0.030m, ¢ = Edl =0.0125m

J=2(c4 - ) = 2(0.030* - 0.0125%) = 12340 x 10" m*
2 2

-6 6
f g - Tye, . I - Jry _ (12340 10°) 145 x10%) _ (g o5
J ¢ 0.030
Ty = 5.96kN-m <
3
gy = ok oG8N _ 313 0410 rad oy = 17.94° <
GJ  (77.2x107)(2.2340107°)
(b) t =0.010m Py =c, —t=0.030-0.010 = 0.020 m
PP _PP_ ., v
L L TG
6
2 (o Xlgo 0O _ 469,56 %10 rad 0 =269 4
Gpy  (77.2x10°)(0.020)
Torque T carried by elastic portion: q<p<py
_ _ _ Lipy _z 4
T =71y at p = py. Ty _Tl where JI_E(pY_cl)

J, =§(0.ozo4 —0.0125%)=212.978%10™° m*

ity (212.978x1077)(145%10°)
Py 0.020

T; =1.5441x10°N-m
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PROBLEM 3.106 (Continued)

Torque T carried by plastic portion:
P’ ¢ o
n = 2”.[,;@/72‘{/7 = 2”TYT Z_TY(Cg —/7;)

3
Py

= 2?”(145 % 10%)(0.030° — 0.020%) = 5.7701x 10> N - m
Total torque:

T=T+T, =15541x10° + 57701 x 10* = 7.3142x 10*N - m

T =731kN -m <«
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60 mm

25 mm

PROBLEM 3.107

For the shaft of Prob. 3.106, determine (a) angle of twist at which
the section first becomes fully plastic, (b) the corresponding
magnitude 7T of the applied torque. Sketch the 7 — ¢ curve for the

shaft.

PROBLEM 3.106 The hollow shaft shown is made of a steel that
is assumed to be elastoplastic with 7, =145MPa and
G = 77.2 GPa. Determine the magnitude T of the torque and the
corresponding angle of twist (a) at the onset of yield, (5) when the
plastic zone is 10 mm deep.

SOLUTION

q = ld1 =0.0125m
2

¢, = %dz =0.030m

(a)  For onset of fully plastic yielding, p, = ¢

=T L Y= o=

Lr,  (25)(145x10%

T _ PP _ap

L

=751.295x 10 rad

r =

3|2

b T,= 27er2 ,p'dp=2r1, %

oG (0.0125)(77.2x109)

=%”Ty(c; ~a)

B

= %”(145 % 10%)(0.030° — 0.0125%) = 7.606 x 10> N - m

From Prob. 3.101, @y =17.94° Ty =596 kN - m
Also from Prob. 3.101, @ =269° T =731kN -m
Plot T vs ¢ using the following data. 8 ]
@, deg 1 Gon, 7.2 (#3.0,7.61)
’ 0] 17.94 26.9 43.0 >43.0 ‘ ¢
T . (\1.44, 5.9¢)
KN-w
TIN-mi o 596 | 731 | 761 | 761 ‘ 5
3
z
I
0 /Io> Z.b" f? slo‘s '-f'o° .{lo"

o, = 43.0° <

T, = 7.61kN-m <«
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PROBLEM 3.108

A steel rod is machined to the shape shown to form a tapered solid shaft to which
torques of magnitude 7 = 75kip -in. are applied. Assuming the steel to be
elastoplastic with 7, = 21ksi and G =11.2 % 10° psi, determine (a) the radius of the
elastic core in portion 4B of the shaft, (o) the length of portion CD that remains fully
elastic.

SOLUTION
(a) Inportion 4B. c= %d =1.251n.
T, = JABTTY - gc%y - %(1.25)3(21 x10%) = 64.427 x10°Ib - in

3
Pr oy 3T :i/4_m = 0.79775
c Ty 64.427 x 10
Py = 0.79775¢ = (0.79775)(1.25) = 0.99718 in. Py =0.997 in. <4

b)  For yielding at point C. T=1,, c=c, T=75x10°Ib-in
( ¥

Using proportions from the sketch,

L .25

: 1314494 W 1

I 1 Sin.
| A

b so !

!

150 -1.31494 _ x x =3.70 in.

1.50 -1.25 5

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.109

If the torques applied to the tapered shaft of Prob. 3.108 are slowly increased,
determine (a) the magnitude 7T of the largest torques that can be applied to the shaft,
(b) the length of the portion CD that remains fully elastic.

PROBLEM 3.108 A steel rod is machined to the shape shown to form a tapered solid
shaft to which torques of magnitude 7 = 75 kip - in. are applied. Assuming the steel
to be elastoplastic with 7, =21ksi and G =11.2x10%psi, determine
(a) the radius of the elastic core in portion 4B of the shaft, (b) the length of portion
CD that remains fully elastic.

SOLUTION
(a) The largest torque that may be applied is that which makes portion 4B fully plastic.

In portion 4B, c= %d =1.251n.

T, =20 o %o Z 1250021 x10%) = 64427 x 10° Ib - in
c 2 2
3
For fully plastic shaft, py =0 T = iTY - lp—g = iT
3 4 c 3
T = %(64.427 x10%) = 85.903x10° Ib - in T =859kip-in «

(b) ForyieldingatpointC, 7 =7y, c=c T =85.903x10%1b - in

X°

o Te_ 2T
! J, ﬂci
3
¢, = 3| 2L _ ,[@B5903 X310 ) = 1.37580 in.
Ty (21x107%)
Using proportions from the sketch,
| las
|
1
| LL375g0 Sin,
( t
| X
{ .50 4

150 —1.37580 _ x r 24810, 4

1.50 —1.25 5
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7 (ksi)

16
12

8
4

PROBLEM 3.110

A hollow shaft of outer and inner diameters respectively equal to 0.6 in.
and 0.2 in. is fabricated from an aluminum alloy for which the stress-
strain diagram is given in the diagram shown. Determine the torque
required to twist a 9-in. length of the shaft through 10°.

0 0.0020.004 0.006 0.008 0.010 -y

SOLUTION

Let

where the integral / is given by

@ =10°=174.53x 107 rad
2 2

_ e _ (0.300)(174.53x107)

Tox =2 5 = 0.00582
-3
oGP (0.100)(174.53x107) _ (000
L 9
o7 P a_l
ymax (%) S) 3

c 1
T=27rj zpzrdpzzircgj. Zrdz=2nc; 1

Ly
Izj z°Tdz
13

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is

I =32wz27

where w is a weighting factor. Using Az =L, we get the values given in the table below.

z y 7, ksi 227, ksi w wz’z, ksi
1/3 0.00194 8.0 0.89 1 0.89
12 0.00291 10.0 2.50 4 10.00
2/3 0.00383 11.5 5.11 2 10.22
5/6 0.00485 13.0 9.03 4 36.11
1 0.00582 14.0 14.0 1 14.00
71.22 —3Zwz’r
1= WOUOL2D) 564
T = 27es] = 272(0.300)°(3.96) = 0.671 kip - in T =6711b-in <

Note: Answer may differ slightly due to differences of opinion in reading the stress-strain curve.
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7 (ksi) PROBLEM 3.111
16
14 T i Using the stress-strain diagram shown, determine (a) the torque that
o b causes a maximum shearing stress of 15 ksi in a 0.8-in.-diameter solid
b rod, (b) the corresponding angle of twist in a 20-in. length of the rod.
4 P
L

0 0.0020.004 0.006 0.008 0.010

SOLUTION
(@)  Tpu =15 ksi c= %d = 0.400 in.
From the stress-strain diagram,  %,,,, = 0.008

Let z=—""==
Vimax ¢

c 1
T= 27zj0 p*rdp=27c j Frdz=27c]

1
where the integral / is given by 1= j 2t dz
0

Evaluate / using a method of numerical integration. If Simpson’s rule is used, the integration formula is

=252
3
where w is a weighting factor. Using Az = 0.25, we get the values given in the table below.
z y 7, ksi 227, ksi w wz’z, ksi
0 0.000 0 0.000 1 0.00
0.25 0.002 8 0.500 4 2.00
0.5 0.004 12 3.000 2 6.00
0.75 0.006 14 7.875 4 31.50
1.0 0.008 15 15.000 1 15.00
54.50 ——Iwz’t
;= 025)(5450) _ o
3
T =271 = 27(0.400)°(4.54) T =1.826 kip - in «
cp
(b) Vmax = T
o= Ll _ QOO008) _ 406103 rad @ =229 4
c 0.400

Note: Answers may differ slightly due to differences of opinion in reading the stress-strain curve.
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\

PROBLEM 3.112

d =50 mm

A 50-mm-diameter cylinder is made of a brass for which the stress-

7 (MPa) ;\ /,‘ strain diagram is as shown. Knowing that the angle of twist is 5° in a
T L/725 mm 725-mm length, determine by approximate means the magnitude 7' of
100 — torque applied to the shaft
80 >
60 [ !
40 i
20 -~ i
0 0001 0002 0,003 ¥
SOLUTION

@ =5°=87266x10"rad ¢ = %d =0.025m, L =0.725m

cp _ (0.025)(87.266 X 10™)

Vs = = 0.00301
L 0.725

Let =L =P
7max ¢

c 1 1
T= 27[!0 prdp =2nc’ IO z*tdz =2mc’ ] where the integral I is given by / = L 22rdz

Evaluate I using a method of numerical integration. If Simpson’s rule is used, the integration formula is

I = Eszz’r
3
where w is a weighting factor. Using Az = 0.25, we get the values given in the table below.
- y 7, MPa 2’7, MPa W wz*r, MPa
0 0 0 0 1 0
0.25 0.00075 30 1.875 4 7.5
0.5 0.0015 55 13.75 2 27.5
0.75 0.00226 75 42.19 4 168.75 « Swit
1.0 0.00301 80 80 1 80 — 18375 % 10° Pa
283.75
6
I (0.25)(2833.75><10 ) 23655 10 Pa
T = 27cT = 27(0.025)°(23.65 x 10°) = 2.32 x10° N - m T =232kN-m <«
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PROBLEM 3.113

Three points on the nonlinear stress-strain diagram used in Prob. 3.112 are (0,0), (0.0015,55 MPa), and
(0.003,80 MPa). By fitting the polynomial 7 = A+ By + Cy* through these points, the following
approximate relation has been obtained.

T =46.7x10°y — 6.67 x10?y?
Solve Prob. 3.113 using this relation, Eq. (3.2), and Eq. (3.26).
PROBLEM 3.112 A 50-mm diameter cylinder is made of a brass for which the stress-strain diagram is as

shown. Knowing that the angle of twist is 5° in a 725-mm length, determine by approximate means the
magnitude 7 of torque applied to the shaft.

SOLUTION
@ =5°=87266x10"rad, ¢ = %d =0.025m, L =0.725m

yo (0.025)(87.266 x 107)
mer 0.725

=3.009x 1073

71’1’18.)( c
¢ 2 32
T =27r.|.0 pTdp=2rc J-Oz 7dz
The given stress-strain curve is
T=A+By+Cy* = A+By, z+Cy2. 2*

1
T=2ﬂ'c3J-022(A+B}/maxz+C}/§mzz)dz
_ 3 ) I, Uy
=2rc {Ajoz dz+B7/maxJ.OZ dz+C7r2naXJ-Oz dz}
1 1 1
=27c*{=A+-By,, +-C
{3 4 7/1’1’121)( 5 yrznax}
Data: A=0, B=467x%x10", C=-6.67x10"

—A=0, lBymax = %(46.7>< 10%)(3.009 x 107%) = 35.13 x 10°

4
%c;ﬁm = —%(6.67 % 10'%)(3.009 x 107)? = —12.08 x 10°

T = 27(0.025)°(0 + (35.13x10° —=12.08 x10*) = 2.26 x10° N - m T =226kN-m<
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‘ PROBLEM 3.114
C T
1.2in.~ The solid circular drill rod 4B is made of a steel that is assumed to be elastoplastic

with 7, = 22ksi and G =11.2x 10° psi. Knowing that a torque 7 = 75kip - in. is
applied to the rod and then removed, determine the maximum residual shearing stress
in the rod.
SOLUTION
¢ =121in. L =35 ft = 420 in.
J="c =% 12)* =3.2572 in®
2 2
1, = L% B257DQ2) _ 59 715145 . in
c 1.2
Loading: T =75kip - in
+ 1oy
T==T|1--£L
3 YL 4 c3]
3
£r - 430 _ 4O _ 55513
c Ty 59.715
Pr_ 0.61458, Py = 0.61458¢ = 0.73749 in.
c
. Tp .
Unloading: 7 = — where T =75kip - in
At p=c r’=m=27.63ksi
3.2572
(75)(0.73749) .
At p = =——"" 2 =16.98ksi
p=pr 3.2572
Residual: Tos = Tioad — T
At p=c Toes = 22 — 27.63 = =5.63 ksi
At p = py Tres = 22 —16.98 = 5.02 ksi

maximum 7,,, = 5.63 ksi 4
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PROBLEM 3.115

Q‘_—VT
1.2in. Tn Prob. 3.114, determine the permanent angle of twist of the rod.

PROBLEM 3.114 The solid circular drill rod 4B is made of steel that is assumed to
be elastoplastic with 7, =22ksi and G =11.2x 10° psi. Knowing that a torque
T = 75kip - in. is applied to the rod and then removed, determine the maximum
residual shearing stress in the rod.

SOLUTION
From the solution to Prob. 3.114,
c=12in.
J =3.2572 in*
Pr _0.61458
c

py = 0.73749 in.

PP . oLV Il It 354 -420in

After loading, y=— . =—=
L P Py PG
3
i = —220@2X10) 1865 rad = 64.09°
(0.73749)(11.2 x 10°)
. . , TL . 3
During unloading, ¢ = o7 (elastic) T =5%x10°N-m

, (75 x10%)(420)

= - = 0.86347 rad = 49.47°
(11.2 x10°)(3.2572)

Permanent angle of twist.

Poerm = Ploaa — ¢ = 1.11865 — 0.86347 = 0.25518 9 =14.62° 4
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PROBLEM 3.116

The solid shaft shown is made of a steel that is assumed to be
elastoplastic with 7, =145MPa and G = 77.2 GPa. The torque is
increased in magnitude until the shaft has been twisted through 6°; the
torque is then removed. Determine (a) the magnitude and location of the
maximum residual shearing stress, (b) the permanent angle of twist.

16 mm

SOLUTION
c=0016m ¢@=6=10472x10"rad
-3
y (0.016)(104.72x107) _ 2o

L 0.6

6
7y =L = &109 = 0.0018782
G 772x10

Py _ ¥y _ 00018

- - = 0.67260
¢ Vo  0.0027925

J = %64 = %(0.016)4 = 102.944 x 10°m*

r, =% _ gc%y - %(0.016)3(145 x10°) = 932.93 N - m

c

3
Atend of loading. 7,4 = iTY( -~ %&] = %932.93){1 - %(0.67433)3} =1.14855x10° N - m

3 &
Unloading: elastic T’ =1.14855%x10° N - m
’ 3
Atp=c p = Te_ (11485510 )(0;9016) =178.52x10°Pa
J 102.944 x 10
Tc py 6 6
At p = py 7= s (178.52 x 10°)(0.67433) = 120.38 x 10° Pa
C
’ 3
g =T o QUESXION00 __ g671 5102 1aq = 4.97°
GJ  (77.2x10°)(102.944 x107)

M: Tres = Tload — v (operm = Poad ~ ¢’

(@) Atp=c 7. =145x10° —178.52 x10° = —33.52 x 10° Pa 7. = —33.5MPa
At p = py 7. =145x10° —120.38 x 10° = 24.62 x 10° Pa 7. = 24.6 MPa
Maximum residual stress: 33.5MPaat p =16 mm <«

(B)  Pperm = 104.72x107° —86.71x 107> = 17.78 x 10 rad Dperm = 1.032° 4
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PROBLEM 3.117

After the solid shaft of Prob. 3.116 has been loaded and unloaded as
described in that problem, a torque T, of sense opposite to the original
torque T is applied to the shaft. Assuming no change in the value of ¢,
determine the angle of twist ¢, for which yield is initiated in this second
loading and compare it with the angle ¢, for which the shaft started to
yield in the original loading.

PROBLEM 3.116 The solid shaft shown is made of a steel that is
assumed to be elastoplastic with 7, =145MPa and G = 77.2 GPa.
16:mm The torque is increased in magnitude until the shaft has been twisted
through 6°; the torque is then removed. Determine (a) the magnitude
and location of the maximum residual shearing stress, (b) the permanent
angle of twist.

SOLUTION
From the solution to Prob. 3.116,
¢=0.016m, L=06m
7y, = 145x10° Pa,
J =102.944 %10 m*
The residual stress at p = ¢ is Tres = 33.5 MPa
For loading in the opposite sense, the change in stress to produce reversed yielding is

T, =Ty — T = 145x10° —=33.5x10° = 111.5x 10°Pa

T

;o Be oo Jn_ (102944 x107)(111.5x10°)
T e 0.016
=717N-m

Angle of twist at yielding under reversed torque.

3

_LL _ (L7X 10008 _ 5416%10 rad 9 =3.10° <

GJ  (77.2x107)(102.944 x107")
Angle of twist for yielding in original loading.
-y _ P
Y G L

6

_Lry _ QOASXTO) 56 43451073 rad oy, = 4.04° <

cG  (0.016)(77.2x10%)
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The hollow shaft shown is made of a steel that is assumed to be
elastoplastic with 7, =145MPa and G =77.2GPa. The
magnitude 7 of the torques is slowly increased until the plastic
zone first reaches the inner surface of the shaft; the torques are
then removed. Determine the magnitude and location of the
maximum residual shearing stress in the rod.

/ PROBLEM 3.118
2\8

60 mm
25 mm
SOLUTION
1
2
1
cy = Edz = 30 mm

When the plastic zone reaches the inner surface, the stress is equal to 7,. The corresponding torque is

calculated by integration.

dT = pt dA = pry2ap dp) =271, p*dp

T=2rx TYICZ o’ dpz%rry (cg —cf)
<

=27”(145><106)[(30><10‘3)3 —(12.5%x107)*1=7.6064x10° N-m

Unloading. 7" =7.6064x10° N - m
J = %(c;‘ ~cf) = %[(30)4 —(12.5)*] = 1.234 x 10°mm* = 1.234 x 10°m*
’ 3 -3
7= o  GO068x100U25x107) _ 77 050 x 10°Pa = 77.05 MPa
J 1.234x10
’ 3 -3
7 = L0 TO06X10)G0XI07) _ 195 63 10°Pa = 192.63 MPa
J 1.234 %10
Residual stress.
Inner surface: T =Ty — 7, =145 —77.05 = 67.95 MPa
Outer surface: Tos = Ty — Ty = 145 -192.63 = —47.63 MPa
Maximum residual stress: 68.0 MPa at inner surface. 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.119
|
5 i /\T In Prob. 3.118, determine the permanent angle of twist of the rod.

PROBLEM 3.118 The hollow shaft shown is made of a steel that is
assumed to be elastoplastic with 7, =145MPa  and
G = 77.2 GPa. The magnitude T of the torques is slowly increased
until the plastic zone first reaches the inner surface of the shaft; the
60 mm torques are then removed. Determine the magnitude and location of

g the maximum residual shearing stress in the rod.
25 mm

SOLUTION

2

C) =%d2 =30 mm

When the plastic zone reaches the inner surface, the stress is equal to 7,. The corresponding torque is
calculated by integration.

dT = pt dA = pr,2mpd p) =27ty p*dp
&) 27
T=27n'YJ.Cl o’ dpzTTY(cg —cf)
=27”(145><106)[(30><10*3)3 —(12.5%107%)’1=7.6064x10°N - m

Rotation angle at maximum torque.

C1Pmax _ — T_Y
L =g
6
o = 22 = XA 75130 g
Ge,  (77.2%10%)(12.5x107)
Unloading. T’ =17.6064%x10° N -m

J = %(c;‘ ) = %[(30)4 —(12.5)*] = 1.234 x 10°mm* = 1.234 x 10°m*

’ 3
g=1L_ (7'60694 x107)) — = 0.39922 rad
GJ  (77.2x107)(1.234x107°)
Permanent angle of twist.
Pperm = Prnax — ¢ =0.75130 — 0.39922 = 0.35208 rad Pperm = 20.2° <4
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PROBLEM 3.120

A torque T applied to a solid rod made of an elastoplastic material is increased until
the rod is fully plastic and them removed. (a) Show that the distribution of residual
shearing stresses is as represented in the figure. (b) Determine the magnitude of the
torque due to the stresses acting on the portion of the rod located within a circle of
radius cy.

SOLUTION
Tv
y T
T
+
3%
Loading Unloading Residual
(a)
. 4 4r 2
After loading: Py =0, T = ETY = EECSTY = Tc%'y
Unloading: z’=E=Z—TS=2(Tl—°§d)=—TY atp =c¢
J zc zc
4 _p
T =—Ty—
37 ¢
Residual: Tres = Ty — iryﬁ =1y (1 - 4—pj
3 ¢ 3c
To find ¢ set, T =0 and p =
0=1-% . =3 ¢ = 0.150c <
3c

(34)c
b)) T, = 24 prdp = 2nj ZY(I—égjdp

3

9

_iP_
34

27

0

(3/4)c

1
=2n1,¢° {5

Or
= @TYC =0.2209 Z'Yc

=271,C° {—

64 256

}

(

3

4

JH

4

3

)

1

4

[

3

4

I}

T, = 0.2217,c 4
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PROBLEM 3.121

2.4 in.

\/( 25 in.
A ~N
A \

)

Determine the largest torque T that can be applied to each of the two
brass bars shown and the corresponding angle of twist at B, knowing that
7, =12ksiand G = 5.6 x 10° psi.

SOLUTION

L =25in, G=56x10°psi, 7, =12x10°psi

a

T = T 5 or T = cab’c,,.
cab
Q= —TL3 or = %
c,ab’G c,bG
(@ a=4in, b=1lin, % = 4.0 From Table3.1: ¢ = 0.282,
From (1): T = (0.282)(4)(1)*(12 x 10%) = 13.54 x 10°
3
From (2): = (0289)@HAZXT0Y) _ ) 15376 radians

(0.281)(1)(5.6 x 10%)

(b) a=2.4in., b =1.6in., % =15 From Table 3.1: ¢, = 0.231,
From (1): T = (0.231)(2.4)(1.6)*(12 x 10%) = 17.03 x 10°
3
From (2): (0.23D@HA2X107)  _ ) 1395 radians

" (0.1958)(1.6)(5.6 x 10°)

(1)

)

T =13.54kip -in 4

@ =3.08 <«

¢, = 0.1958

T =17.03kip - in 4

0 =226 <4
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\/ 25 in.
A ~

! in. PROBLEM 3.122
P L

- Each of the two brass bars shown is subjected to a torque of magnitude
))/1.6 m. T =12.5kip-in. Knowing that G = 5.6 x 10°psi, determine for each
/<\ bar the maximum shearing stress and the angle of twist at B.

2.4 in.

a8

»)
SOLUTION

L =25in., G =5.6x10° psi, T =125x10°1b-in
(@) a=4in, b =1lin, %:4.0

From Table 3.1: ¢ =0282, ¢, =0.281

3
T = = 22Xy g2 7. =11.08 ksi 4
cab®  (0.282)(4)(1)
3
p=—Tt o U2xXTONZ) _ _ 04965 radians
c,ab’G  (0.282)(4)(1)° (5.6 x 10°)
9 =284° 4

(b) a=24in, b=16in, % =15

From Table 3.1: ¢ =0231, ¢, =0.1958

3
T = s = 2 X0 g 100 7. =881 ksi €
cab®  (0.231)(2.4)(1.6)
6
p=—1"L - (125 x100@3) ___ _ 02899 radians
c,ab’G  (0.1958)(2.4)(1.6)°(5.6 x 10°)
9 =1661° 4
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300 mm

PROBLEM 3.123

Each of the two aluminium bars shown is subjected to a torque of
magnitude 7 = 1800 N - m. Knowing that G = 26 GPa, determine

for each bar the maximum shearing stress and the angle of twist at

SOLUTION

T =1800N-m

L=0300m G =26x10"Pa

(@) a=b=60mm = 0.060m % =1.0

From Table 3.1:

T

¢ =0208, ¢, =0.1406

1800

max

TL

c,ab? - (0.208)(0.060)(0.060)*

= 40.1x10° Pa Tpax = 40.1MPa <

(1800)(0.300)

¢:

(b) a=95mm = 0.095m,

From Table 3.1:

c,ab’G - (0.1406)(0.060)(0.060)* (26 x 10%)

= 0.011398 radians @ = 0.653° 4

b =38 mm = 0.038 m, %:2.5

¢ =0258, ¢, =0249

T = T S = 1800 - =50.9%10° Pa 7. = 50.9MPa <«
cab®  (0.258)(0.095)(0.038)
Q= T (1800)(0.300) = 0.01600 radians 0 =0917° 4

c,ab’G - (0.249)(0.095)(0.038)*(26 x 10%)
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PROBLEM 3.124

Determine the largest torque T that can be applied to each of the
two aluminium bars shown and the corresponding angle of twist at

B, knowing 7,; = 50 MPa and G = 26 GPa.

300 mm

SOLUTION
L=0300m, G=26x10"Pa, 7, =50x10°Pa
T = cﬂ% or T = cab’c,,, (1)

(@) a=b=60mm = 0.060m, %: 1.0

From Table 3.1: ¢ = 0.208, ¢, = 0.1406

From (1): T = (0.208)(0.060)(0.060)*(50 x 10°) = 2246 N - m T=225kN-m <

From (2): = (E)(?'12410086))((()6.300600))((5206X><110069)) = 0.01422 radians @ =0.815° 4
(b)) a=95mm =0.095m, b=38mm = 0.038m, % =25

From Table 3.1: ¢ =0.258, ¢, =0.249

From (1): T = (0.258)(0.095)(0.038)*(50 x 10%) = 1770 N - m T=1770kN-m <«

From (2): — (0258)(0.300)(50 X 10 = 0.01573 radians @ =0901° 4

(0.249)(0.038)(26 x 10°)
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PROBLEM 3.125

G=11.2x10°psi.

Determine the largest allowable square cross section of a steel shaft of length 20 ft if the maximum shearing
stress is not to exceed 10 ksi when the shaft is twisted through one complete revolution. Use

SOLUTION

Divide (2) by (1) to eliminate 7.

Solve for b.

For a square section,

From Table 3.1,

L =20ft = 2401n.
T = 10ksi = 10 x 107 psi
¢ =1 rev = 2x radians

T

T =
c,ab?

max

_TL
c,ab’G
¢ _ cqab’L _ ¢lL

T Cab’G  c,bG

b= LT,
oG
2210
b
¢ = 0.208,
¢, = 0.1406
(0.208)(240)(10 x 10° )

~ (0.1406)(11.2 x 105(27)

(1)

@

b = 0.0505 in. 4
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PROBLEM 3.126

Determine the largest allowable length of a stainless steel shaft of %x%—in. cross section if the shearing stress

is not to exceed 15 ksi when the shaft is twisted through 15°. Use G = 11.2 x 10° psi.

SOLUTION
a= Ein. =0.751n.
4

b= %in. =0.3751n.

T = 15 ksi = 15x 107 psi

p=15°= 15z rad = 0.26180 rad
180

T
Tnax = 1
max clab2 ( )
TL
== 2
4 c,ab’G @
qab’L ¢l

. . 7
Divide (2) by (1) to eliminate 7. = =
@by Toae  Cab°G  ¢,bG

Solve for L. L= M
clfmax
a _ 075
b 0.375
Table 3.1 gives ¢ =0.246, ¢, =0.229
6
I = (0.229)(0.375)(11.2 x 10°)(0.26180) = 632 in. L =682 in 4

(0.246)(15 x 10%)
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PROBLEM 3.127

The torque T causes a rotation of 2° at end B of the stainless steel bar
shown. Knowing that b = 20mm and G = 75GPa, determine the

maximum shearing stress in the bar.

SOLUTION

a =30mm = 0.030 m
b =20mm = 0.020 m

@ =2°=34907x10"rad

3
p=—TL . 704G
c,ab’G L
T c,ab’Gp  c,bGo
Tmax = 3 = 3 =
cab cab’L oL
a_30_ys
b 20
From Table 3.1,
¢ =0.231
c, = 0.1958
-3 9 -3
e (0.1958)(20 x 107°)(75 x 10 )(34.907 x107) _ 502 % 10° Pa . =592 MPa 4
(0.231)(750 x107)
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PROBLEM 3.128

The torque T causes a rotation of 0.6° at end B of the aluminum bar
shown. Knowing that b =15mm and G = 26 GPa, determine the

maximum shearing stress in the bar.

SOLUTION

a=30mm=0.030 m
b=15mm=0.015m

@=0.6°=10.472x10 rad

o= TL3 L= czab3G¢
c,ab’G ol
- r _ c,ab’Go _ c,bGo
" cab®  cab’L ol
a_30_5p
b 15
From Table 3.1,
¢, =0.246
¢, =0.229
~(0.229)(15x107)(26x10%)(10.472x107°)
- (0.246)(750x107)
=5.07x10° Pa Toa = 5.07 MPa <
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—b—] ’;bj PROBLEM 3.129

T Two shafts are made of the same material. The cross section of shaft 4 is a
b square of side » and that of shaft B is a circle of diameter 5. Knowing that the
L shafts are subjected to the same torque, determine the ratio 7,/7; of maximum

A B shearing stresses occurring in the shafts.
SOLUTION
A, Square: % =1, ¢ =0208 (Table3.1)
LT _ T
47 qab® 020801
B. Circle: czlb TB=2=2—T3=16—];
2 J e b
Ratio: T L7 g3005x T4~ 0.944
r, 0208 16 7,
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PROBLEM 3.130

Shafts 4 and B are made of the same material and have the same
cross-sectional area, but 4 has a circular cross section and B has a
square cross section. Determine the ratio of the maximum shearing
stresses occurring in 4 and B, respectively, when the two shafts are
subjected to the same torque (7, = Tj;). Assume both deformations
to be elastic.

SOLUTION

Let ¢ be the radius of circular section 4 and b be the side square section B.

For equal areas,

Circle:

Square:

Ratio:

For T, = Ty,

et = b? b= c\/;

= Lac _ 24

4 J 7’
% =1 ¢ =0.208 from Table 3.1
Ty = Ty _ Ty

cab* b’

Lol 2T T
TB

Tg o Ty e Ty

T4 T4

4 = (2)(0.208W7 -4 20737 4
Tp Tp
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PROBLEM 3.131

n Shafts 4 and B are made of the same material and have the same cross-
sectional area, but 4 has a circular cross section and B has a square
cross section. Determine the ratio of the maximum torques 7,4 and 73
that can be safely applied to 4 and B, respectively.

B

SOLUTION

Let ¢ = radius of circular section 4 and b = side of square section B.

For equal areas 7c? = b,

b
Jr
. T, 2T
Circle: T, =4 =4 T, ==cr
T 2 4T
Square:
From Table 3.1, ¢ = 0.208
T, Ty
Tp = —= Ty = bt
B clab2 clb3 B B
. b
. T, 3¢t S w1 g,
Ratio: —£ = = B = -4
TB Clb TE Clb TB 201\/; TB
For the same stresses, Tg =17, Lo 1 L _ 1.356 <
T, (2)(0.208)\/7 Ty
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PROBLEM 3.132

A Shafts 4 and B are made of the same material and have the same length
and cross-sectional area, but 4 has a circular cross section and B has a
square cross section. Determine the ratio of the maximum values of the
angles ¢, and ¢ through which shafts 4 and B, respectively, can be

B twisted.

SOLUTION

Let ¢ = radius of circular section A4 and b = side of square section B.

For equal areas, rct =b* . b=Arme

. T cQ Lt

Circle: =4 _=r4 . _ Lty

A2 7max G L ¢A G

Square: From Table 3.1, ¢ =0.208 ¢, =0.1406

75 = T T T, = 0.208 b’z

cab>  0.208b°
T,L  0208b°r,L 14794 Lz,

Op = LaG  014066°G G
Ratio: Pa Lty DG _ 676574 _ 67647 T4
¢ G 1479%4L7t, cTy Ty
For equal stresses, 7, = 7, s 0676\ s ~1.198 <
P4 ?4
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PROBLEM 3.133

Each of the three aluminum bars shown is to be twisted through
an angle of 2°. Knowing that b = 30 mm, 7,; = 50 MPa, and

G= 27 GPa, determine the shortest allowable length of each
bar.

SOLUTION

@ =2°=34907x107rad, 7=50x10°Pa G =27x10°Pa, b=30mm=0.030 m

For square and rectangle, T = T e

c,ab? c,ab’G

9 _ cab’L I = c,bGo
T cab’G ot

Divide to eliminate T then solve for L.

(@) Square: % =1.0 From Table 3.1, ¢ =0.208, ¢, =0.1406

_ (0.1406)(0.030)(27 x 10”)(34.907 x 10~)

L - =382x107m L =382 mm <
(0.208)(50 x 10)
(b) Circle: c=1b=0.015m T:E (p=2
2 J GJ
Divide to eliminate T'; then solve for L. P _ JL = L
T cGJ G
9 -3
I = Gy _ (0.015)(27 x 10 )(3461.907><10 ) = 283%10%m L =283 mm 4
T 50x10
(¢)  Rectangle: a=12b % =12 FromTable3.1, ¢ =0219, ¢, =0.1661
9 -3
I = (0.1661)(0.030)(27 x 10°)(34.907 x 10™) _ 429 % 10" m [ = 429 mm 4

(0.219)(50 x 10%)
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PROBLEM 3.134

to each bar.

Each of the three steel bars is subjected to a torque as shown.
Knowing that the allowable shearing stress is 8 ksi and that
b =1.41n., determine the maximum torque T that can be applied

SOLUTION
(a) Square:

From Table 3.1,

(b) Circle:

(c) Rectangle:

From Table 3.1,

Toax = S ksi, b =14in.

a=b=14in. =10
b

¢ =0.208
Toax = T 3 T = clabzz'max
cab

T = (0.208)(1.4)(1.4)(1.4)*(8)

c= lb = 0.7 in.
2
Tmax = E = 2]; T = EC}Tmax
J e 2

_7 3
=2 0.7)°8)

a = (12)1.4) = 1.68in. % =12

¢ =0.219

T = cab’t,,, = (0.219)(1.68)(1.4)*(8)

T =4.57kip - in «

T =431kip-in <«

T =5.77kip - in 4
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»I ‘*-1111- PROBLEM 3.135
N

LS E X A 36-kip - in. torque is applied to a 10-ft-long steel angle with an L8 X 8 X 1 cross section.
From Appendix C, we find that the thickness of the section is 1 in. and that its area is,
15.00 in®. Knowing that G =112 x10®psi, determine («) the maximum shearing stress
|<78 i ‘ along line a-a, (b) the angle of twist.

m. —

8 in.

a

SOLUTION
: 2
a=A B s potin, Y215
t lin b
Since 255 ¢q=c= 1(1 - 0.6302]
b 3 a
or G =c = 1[1 - Mj =0.3193
3 15
T=36x10°1b-in; L =120in; G =11.2x10%psi
(@)  Maximum shearing stress: Tax = d 5
cab
3
T = —— 955 %107 psi . =752ksi 4
(0.3193)(15)(1)
. TL
b Angle of twist: =—
®) 4 c,ab*G
3
0= (36 x 10°)(20) — 0.08052 radians 0=461° 4

(0.3193)(15)(1)°(11.2 x 10%)
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PROBLEM 3.136

3m A 3-m-long steel angle has an L.203 x 152 x12.7 cross section. From
Appendix C, we find that the thickness of the section is 12.7 mm and
that its area is 4350 mm’. Knowing that 7, = 50 MPa and that
G =772 GPa, and ignoring the effect of stress concentration,
determine (a) the largest torque T that can be applied, (b) the
corresponding angle of twist.

T
1203 X 152 X 12.7 Q

SOLUTION

A=4350mm? b=127mm a="2?
A 4350

Equivalent rectangle. a=— m = 342.52 mm
4 = 2697
b
o =c = l(l - 0.6302j = (0.32555
3 a
(@) T, = T2 7. =50x10°Pa
cab

T = cab’r,, = (0.32555)(26.97 x 107)(12.7 x 107)* (50 x 10°)
=70.807N - m T=708N-m 4

TL (70.807)(3)

b = =
®) e c,ab®G  (0.32555)(26.97 x 107)(12.7 x 107)(77.2 x 10°)

= 0.15299 rad p=3877" 4
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PROBLEM 3.137

An 8-ft-long steel member with a W8 x 31 cross section is subjected to a 5-kip - in. torque.
The properties of the rolled-steel section are given in Appendix C. Knowing that

b P G =11.2x10%psi, determine (¢) the maximum shearing stress along line a-a, (b) the
maximum shearing stress along line b-b, (c) the angle of twist. (Hint: consider the web and
flanges separately and obtain a relation between the torques exerted on the web and a
WS X 31 flange, respectively, by expressing that the resulting angles of twist are equal.)
SOLUTION
a 7995
Flange: =7995in.,, b=0435in, —=——=1838
A ¢ b 0435
¢ =c¢ =—(1-0.630=) =0.3219 =—
T3 a o c,ab’G
G
T, = czabSﬂ = Kf% where K, = cyab’
K, =(0.3219)(7.995)(0.435)' = 0.2138 in’
. . a 7.13
Web: a =80-(2)0.435) =7.131in., b=0.285in.,, —=——=25.02
b 0285
| b) L
¢ =¢ ==1-0.630—| =0.3249 =
! 2 3( aj P czab3G
T, = czabz’% = KW@ where K, = c,ab’
L L
K,, = (0.3249)(7.13)(0.285)° = 0.0563 in*
For matching twist angles: Pr=¢, =@
Gy
Total torque. Ir=2T,+T,=Q2K, +K,) -
Gy _ T T - K,T T - K, T
L 2K,+K, ' 2k,+Kk, " 2K, +K,
= (0.2138)(5000)  _ 2211b-in; T, = (0.0563)(5000)  _ 557 1b - in
: (2)(0.2138)+ 0.0563 (2)(0.2138)+ 0.0563
T
(@ r,=—"5= 2221 - =4570 psi 7, =457 ksi 4
T qab® (0.3219)(7.995)(0.435)
b z,= TWZ = 557 5 = 2960 psi 7,, = 2.96 ksi «
cab (0.3249)(7.13)(0.285)
(o) Gop___ T (sz where L =8ft =96in.
L 2K,+K, G2K, +K,)
® (5000)©6) = 88.6 107 rad @ =508 <

T 112 % 109[(2)(0.2138) + 0.563]
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C | )T PROBLEM 3.138

W310 X 60
A 4-m-long steel member has a W310 X 60 cross section. Knowing that
G =77.2GPa and that the allowable shearing stress is 40 MPa, determine
(a) the largest torque T that can be applied, (b) the corresponding angle of twist.

Refer to Appendix C for the dimensions of the cross section and neglect the
effect of stress concentrations. (See hint of Prob. 3.137.)

SOLUTION
W310x60, L=4m, G=772GPa, 7, =40MPa
For one flange: From App. C, a=203mm, b=13.1mm, a/b=1550
1 0.630
Eq. (3.45): =¢, =—|1-———1=0320
9- 343 a=a 3( 15.50}
T.L T.(4)
Eq. (3.44): ¢, =—L5—= L 5 (1)
c,ab’G  0.320(0.203)(0.0131)7(77.2 x 107)
¢, = 355.04x107°T,
For web: From App. C, a=303-2(13.1) =276.8mm, b =75mm, a/b=2369
1 0.630
Eq. (3.45): =¢ =—|1-———]=0.328
q. ( ) =6 3[ 36.9]
Eq.(3.44): ¢, = L& 3 9
0.328(0.2768)(0.0075)°(77.2 x 107)
$, =1.3542x107°T;, Q)
Since angle of twist is the same for flanges and web:
¢ =@,  355.04x 10’6Tf =13542x107°T, 3

T, =3.8147,

But the sum of the torques exerted on the two flanges and on the web is equal to the torque T applied to the
member:

2T, +T, =T )
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Substituting for 7,

From (3):

For one flange:
From Eq. (3.43):

Eq. (6):

For web:

Eq. (5):

(a)  Largest allowable torque:

- from (3) into (4):

23.814T,)+T, =T

T, =338

T, = ¢ab7,,, = 0.320(0.203)(0.0131)*(40 x 10°)

PROBLEM 3.138 (Continued)

T, =0.11589T

14(0.11589T) T, = 0.44205T

=44591N -m

44591 = 0.44205T

T, = cab’t,,. = 0.328(0.2768)(0.0075)*(40 x 10%)
=20428N-m
204.28 = 0.11589T

Use the smaller value.

(b)  Angle of twist: Use T, which is critical.

Eq. (1):

¢ =¢, =(355.04 % 107°)(445.91) = 0.15831 rad

)
(6)
T =1009 N - m
T=1763N-m

T =1009N-m <«

é=9.07° 4
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i 90 mm i PROBLEM 3.139

a
L]

V. A torque 7= 750 kN - m is applied to a hollow shaft shown that has a uniform 8-mm
wall thickness. Neglecting the effect of stress concentrations, determine the shearing

B stress at points a and b.

SOLUTION

Detail of corner.

Area bounded by centerline.

lt = e tan 30°
2

t
“ = 2 tan 30°
8
2 tan 30°
b =90 - 2e = 76.144 mm

= 6.928 mm

1.3, B 3

a=—b~—b=-""bh" = "(76.144)
4 4

272
= 2510.6 mm? = 2510.6 x 107 m?
t =0.008 m
T 750

=18.67 x10°Pa

T T 2 T (2)(0.008) (2510 1079

7 =18.67 MPa «
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10 1nm PROBLEM 3.140

—| = 6 mm

stress at points a and b.
125 mm

—| =6 mm

10 mm

f A torque 7= 5 kN - m is applied to a hollow shaft having the cross section
shown. Neglecting the effect of stress concentrations, determine the shearing

SOLUTION

T=5x10°N-m

Area bounded by centerline.

a = bh = (69)(115) = 7.935 x 10> mm?
=7.935%107> m?
At point a: t = 6 mm = 0.006 m

T 5%10°

Y (2)(0.006)(7.935 x 107%)

=52.5x%10°Pa
At point b: t =10mm = 0.010 m
T 5%10°

T 2 T (2)(0010)(7.935 % 107)

=31.5x10°Pa

7 =52.5MPa <«

7 =31.5MPa <«
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2 mm PROBLEM 3.141

/q» ~— A 90-N - m torque is applied to a hollow shaft having the cross section
b shown. Neglecting the effect of stress concentrations, determine the shearing
40 mm 55 mm ;
stress at points a and b.
4 mm P
|
f
55 mm
SOLUTION
|
[
b [ | $Zmm SEmany
[
|
< mm —e g
I
|
!

Area bounded by centerline.

$R 39

39 39

’9

a=52%x52-39%x39 + %(39)2 = 2378 mm? = 2.378 x 10 m?

T=90N -m
T 90N -m

T, =o—= — —— 7, = 473 MPa 4
2ta 2(4x107m)(2.378 x 107 m?)

T 90N -m

- E - 2(2 X 10_3 m)(2 378 X 10—3m2) Ty = 9.46 MPa 4

Tp
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50 mm

PROBLEM 3.142

A 5.6 kN -m torque is applied to a hollow shaft having the cross section

——> shown. Neglecting the effect of stress concentrations, determine the
shearing stress at points ¢ and b.
100 mm <— 5 mm
l L]
T b
8 mm
SOLUTION

Area bounded by centerline.

At point a,

At point b,

T

2at

T

T =—=
2at

a = (96 mm)(95mm) + %(47.5 mm)’ = 12.664 x 10° mm?

=12.664 x 107> m?
t =5mm = 0.005m

3
56 x10 = 442x10°Pa 7 =442 MPa <
(2)(12.664 X 10~%)(0.005)
t = 8mm = 0.008m
3
56x10 — 276 x10° Pa 7 =27.6 MPa <

(2)(12.664 x 107)(0.008)
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50 mm

' PROBLEM 3.143

20mm A hollow member having the cross section shown is formed from sheet
metal of 2-mm thickness. Knowing that the shearing stress must not

i exceed 3 MPa, determine the largest torque that can be applied to the

member.
20 mm
SOLUTION
Area bounded by centerline.
48 a = (48)(18) + (30)(18)
\3 = 1404 mm? = 1404 x 10™° m?
ye| = 30 t =0.002m
30 T= % or T =2tar = (2)(0.002)(1404 x 107°)(3 x 10%)

a

T =1685N-m «

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




| PROBLEM 3.144

! 0.2i
0.5 in. o ! 15in A hollow brass shaft has the cross section shown. Knowing that the
6in. 9 6 "~ shearing stress must not exceed 12 ksi and neglecting the effect of stress
D%

concentrations, determine the largest torque that can be applied to the
l 0.2in. shaft.

<—0.2 in.

O.STin. — |<—0.2 in.
5 in.

SOLUTION
Calculate the area bounded by the center line of the wall cross section. The area is a rectangle with two semi-
circular cutouts.
b=5-02=48in.
h=6-05=55in.
r=15+0.1=1.6iIn.

bh — 2[%#] = (4.8)(5.5) — 7(1.6)* = 18.3575 in?

a =
T : .
T = Tow = 12x10°psi £, = 02in.
T =2at . 7. =(2)18.3575)(0.2)(12x10%) = 88.116 x 10’ Ib - in

T = 88.1kip - in = 7.34 kip - ft 4
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PROBLEM 3.145
2in. (4
A hollow member having the cross section shown is to be formed from sheet metal of
0.06 in. thickness. Knowing that a 1250 Ib - in.-torque will be applied to the member,
2in. determine the smallest dimension d that can be used if the shearing stress is not to
L exceed 750 psi.
2Tin.
L—Sin.—»l
SOLUTION ?'qq_d
Area bounded by centerline.
a=(594)(2.94-d)+1.94d =17.4636—-4.00d d Z
t=0.061in., 7=750psi, T=12501b-in
r=l 1.y 5.
2ta
ool
2t Z
' 2.94- &
d= 35747 _ 0.894 in. d = 0.894 in. <4
4.00
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PROBLEM 3.146

89
=

A hollow member having the cross section shown is to be formed from sheet metal of
0.06 in. thickness. Knowing that a 1250 Ib - in.-torque will be applied to the member,

4 2in.  determine the smallest dimension d that can be used if the shearing stress is not to
exceed 750 psi.

[N
=]

e 3in—]

SOLUTION

Area bounded by centerline.

9w
a = (5.94)(2.94) — 2.06d = 17.4636 — 2.06d

t=0.06in., 7=750psi, T =12501b-in
r= L 5
2ta
T
a = ——
21z 1.9%
17.4636 — 2.06d = & = 13.8889
(2)(0.06)(750)
d = 3.5747 =1.735 in. d =1.7351in. 4
2.06
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2.4 in.

0.08 in.

0.12 in.

PROBLEM 3.147

A hollow cylindrical shaft was designed to have a uniform wall thickness of
0.1 in. Defective fabrication, however, resulted in the shaft having the cross
section shown. Knowing that a 15 kip - in.-torque is applied to the shaft,
determine the shearing stresses at points a and b.

SOLUTION

Radius of outer circle = 1.2 in.

Radius of inner circle = 1.11n.

Mean radius = 1.151n.

Area bounded by centerline.

a=nr? = n(1.15)?% = 4.155in?

At point a,

At point b,

t =0.081n.
_r____ r=226ksi 4
2ta  (2)(0.08)(4.155)
t =0.121n.
_ I 15 7 =15.04ksi 4

2ta (2)(0.12)(4.155)
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PROBLEM 3.148

g A cooling tube having the cross section shown is formed from a sheet of stainless
1) steel of 3-mm thickness. The radii ¢; = 150 mm and ¢, = 100 mm are measured to
the center line of the sheet metal. Knowing that a torque of magnitude 7=3 kN - m

© is applied to the tube, determine (a) the maximum shearing stress in the tube, () the
magnitude of the torque carried by the outer circular shell. Neglect the dimension of
the small opening where the outer and inner shells are connected.
SOLUTION

Area bounded by centerline.

a= 71'(012 - c§) = 7(150% — 100%) = 39.27 x 10> mm?

=3927 %107 m?

t =0.003m
(@ 7= % = (2)(0.0033)2;?237 105 " 12.73 x10° Pa 7 =12.76 MPa 4
(b) T, =Qrctre)=2rctr
= 272(0.150)%(0.003)(12.73 x 10%) = 5.40 x 10* N - m T, =540kN -m «
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PROBLEM 3.149

A hollow cylindrical shaft of length L, mean radius c,,, and uniform
thickness ¢ is subjected to a torque of magnitude 7. Consider, on the
one hand, the values of the average shearing stress 7,,. and the angle
of twist @ obtained from the elastic torsion formulas developed in
Sections 3.4 and 3.5 and, on the other hand, the corresponding values
obtained from the formulas developed in Sec. 3.13 for thin-walled
shafts. (a) Show that the relative error introduced by using the thin-
walled-shaft formulas rather than the elastic torsion formulas is the
same for 7,,, and ¢ and that the relative error is positive and
proportional to the ratio tc, . (b) Compare the percent error
corresponding to values of the ratio t/c,, of 0.1, 0.2, and 0.4.

SOLUTION

Let ¢, = outer radius = c,, + 3 ¢ and ¢, = inner radius = ¢,, — 3¢

J = %(cg - 014) = %(C% + 012)(6‘2 +c)cy —¢)

1 1
= %(Ci +c,t+ th +ct —ct+ ZIZJ(ZCm)t

= 272'(63, + ltzjcmt
4

: Tc,, T
" J 272'( 2, 1 2]
2+ 1|t
TL TL

Area bounded by centerline. a=nmch
T T
Tave = 7, = P
2ta  2mc,t
_TL .ds TLQxmc, )ty TL
P2="3 4>_ - 224 3
4a°G " ¢t Arme,)"G 27, tG
27[(63, + ltz)t 2
(a) Ratios: Tave _ T2 X 4 =1+ lt_z <
T, 2mct T 4c,
2ﬁ(c,2n + ltz)cth 2
& = Tl:; X 4 =1+ lt— 4
o 2rctG 1L 4c,
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PROBLEM 3.149 (Continued)

t
5 — 0.1 0.2 0.4
(b) M_lzﬁ_lzlt_ Cm
T @ 4 crzn 1
el 0.0025 0.01 0.04
% 0.25% 1% 4%
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PROBLEM 3.150

Equal torques are applied to thin-walled tubes of the same length L,
same thickness ¢, and same radius c. One of the tubes has been slit
lengthwise as shown. Determine (a) the ratio 7, /7, of the maximum
shearing stresses in the tubes, (b) the ratio ¢,/¢, of the angles of twist
of the shafts.

SOLUTION
Without slit:

Area bounded by centerline. a = 7z¢?

T T
Ta = —_—= 5
2ta  2mct
J =27t P L
GJ 2rctG
With slit: a=27e, b=1, L= o5
b t
1
T 3T
=5,
cab 27ct
P S/
b c,ab’G  27ct’G
2
(a)  Stress ratio: 5 _ 3T 5 2rct = 3 D _ 3¢ <
T, 2mct T t T, t
(b)  Twist ratio: 9 _ 3L 27t G _ 3 D _ 3 <
@, 21ct’G TL ? o,
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A PROBLEM 3.151

The ship at A4 has just started to drill for oil on the ocean floor at a depth of 5000 ft.
Knowing that the top of the 8-in.-diameter steel drill pipe (G = 11.2x 10° psi)
5000ft  rotates through two complete revolutions before the drill bit at B starts to operate,
determine the maximum shearing stress caused in the pipe by torsion.

B —
SOLUTION
GJ L
T:ﬁ: GJoc _ Goc
J JL L

@ =2rev = (2)(2r) =12.566rad, ¢ = %d =4.0in.
L = 5000 ft = 60000 in.

Tzaszm%azwamo)

=9.3826 x 10’ psi 7 =9.38ksi «
60000
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6.8 kip - in. PROBLEM 3.152

The shafts of the pulley assembly shown are to be
redesigned. Knowing that the allowable shearing
stress in each shaft is 8.5 ksi, determine the smallest
allowable diameter of (a) shaft AB, (b) shaft BC.

10.4 kip - in.

3.6 kip - in. 1.31in.

SOLUTION
(¢)  Shaft 4B: T, =3.6x10°b - in
7. =8.5ksi =8.5x10°psi
T 4 Tc 2T
J =—c¢ T = =
2 max J 7Z'C3
3
¢ = Hap _ QOO0 _ g a6 dp=2c=1292in. 4
T pax 7(8.5x10%)
(b)  Shaft BC: Tye = 6.8x10° Ib - in

7. =8.5x10° psi

3
=+ 2lsc _ 5 (2)(6'8“2 ) = 07985 in.
7T pax 7(8.5x107)

dpe =2¢ =1597 in. 4
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PROBLEM 3.153

A steel pipe of 12-in. outer diameter is fabricated from

1 -in. -thick plate by welding along a helix which forms an angle

of 45° with a plane perpendicular to the axis of the pipe.
Knowing that the maximum allowable tensile stress in the weld
is 12 ksi, determine the largest torque that can be applied to the

pipe.

SOLUTION
From Eq. (3.14) of the textbook,
045 = Tinax
hence, 7T, = 12ksi = 12 x 107 psi
c, = %do = %(12) = 6.00 in.
¢ =c¢,—t=600-0.25=575in.

J= %(c;‘ ~cf) = %[(6.00)4 — (5.75)*] = 318.67 in.

Tc Tnax.
max 7 T = T
3
r = 2X100GI86T) _ s 1031h - in
6.00

T = 637kip - in <
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PROBLEM 3.154

For the gear train shown, the diameters of the three solid shafts
are:

dup =20mm dop =25mm dg; = 40mm

Knowing that for each shaft the allowable shearing stress is
60 MPa, determine the largest torque T that can be applied.

SOLUTION

Statics: Ty=T
T T 7 75
D =48 T, =XT,p=—T=25T
o g g 30

Toe Tep g, Tep - 20smy =57

Determine the magnitude of 7'so that the stress is 60 MPa = 60 x 10° Pa.

_TIc JT w5

T Tyt = — = —7cC
J shaft c
Shaft 4B: c= %dAB =10mm = 0.010 m

Ty=T= %(60 x10°)(0.010)° 7 =942N-m
Shaft CD: c= la’CD =12.5mm = 0.0125 m
2
Top = 2.5T = %(60 x10%)(0.0125° T =73.6N-m
Shaft EF: c= ldEF = 20mm = 0.020m
2

Tpp = 7.5T = %(60 x10%)(0.020)° T =100.5N-m

The smallest value of T is the largest torque that can be applied. T=736N-m 4
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200 mgf‘ "/

PROBLEM 3.155
250 mm
Two solid steel shafts (G = 77.2GPa) are connected to a coupling disk B
and to fixed supports at 4 and C. For the loading shown, determine (a) the
reaction at each support, (b) the maximum shearing stress in shaft 4B, (c) the
maximum shearing stress in shaft BC.

SOLUTION

Shaft AB: T =T, L;j=0200m, c= %d = 25mm = 0.025m

T =Tt = 0.025 = 613.59x10°m* ¢, = Laslap
2" 2 GJ 43

Glap  — (77.2x10%)(613.59 x 10™)
Lyp ’ 0.200

Py = 236.847 x10° @,

Shaft BC: T =Tz0, Lpe=0250m, c= %d =19mm = 0.019m

Toe = ZFct = (0019 = 20471x10°m* ¢, = 28clsC
) GJ g

Glyc , _ (772x10)Q0AT1x107) _

63.214x10°p
B B
Ly 0.250

Tpe =

Equilibrium of coupling disk. 7 =T, + Tp¢

(a)

()

(©

1.4x10° = 236.847x10°p; + 63.214x10°p; ¢ = 4.6657 x 107" rad.
T, = (236.847 x 10*)(4.6657 x 107) = 1.10506 x 10° N - m
Ty = (63.214 X 10°)(4.6657 x 107°) = 294.94 N - m

Reactions at supports. T,=T,; =1105N-m <«

Tp =Ty =295N-m <

Maximum shearing stress in AB.

_ Tyge  (1.10506 x 10°)(0.025)

T = = 45.0x10°Pa 7,5 = 45.0 MPa <
BT 613.59x107° 48

Maximum shearing stress in BC.

’Z'BC _ TBCC _ (29494)(0019) =274x% 106 Pa TBC = 27.4 MPa 4

Jpe  204.71x107°
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PROBLEM 3.156

A
e gt
=< C In the bevel-gear system shown, « =18.43°. Knowing that the
S allowable shearing stress is 8 ksi in each shaft and that the system is in
' 065 equilibrium, determine the largest torque T, that can be applied at A4.
o
(I_)
TB
SOLUTION

Using stress limit for shaft A:

Using stress limit for shaft B:

From statics,

7 = 8ksi, c= %d =0.251n.

T, = % - %r@ - %(8)(0.25)3 = 0.1963 kip - in

7=8ksi, c¢= %d = 0.31251n.

T, = % - %r@ - %(8)(0.3125)3 = 0.3835kip - in

Tp
T, = (tan18.43°)(0.3835) = 0.1278 kip - in

The allowable value of T, is the smaller.

T, =10.1278 kip - in T,=12781b-in 4
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T, =1001b - in.

““\A

Tp =2001b - in.
' G
(/\E

PROBLEM 3.157

Three solid shafts, each of %—in. diameter, are
connected by the gears shown. Knowing that
G=11.2x10° psi, determine (a) the angle

through which end A4 of shaft 4B rotates, (b) the
angle through which end E of shaft EF rotates.

SOLUTION

Geometry:

rg =1.5in., 7. =6in., 1 = 2in.

Ly =48in., L., = 36in,

Statics:

Gear B.

Gear F.

Gear C.

T,=1001b-in O

T, =2001b-in D

+‘>ZMB =0:

1.5, +100 = 0

F, = 67.667 Ib
)IM, = 0:

2F, +200 = 0

F, =1001b

)IM = 0;

—(6)(66.667) — (6)(100) + T,- = 0

T, =10001b - in D

Lye = 48in.

hy

== 672.¢67 4b

F=loo b
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PROBLEM 3.157 (Continued)

Deformations:
For all shafts, c= %d = 0.3751n.
J = §c4 = 0.031063 in*
Py = LapLas = (102)(48) =0.013797 rad O
GJ (11.2x10°)(0.031063)
Oy = ~EEEEE (202 ) = 0.027594 rad D
GJ (11.2x10%)(0.031063)
Pop = Telep _ (10060)(36) = 0.103476 rad D
GJ (11.2x10°)(0.031063)
Kinematics: Pc = Pop = 0.103476 rad D

relp = 1cQe Pp = :—0%%(0103476) = 0.41390 rad
B .

@ @, =@p+ @, = 041390 +0.01397 = 0.42788 rad

F

(B)  Qp = Qp + Qg = 0.31043 + 0.027594 = 0.33802 rad O

9, =245°D 4

o =1937°D 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 3.158

The design specifications of a 1.2-m-long solid transmission shaft require that the angle of twist of the shaft
not exceed 4° when a torque of 750 N - m is applied. Determine the required diameter of the shaft, knowing
that the shaft is made of a steel with an allowable shearing stress of 90 MPa and a modulus of rigidity of
77.2 GPa.

SOLUTION
T=750N-m, ¢=4°=69.813x107rad,
L=12m, J =§c4

7=90MPa =90x10°Pa G = 77.2GPa = 77.2x10° Pa

Based on angle of twist. ¢ = I _ LL“
GJ 7Gce
c=4 2L _ 4 (2)(9750)(1'2) —- =18.06 X 10°m
nGo 7(77.2 x107)(69.813 x107°)
Based on shearing stress. 7 = Te _ 2—];
J &
c= 3/2—T = 3% =1744x107m
T (90 x10°)
Use larger value. ¢ =18.06 X107 m = 18.06 mm d =2c¢=36.1mm <«
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PROBLEM 3.159

The stepped shaft shown rotates at 450 rpm. Knowing that » = 0.5in.,
determine the maximum power that can be transmitted without
exceeding an allowable shearing stress of 7500 psi.

SOLUTION
d = 5in.
D = 6in.
7 =0.51n.
b_6_ 1.20
d 5
295 o0
d 5
From Fig. 3.32, K =133
For smaller side, c= %d = 2.51n.
KTc 2KT
T = = 3
J e
3 3
7= _ 7200 _ 384046 10°1b - in
2K (2)1.33)
f =450 rpm = 7.5 Hz
Power. P =27fT = 272(7.5)(138.404 x 10*) = 6.52 x 10%in - Ib/s
Recalling that 1 hp = 6600 in - Ib/s, P =988 hp 4
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PROBLEM 3.160

A 750-N - m torque is applied to a hollow shaft having the cross section shown
and a uniform 6-mm wall thickness. Neglecting the effect of stress concentrations,
determine the shearing stress at points a and b.

SOLUTION

Area bounded by centerline.

Then at points a and b,

a= 2%(33)2 + (60)(66) = 7381 mm? R VI

= 7381x10°m?
t = 0.006 mat both ¢ and b,

T 750 — 847 x10°Pa 7 = 8.47 MPa <

T 2 T (2)(0.006)(7381x 10
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PROBLEM 3.161

The composite shaft shown is twisted by applying a torque T at end A4.
, Knowing that the maximum shearing stress in the steel shell is

E 150 MPa, determine the corresponding maximum shearing stress in the
%" aluminum core. Use G =77.2GPa for steel and G=27GPa for

aluminum.

40 mm

Aluminum

SOLUTION
Let G, J,, and 7, refer to the aluminum core and G,, J,, and 7, refer to the steel shell.

At the outer surface on the steel shell,

p=22 . 2_n_ 0
UL L ¢ G,
At the outer surface of the aluminum core,
_ a9 v _n_"4n
}/1 = = =
L L ¢ G
Matching % for both components,
L o _0
G, oG

¢ G, 0030 27x10°

7 = 5150 x10° = 39.3%10°Pa
¢ G 0040 77.2x10

Solving for 7,, T, =

7, =39.3MPa <
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PROBLEM 3.162

Two solid brass rods 4B and CD are brazed to a brass sleeve EF.
Determine the ratio d,/d, for which the same maximum shearing stress
occurs in the rods and in the sleeve.

SOLUTION
Let ¢ = laf and c, = la’
1 2 1 2 2 2
Shaft AB: PR L 2_T3
Ji 7
Sleeve EF. T, = Te, . 2Tq

2T
For equal stresses, = =

3 4 4
e 71'((:2 - )

4 4 _ 3
G~ =46
c
Let x=-2 *-1=x or x=3Yl+x

G
Solve by successive approximations starting with x, = 1.0.

x =42 =1.189, x, =42.189 =1.216, x, = 2.216 =1.220
x, = 32220 =1.221, x5 =32.221 =1221 (converged).

x =1221 £ 1221 b 121 <
e d
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CHAPTER 4






21in.2 in.2 in.

PROBLEM 4.1
M = 25 kip - in.

A
’— B 2in. ( Knowing that the couple shown acts in a vertical plane, determine the

1.5 1n. stress at (a) point 4, (b) point B.

2 in.

SOLUTION

Y
| T
J 018 2718

. 4

0] ® e |t
For rectangle: 1= ibh3
12

For cross sectional area:

I=L+1L+1,= %(2)(1.5)3 + é(Z)(S.Sf + %(2)(1.5)3 = 28.854 in*

(@) y,=275in. o, = —M;}A = —(222(5'515) o, =-238ksi 4
(B) vy =0.750n, oy = —M}VB = —(225;(2;5) o, = ~0.650 ksi 4
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20, 40 20 PROBLEM 4.2
—

’

M = 15kN - m Knowing that the couple shown acts in a vertical plane, determine

< __________ the stress at (a) point A4, (b) point B.

s
—"o"—o—" o“—

Dimensions in mm

SOLUTION

(a)

()

For rectangle: I = %biﬁ

Outside rectangle: [, = %(80)(120)3
I, =11.52x10° mm* = 11.52 x10° m*
Cutout: I, = é(40)(80)3

I, = 1.70667 x 10° mm* = 1.70667 x 10°° m*
Section: I=1-1,=9.81333x10"° m*

3
y, =40 mm = 0.040 m o, =M _ _(5xX109Q040) _ ) 6. 106 pa

1 9.81333x107°
0, =-61.6 MPa <

Myg _ (15x10°)(=0.060)
I 9.81333x107°

yp = —60 mm = —0.060 m op = - =91.7x10° Pa

0, =91.7 MPa <
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0-Lin. PROBLEM 4.3

4_( 03 Using an allowable stress of 16 ksi, determine the largest couple that can be
M, applied to each pipe.
(a)
/0.2 in.
0.5 in.
<=
\42(
(b)
SOLUTION
@ 1="(r-r") =706 -05%=527x10" in*
4 4
¢ =0.61n.
oM ol _ (16)(527x107)
1 c 0.6
M =1.405kip - in 4
(b I= %(0.74 - 0.5 =139.49x107 in*
c=0.7in.
oo M ol _(16)(139.49x107)
1 c 0.7

M =3.19kip-in 4
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y PROBLEM 4.4

A nylon spacing bar has the cross section shown. Knowing that the
allowable stress for the grade of nylon used is 24 MPa, determine the
= 80mm Jargest couple M, that can be applied to the bar.

2

r =25 mm

! 100 mm !

SOLUTION
1 3 T 4
I = Irect - Icircle =—bh" ——r
12 4

= %(100)(80)3 - %(25)4 =3.9599 x 10° mm*

=3.9599x107° m
80

c=7=40mm=0.040m
6 -6
0_:%: MZ:a_]:(24><10 )(3.9599 x 10 )=2.38><103N-m
I c 0.040

M, =238kN-m 4
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y PROBLEM 4.5

24 mm A beam of the cross section shown is extruded from an aluminum

b alloy for which o, =250 MPa and o, =450 MPa. Using a factor

I of safety of 3.00, determine the largest couple that can be applied to
the beam when it is bent about the z-axis.

SOLUTION
Allowable stress. =9u _ @ =150 MPa
F.S. 3
_ 6 :
=150x10" Pa % 7
Moment of inertia about z-axis. @

DU

I = é(16)(80)3 =682.67%x10°mm*

7Y

I, =é(16)(32)3 =43.69%x10°mm* /
)
I, =1, =682.67x10°mm*
I=1,+1,+ I, =1.40902x10°mm* =1.40902 x 10~ m*
a:% with c=%(80)=40mm=0.040m
—6 6
p =10 (14090210 )AS0XI0T) _ 5 5g 103 N m M=528kN-m <

c 0.040
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A —— <

y PROBLEM 4.6

Solve Prob. 4.5, assuming that the beam is bent about the y-axis.

son PROBLEM 4.5 A beam of the cross section shown is extruded from an

G
M i aluminum alloy for which o, =250 MPa and o, =450 MPa. Using a
m;m factor of safety of 3.00, determine the largest couple that can be applied to
. | |_]__ ¥ V thebeam when it is bent about the z-axis.
\Q 16 mm
SOLUTION
// 7, "V
Allowable stress: =0y 430 _ 150 MPa N 7
FS.~ 3.00 D<®
6 r'fa' \\ 'F:“;-'
=150x10° Pa Q 7
Moment of inertia about y-axis. % r‘,.«.‘:_‘,
1 3 2 34 o
1, =E(8O)(16) +(80)(16)(16)" =354.987x10" mm A
I, =é(32)(16)3 =10.923x10° mm*
I, =1, =354.987x10° mm*
I=1+1,+1,=720.9%10°mm* = 720.9x10° m*
o =$ with ¢ =%(48) =24 mm=0.024 m
-9 6
m=17_ (720'9“802);150)(10 ) —4.51x10°N - m M=451kN-m <
c .
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1/‘ PROBLEM 4.7

Two W4x13 rolled sections are welded together as shown. Knowing that for the steel
alloy used o, =36 ksi and o, =58 ksi and using a factor of safety of 3.0, determine
c the largest couple that can be applied when the assembly is bent about the z axis.

F A
SOLUTION y
Properties of W4 X 13 rolled section. %
(See Appendix C.) 2 .{'03
X
Area =3.83 in® 1
Depth =4.16 i 208
epth =4.16 . o [ T L @
I, =113 in*

For one rolled section, moment of inertia about axis a-a is

I, =1 +Ad*>=11.3+(3.83)(2.08)* =27.87 in*

For both sections, I,=2I,=5574in*
¢ =depth =4.16 in.
. M
0, =2 =% 93331 oM
F.S. 3.0 I
a, =Sl _ (19.3343)1(655.74) M., =259 kip-in 4
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y PROBLEM 4.8

Two W4x13 rolled sections are welded together as shown. Knowing that for the steel
alloy used o, =36 ksi and o, =58 ksi and using a factor of safety of 3.0, determine the
largest couple that can be applied when the assembly is bent about the z axis.

z e oC =
SOLUTION
Properties of W4 x 13 rolled section. — X -
(See Appendix C.) 2.030
Area =3.83 in’ Y —_— 2*030
Width =4.060 in. b » _k L
1,=3.86in"*

For one rolled section, moment of inertia about axis b-b is

I,=1,+ Ad* =3.86+(3.83)(2.030)* =19.643 in*

For both sections, I, =21, =39.286 in*
¢ =width =4.060 in.
. M
0, =2 -8 933315 o= M
FS. 3.0 I
M, = oul _ (19.333)(39.286) M., =187.1 kip-in 4

4.060
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PROBLEM 4.9

/> 25 mm
Two vertical forces are applied to a beam of the cross section shown. Determine

—

25 mm the maximum tensile and compressive stresses in portion BC of the beam.

4

“4]\'1\] 4 kN
A B C
| |

300 mm I300 mm I

SOLUTION
J
T 2 7 2 I N C ) O))
A = —r° =—(25" =981.7 mm =—=—""—">-=10.610 mm
O =57 =5 N3 T T
—% I ho 25
A, = bh = (50)(25) = 1250 mm? y, = —— = —== = —-12.5mm
® 2 2
5= A + 45, _ (981.7)(10.610) + (1250)(-125) _ o0
A + 4, 981.7 + 1250
L=1, - A% =%r4 - Ay =%(25)4 —(981.7)(10.610)* = 42.886x10° mm*

d, =y, -y =10.610—(-2.334) =12.944 mm
I, =1+ Ad} = 42.866x10° +(981.7)(12.944)* = 207.35x10° mm*
- 1

1
I, =—bh* =—(50)(25)° =65.104x10° mm*
2515 12( )(25)

d, =|y, - ¥|=|-12.5-(-2.334)| =10.166 mm
I, =1, + Ayd; = 65.104x10° + (1250)(10.166)* = 194.288x10° mm*
I=1+1,=401.16x10° mm* =401.16x10~° m*
Viep =25+2.334=27.334 mm =0.027334 m
Voot = —25+2.334=-22.666 mm =—0.022666 m

PH P
%DM M-Pa=0: M=Pa=(4x10)300x107) =1200N -m

—M;
O‘top _ ymp __ (1200)(002737394) — —8176 % 106 Pa O-t()p — _818 MPa 4
I 401.16 x 10
G = oo, . (ZOOND22066) _ 5 5 106 pa o = 67.8 MPa 4
1 401.16 x10
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10 mm 10 mm

R

|

50 mm

PROBLEM 4.10

10 kN
1 Two vertical forces are applied to a beam of the cross
c

section shown. Determine the maximum tensile and

Neutral axis lies 25 mm above the base.

AL S Jif compressive stresses in portion BC of the beam.
10 mm ’
— o
L—50 mm —J : 150 mm I 250 mm I 150 mm l
SOLUTION
,/@ A, mm’ ¥y, mm Ay,, mm’
: [ @ 600 30 18x10°
@ 600 30 18x10°
® ® 300 5 1.5x10°
1500 37.5%10°
3
7, = 37.5x10 2Smm
1500

1
T I, =—(10)(60)* + (600)(5)* =195x10°mm* 1, =, =195 mm*
25 mm 112
_ _ __* I 25(30)(10)3 +(300)(20)* =122.5x10° mm*
Am [=1+1,+1,=512.5x10°mm* = 512.5x10“m"*
P
Viop =35 mm=0.035m  y,, =25 mm=-0.025 m
M
a=150mm=0.150m P=10x10°N : jD
M =Pa=(10x10%)0.150)=1.5x10°N-m _,]
le— O
X P
M
op =~ Yip __ (1.5x10 )(0'0935) =-102.4x10°Pa O\op =—102.4 MPa (compression) 4
I 512,510~
M . *)(-0. .
Oy = — 0t - (15x107)C0 225) =73.2x10°Pa Oy = 73.2 MPa (tension) 4
I 512,510~
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25 kips 25 kips
A B C

T

20 in.

PROBLEM 4.11

Two vertical forces are applied to a beam of the cross section shown.

Determine the maximum tensile and compressive stresses in portion
BC of the beam.

SOLUTION

Yo
L. |

S o
®

Li7]

%o

4 % 47,

@ 8 7.5 60

@ 6 4 24

® 4 0.5 2

z 18 86
86

Y =——=4.778 in.
18

Neutral axis lies 4.778 in. above the base.

- 2

3.222
—12
4,778 @
J =

I = é B + A d? = é(8)(1)3 +(8)(2.772)" = 59.94 in*
L= %bzhi + Ayd3 = éaw +(6)(0.778)* = 21.63 in*

1 =%b3h§ + Ayd; =§<4>(1>3 +(4)(4.278)* =73.54 in*

I=1+1,+1,=59.94+21.63+73.57=155.16 in*
Viep =3:2221in. ypo =—4.778 in.

M —-Pa=0
M = Pa=(25)(20) =500 kip - in

M,
Crop =— Yop __ (300)(3222) O\op =—10.38 ksi (compression) 4
1 155.16
Opot =— Myoor __ (500)(=4.778) O = 15.40 ksi (tension) «
1 155.16
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| Knowing that a beam of the cross section shown is bent about a horizontal
54 mm - axis and that the bending moment is 6 kN - m, determine the total force
_f acting on the top flange.

’~216 mm“ PROBLEM 4.12
y
I_L

SOLUTION

The stress distribution over the entire cross section is given by the bending stress formula:

M
o, =M
1
where y is a coordinate with its origin on the neutral axis and / is the moment of inertia of the entire cross

sectional area. The force on the shaded portion is calculated from this stress distribution. Over an area
element dA, the force is

dF = 0,dA=-—2dA

y

I 4
17//(§Q}/ AT

er] a4

The total force on the shaded area is then

F=[dr =—J’?4A =—%J‘ydA =—%f*A*

where 7" is the centroidal coordinate of the shaded portion and A’ is its area.

d,=54-18=36 mm
d, =54+36-54=36 mm

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.12 (Continued)

Moment of inertia of entire cross section:
I = éblhf +Ad} = é(216)(36)3 +(216)(36)(36)* =10.9175x10° mm*

- éb oy + Apdl; = é (72)(108)° +(72)(108)(36)* =17.6360x10° mm*

I=1+1,=285535x10"mm" =28.5535x10°m"*

'< 26 %‘4

20 //—’////, vl .._'3_i

For the shaded area,

A" =(216)(36) = 7776 mm>
¥ =36 mm
Ay =279.936x10°mm’ =279.936x10°m’

F=_|MA*;* _ (6x10°)(279.936x10™°)
I | 28.5535x10°°
=58.8x10°N F=588kN «
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’*216 mm“ PROBLEM 4.13
y
| ¥ Knowing that a beam of the cross section shown is bent about a horizontal

54mm| | 1. H6.mm axis and that the bending moment is 6 kN - m, determine the total force
z C _f acting on the shaded portion of the web.
108 mm
72 mm
SOLUTION

The stress distribution over the entire cross section is given by the bending stress formula:

M
o, =M
I
where y is a coordinate with its origin on the neutral axis and / is the moment of inertia of the entire cross

sectional area. The force on the shaded portion is calculated from this stress distribution. Over an area
element dA, the force is

dF = 0,dA=-—2dA

y

I 4
17//(§Q}/ AT

@& RN sz

The total force on the shaded area is then
F= IdF = —J-MdA = _Mj'ydA = _M;*A*
I I I

where 7" is the centroidal coordinate of the shaded portion and A’ is its area.

d,=54-18=36 mm
d, =54+36-54=36 mm
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PROBLEM 4.13 (Continued)

Moment of inertia of entire cross section:

I, =éb1hl3 + Ad} =%(216)(36)3 +(216)(36)(36)* =10.9175x10° mm

I, = ébzhg + Ayd; = 5(72)(108)3 +(72)(108)(36)* =17.6360x10° mm

I=1+1,=285535x10"mm" =28.5535x10°m"*

z S K
’
ji—-—-%;& qu
YA b
-J T2 e

For the shaded area,
A" =(72)(90) = 6480 mm>
y =45mm
Ay =291.6x10°mm> =291.6x10°m

_|MA'F| _ (6x10%)(291.6x107)
| 1 | 285535%10°

=61.3x10°N

F

F=613kN <«
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y PROBLEM 4.14
|
‘ t L5in.  Knowing that a beam of the cross section shown is bent about a horizontal axis
& T and that the bending moment is 50 kip - in., determine the total force acting
, 4in. (@) on the top flange, (b) on the shaded portion of the web.
h C
’ 5 } 1.5 in.
4>l 2 in. l«— 1
6 in.
SOLUTION
The stress distribution over the entire cross-section is given by the bending stress formula: o, = 5
, where y is a coordinate with its origin on the neutral axis and / is the moment of
b —ip inertia of the entire cross sectional area. The force on the shaded portion is
1§17 calculated from this stress distribution. Over an area element d4, the force is
p
5]
¥ gp—gda=-M gy
z I
&

The total force on the shaded area is then

F=[dr =—jMTydA =—%jydA =—%—*A*

where 7 is the centroidal coordinate of the shaded portion and 4 is its area.

Calculate the moment of inertia.

L N LN T R R e .
SN |

v A
g |2 7 o —ﬁ\ om
L§§§J" N =

I= é(6 in)(7 in.)® — é(4 in)(4 in.)’ =150.17 in*

M = 50kip - in
(a) Top flange: A* = (6in)(1.5in) =9in* ¥* = 2in. + 0.75 in. = 2.75 in.
50kip-in , . » . . .
F="——"—(9in")(2.751in.) = 8.24 kips F =8.24 kips
150.17 in* O X ) P P
(b) Half web: A* = (2in)(2in) = 4in®> y*=1lin.
S0kip-in ,, . 5., . . .
F="""(4in")(11in.)) = 1.332 kips F =1.332 kips 4
150.17 in* () i) P P
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[ 40anm—+] PROBLEM 4.15

15 mm The beam shown is made of a nylon for which the allowable stress is
=30mm 24 MPa in tension and 30 MPa in compression. Determine the largest

couple M that can be applied to the beam.

20 mm
) y
SOLUTION
A, mm? ¥y, Mm Ay, mm’® Q’)
o) 600 225 13.5x10°
@ 300 75 2.25x10° @
p) 900 15.75x10°
3
Y, = % =17.5mm  The neutral axis lies 17.5 mm above the bottom.
Viop =30-17.5=12.5 mm =0.0125 m
Vhot =—17.5mm =-0.0175 m
I = éblhf +Ad} = 5(40)(15)3 +(600)(5)* =26.25%10° mm*
I, = izbzhg + Ayd; = é(zo)(ls)3 +(300)(10)* =35.625x10° mm*
I=1+1,=61.875x10’mm"* =61.875x10"m*
lo| = @‘ v =L
I y
6 -9
Top: (tension side) M = (24X 107)(61.875x10" ) =118.8 N-m
0.0125
6 -9
Bottom: (compression) M = (30x107)(61.875%10 ") =106.1 N-m
0.0175
Choose smaller value. M =106.IN-m 4
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[ 40 mm —— PROBLEM 4.16

15 inm Solve Prob. 4.15, assuming that d =40 mm.
4 d =40 mm
PROBLEM 4.15 The beam shown is made of a nylon for which the

allowable stress is 24 MPa in tension and 30 MPa in compression.
Determine the largest couple M that can be applied to the beam.

20 mm
)M
SOLUTION
A, mm? ¥y, Mm Ay, mm’® @

©) 600 32.5 19.5%x10°

@) 500 12.5 6.25%x10°

z 1100 25.75x10° @
_ 3
Yo = % =234l mm The neutral axis lies 23.41 mm above the bottom.

Viop =40-23.41=16.59 mm =0.01659 m
Yoot =—23.41 mm =—0.02341 m

I = %blhf + Ad} = é(40)(15)3 +(600)(9.09)* =60.827 x10° mm*

I, :%bzhf + Ayd; :%(20)(25)3 +(500)(10.91)* =85.556 x 10’ mm*
I=1I+1,=146.383x10’mm* =146.383x10m*

ERLS
1 y
6 -9
Top: (tension side) M = (24x107)146.383%10 ') =212 N-m
0.01659
6 -9
Bottom: (compression) M = (30x107)(146.383x10 ") =187.6 N-m
0.02341
Choose smaller value. M =187.6 N-m 4
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0.5 in. 0.5 in. 0.5 in. PROBLEM 4.17

e

i} Knowing that for the extruded beam shown the allowable stress is 12 ksi
155“‘ in tension and 16 ksi in compression, determine the largest couple M that
0.5 in : can be applied.
f
____,__;___ )M
SOLUTION
4 Yo Ay,
o @ 2.25 1.25 2.8125
B‘ {G_)l r @ 2.25 0.25 0.5625
@ 4.50 3.375
Y=23 075 in.
4.50

The neutral axis lies 0.75 in. above bottom.

Vip =2.0-0.75=1.25 in,, Voo =—0.75 in.

I, =éb1hf + Ad;] :%(1.5)(1.5)3 +(2.25)(0.5)* =0.984375 in*

I, =éb2h22 + Ayd; = 12 (4.5)(0.5)’ +(2.25)(0.5)* =0.609375 in*

12
I=1+1,=159375in*

My ol
o= =2
y
Top: (compression) M = % =20.4kip - in
Bottom: (tension) M = % = 25.5kip - in

Choose the smaller as M.
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PROBLEM 4.18

“1o5in.
“to5in. M ( — o
‘ ’ 930 Knowing that for the casting shown the allowable stress is 5 ksi in

i tension and 18 ksi in compression, determine the largest couple M

0.5in. 0.5 in. that can be applied.
SOLUTION
J Locate the neutral axis and compute the moment of inertia.
O) Y = 245 I= Lb,»h,.3 for rectangle
2 A 12
® = o
® d;=|y,-Y| I=3(4d}+1)
%X
Part 4, in’ y,, in. 4y, in’ d;, in. 4,d?, in* I,in?
1 1.5 1.25 1.875 0.3333 0.1667 0.03125
2 1.0 0.75 0.75 0.1667 0.0277 0.02083
3 0.5 0.25 0.125 0.6667 0.2222 0.01042
z 3.0 2.75 0.4166 0.0625
Y _XAy 275 09167 in. I=Y( + Ad*)=0.4166+0.0625=0.479 in*
A 3.0
Allowable bending moment.
A
tgo.mlni o= Me or M = ol
1 c
Cg= 0.9/7 In.
N
Tension at A: 0, < 5ksi
7Ensrety 'y ¢, = 0.583 in.
g 2 M < OO _ 4 kip - in
Comppe ssion 0.583
Compression at B: 0 <18ksi ¢z =0917 in.
m < DO g 40 kip - in
0.917

The smaller value is the allowable value of M. M =4.11kip-in 4
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;f PROBLEM 4.19
A _4*‘ Knowing that for the extruded beam shown the allowable stress
@ 125 mm is 120 MPa in tension and 150 MPa in compression, determine
| l—L the largest couple M that can be applied.
"150 mm \I(

SOLUTION 150 mwa
@ rectangle @ circular cutout /
A, = (150)(250) =37.5x10° mm* T c, / L,
A, = —72(50)> =—7.85398x10° mm’ 7l T X
2 . 250 wvm / T X
A=A + A, =29.64602x10° mm* l _§ S0mm
¥, =0 mm
i /
y2 = mm
y=Z4y
>4
7o (37.5x10)(0) + (—7.85393x10%)(=50)
29.64602x10°
=13.2463 mm
I =X(I+A4d*) =1, -1,
= {éasoxzsof + (37.5x103)(13.2463)2}
- E (50)* +(7.85398x10°)(50 + 13.2463)2}
=201.892x10° —36.3254x10° =165.567x10° mm"*
=165.567x10°m"*
Top: (tension side) c=125-13.2463=111.7537 mm =0.11175 m
_Mc _Io_(165.567x10"°)(120x10°)
I ¢ 0.11175
=177.79x10°N-m
Bottom: (compression side) c=125+13.2463 =138.2463 mm
=0.13825m
_ M _Io_(165.567x107°)(150x10°)
I c 0.13825
=179.64x10°N-m
Choose the smaller. M =177.8x10°N-m M=1778kN-m «
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[<—— 80 mm—>‘ PROBLEM 4-20

” Imn Knowing that for the extruded beam shown the allowable stress is
' l 120 MPa in tension and 150 MPa in compression, determine the largest
couple M that can be applied.

SOLUTION
A, mm® Yo, mm Ay,, mm’ d, mm
@ 2160 27 58320 3 @
1080 36 38880 3 @
b 3240 97200
Y = % =30mm The neutral axis lies 30 mm above the bottom.

Yiep =54-30=24mm =0.024m  y,,, =—-30 mm =-0.030 m
I = éblhf + Ad! = $(40)(54)3 +(40)(54)(3)* =544.32x10° mm*
I, = 3—16192;122 + Aydy = %(40)(54)3 + %(40)(54)(6)2 =213.84x10*mm*

I=1+1,=758.16x10’mm"* =758.16x10"m*

M ol
jo1= —y‘ M=
1
6 -9
Top: (tension side) M = (120x10°)(758.16x10 ") =3.7908x10°N-m
0.024
6 -9
Bottom: (compression) M = (I50x107)(758.16x10 ") =3.7908x10°N-m
0.030
Choose the smaller as My M, =3.7908x10°N-m M, =3.79kN-m <
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PROBLEM 4.21

A steel band saw blade, that was originally straight, passes over 8-in.-diameter pulleys
when mounted on a band saw. Determine the maximum stress in the blade, knowing that
it is 0.018 in. thick and 0.625 in. wide. Use E =29x10°psi.

SOLUTION
Band blade thickness: t=0.018 in.
Radius of pulley: r= %d =4.000 in.

Radius of curvature of centerline of blade:

P =r+%t =4.009 in.

c=1120.009 in.
2
Maximum strain: g =< =009 6045
p 4.009
Maximum stress: o, = Eg, =(29x10°)(0.002245)
o, =65.1x10°psi 0, =65.1ksi 4
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PROBLEM 4.22

Straight rods of 0.30-in. diameter and 200-ft length are sometimes
used to clear underground conduits of obstructions or to thread wires
through a new conduit. The rods are made of high-strength steel and,
for storage and transportation, are wrapped on spools of 5-ft
diameter. Assuming that the yield strength is not exceeded,
determine (@) the maximum stress in a rod, when the rod, which is
initially straight, is wrapped on a spool, (b) the corresponding
bending moment in the rod. Use E = 29 x 10° psi .

SOLUTION
. . 1 1 .
Radius of cross section: 7= Ed = 5(0.30) = 0.15in.
Moment of inertia: I = %r4 - %(0.15)4 = 397.61x107 in*

D =5 ft = 60 in. p=%D=30in.

c=r=0.151.

Ec _ (29 % 10%)(0.15)

p m = 145 x 10 psi O = 145ksi 4

(a) O-max =

EI _ (29x10°)(397.61x10™°)
P 30

M =3841b-in 4

b M=
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PROBLEM 4.23

8 mm

-

=== A 900-mm strip of steel is bent into a full circle by two couples applied as
shown. Determine (a) the maximum thickness ¢ of the strip if the allowable

stress of the steel is 420 MPa, (b) the corresponding moment M of the
900 mm couples. Use E = 200 GPa.

SOLUTION

When the rod is bent into a full circle, the circumference is 900 mm. Since the circumference is equal to
27 times p, the radius of curvature, we get

_200mm s o4 mm = 0.14324 m
27
Stress: o =Eg= £c or ¢=P%
P E

For o0 = 420 MPa and E = 200 GPa,

. = (0.14324)(420 % 10%)

00 10° =0.3008 X107 m
X

(a) Maximum thickness: t=2¢=06016x10"m
¢t =0.602 mm <«

Moment of inertia for a rectangular section.

3 -3 -35\3
:bL:(8X1O )(06016)(10 ) =145.16><10715m4

12 12
(b) Bending moment: M = £
P

M= (200x10%)(145.16x107")
0.14324

=0.203 N-m M =0203N-m <
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PROBLEM 4.24

12 mm

A 60 N - m couple is applied to the steel bar shown. (a) Assuming that

the couple is applied about the z axis as shown, determine the maximum
sonN.m stress and the radius of curvature of the bar. (b) Solve part a, assuming
/r)/ that the couple is applied about the y axis. Use £ =200 GPa.

SOLUTION

(a) Bending about z-axis.

Izéb;ﬁ =é(12)(20)3 —8x10°mm* =8x10°m*

c=?=10mm=0.010m

g:%:w:75_0x106Pa 0=75.0 MPa <
I 8x107°

LM 60 =37.5x10"m™" p=267m 4

P El (200x10°)8x107)

(b)  Bending about y-axis.

I =%bh3 =$(20)(12)3 =2.88x10°mm* =2.88x10° m*

c=%=6 mm = (0.006 m

g:ﬁzwzlzs,oxmﬁ)a 0=125.0 MPa <«
1 2.88x10”
ﬂ 60

1_M_ 5 - =104.17%107m™" £=9.60m <«
p  EI (200x10°)(2.88x10™)
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PROBLEM 4.25

A couple of magnitude M is applied to a square bar of side a. For
each of the orientations shown, determine the maximum stress and
the curvature of the bar.

SOLUTION

&
‘::
B

1
P

t
0

1

For one triangle, the moment of inertia about its base is

34
1, 5 1 a a ax\s
=L L ] <2
12 12 2 24
, @

a
I.=] ==
2 g
Cl4
I=1+1,=" Ja o
a Mc Mal\2  62M 8.49M
C=—F= Omax =5 = 4 = 3 Omax = 3 <
\/5 1 a’ /12 a a
1 M M 1 12M
—_——— 7 —— 7 4
p El pa* p Ea
1
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A portion of a square bar is removed by milling so that its cross section
is as shown. The bar is then bent about its horizontal axis by a couple M.
Considering the case where 4 = 0.9k, express the maximum stress in the
bar in the form o,, = ko,, where o, is the maximum stress that would
have occurred if the original square bar had been bent by the same
couple M, and determine the value of £.

f 4 | PROBLEM4.26
i
,t
!

SOLUTION

For the original square,

I =41, +21,
1 1
=(4) (E]h 1 +(2) (5] (2hy —2h) (1)

=—h +%h0h3 —%h n =§h0h3 -h

Mc  Mh  3M
I %ho;ﬁ_h‘* (4hy —3h)h*

o |®

@@@

h=hy, c=h.
M 3M

op=—mmmm=—
O (4hy=3h)HE B

o Ko hy
(4hy — (3)(0.9), )(0.9K2)

G, (4hy—3h)h’
0=0.9500, k=0.950 <
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PROBLEM 4.27

n In Prob. 4.26, determine (a) the value of / for which the maximum stress
o, is as small as possible, (b) the corresponding value of £.

m

PROBLEM 4.26 A portion of a square bar is removed by milling so that

h its cross section is as shown. The bar is then bent about its horizontal

axis by a couple M. Considering the case where & = 0.9k, express the

7 maximum stress in the bar in the form o, =ko,, where o, is the

maximum stress that would have occurred if the original square bar had
been bent by the same couple M, and determine the value of £.

SOLUTION
I=41+2I,

1 1
= (4)(Ej hh? +(2) (5)(2% -2h)h’

=lh4—fh0h3—ih3:ihoh3—h4
3 3 3 3
c=h L2y —n
c 3
o 9 o
O le ©
||
I is maximum at a4 ihohz—h3 =0.
c dh| 3
8 2
—hoh=3h" =0 h=—h, 4
2 3
Lty (Sn) (Sn) B0y oot M
c 3 °\9 9 729 I 256k
L I, 14
For the original square, h=hy c=hy, —==h
¢ 3
Mey 3
L,k
TP LTI o9 k=0.949 <

o, 256 3 768
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PROBLEM 4.28

A couple M will be applied to a beam of rectangular cross section that
is to be sawed from a log of circular cross section. Determine the ratio
d/b, for which (a) the maximum stress ¢;, will be as small as possible,
(b) the radius of curvature of the beam will be maximum.

SOLUTION

Let D be the diameter of the log.

D* = b* +d* d*> = D* - p*
]:Lbd3 c:ld i:lbaﬂ
12 2 c 6
(a) 0, isthe minimum when I is maximum.
c
Q I_ lb(D2 -b*) = Loy Ly
4d c 6 6 6
b i(£j=1D2_§b2=0 szD
db\c) 6 6 V3
1 2 d
d=D*--D*= =D =2 <
3 3 b
EI
b =—
b p iv;
£ is maximum when / is maximum, %bd 3 is maximum, or »°d® is maximum.
(D? — d*)d® is maximum.
6D*d> —8d" =0 d= gD
3 1 d
b=,D*-=D?>=—-D f_/3 4
4 2 b 3
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PROBLEM 4.29

For the aluminum bar and loading of Sample Prob. 4.1, determine (a) the radius of curvature p’ of a
transverse cross section, (b) the angle between the sides of the bar that were originally vertical. Use
E=10.6x 10° psi and v = 0.33.

SOLUTION
From Sample Prob. 4.1, 1=12.97 in* M =103.8 kip - in
3
LM 880 g555106 in”!
p El (10.6x10°)(12.97)
(a) i,:vi=(o.33)(755><10*6) =249x107® in”!
PP
P’ =4010 in. p =334t 4

by o-lengthofarc b 325 _¢0 10%md 6 =0.0464° 4
radius p 4010
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PROBLEM 4.30

For the bar and loading of Example 4.01, determine (@) the radius of curvature p, (b) the radius of curvature
p’ of a transverse cross section, (c) the angle between the sides of the bar that were originally vertical. Use

E=29x10%psi and v=0.29.

SOLUTION
From Example 4.01, M =30 kip - in,
3

@ ~=M__ GO0 _go3,10% -
p  EI (29%x107)(1.042)

(b) & =ve="2=y5

P Y

i,=vi:(0.29)(993><10*6)ini1 =288x107° i
P P

© 0= length.ofarc :i’: 0.8 —230%10"° rad

radius P 3470

-1
n.

1=1.042 in*
p=1007 in. 4
P’ =3470 in. 4
6=0.01320° <
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y PROBLEM 4.31

A W200x31.3 rolled-steel beam is subjected to a couple M of moment
45 kN - m. Knowing that £ = 200 GPa and v = 0.29, determine (a) the
radius of curvature p, (b) the radius of curvature p” of a transverse cross
section.

SOLUTION
For W200x31.3 rolled steel section,

1=31.4x10° mm*

=31.4x10"°m*
3
@ L=M_ O g 7x10% p=1396m <
p EI (200x10°)(31.4x107°)
B L=yl = (029)(7.17%107)=2.07x10% m™ p'=481m <
PP
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PROBLEM 4.32

It was assumed in Sec. 4.3 that the normal stresses o, in a
member in pure bending are negligible. For an initially straight
elastic member of rectangular cross section, (a) derive an
approximate expression for o, as a function of y, (b) show that
(0))max =—(c/2P)(0, )max and, thus, that o, can be neglected in
all practical situations. (Hint: Consider the free-body diagram of
the portion of beam located below the surface of ordinate y and

assume that the distribution of the stress o, is still linear.)

SOLUTION

Denote the width of the beam by b and the length by L.

o=L
o)

Using the free body diagram above, with cosg =1
) ¥ .0
XF,=0: o,bL+2 _coxbdy sin EZO

o, =—% sin %jiaxdy = —%jiaxdy =—%jycaxdy

But, 0, = (0, )max L
C
(a) o = (O-x)max Iy ydy — (O-x)max y_2 g o = (O-x)max (y2 _02) 4
d pc I pc 2. Y 2pc

The maximum value o, occursaty =0.

2
(b) (O-y )max == (O-x )max ¢ —_ (O-x )max C 4
2pc 2p
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PROBLEM 4.33

A bar having the cross section shown has been formed by securely

8 mm 8 mm bonding brass and aluminum stock. Using the data given below,
] 32 mm ] determine the largest permissible bending moment when the composite
bar is bent about a horizontal axis.
Aluminum Brass
32 mm .
Modulus of elasticity 70 GPa 105 GPa
* * Allowable stress 100 MPa 160 MPa
\\ Aluminum \ Brass
SOLUTION 8 mm 8 mm
i i 32 mm i i
Use aluminum as the reference material.
1.0 L5 1.0
For aluminum, n=1.0
- T 32 mm
For brass, n=E,/E, =105/70=1.5 D o 3
Values of n are shown on the figure. { A
For the transformed section, \Alummum \Br"‘ss

I, =%b1 n =11'—§(8)(32)3 =21.8453%10° mm*

L Z%bzhg =%(32)(32)3 =131.072x10° mm*

I, =1,=21.8453x10°mm*
I=1+1,+1,=174.7626x10° mm* =174.7626 x10~"m*

lo|= nMy‘ m=|2L
ny
Aluminum: n=10, |y|=16 mm=0.016 m, o©=100x10°Pa

IV (100x10°)(174.7626x10™)
(1.0)(0.016)

=1.0923x10°N-m

Brass: n=15, |y|=16 mm=0.016m, o©=160x10°Pa

IV (160x10°)(174.7626x10™)
(1.5)(0.016)

=1.1651x10°N-m

Choose the smaller value. M =1.092x10° N-m M=1092kN-m 4
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PROBLEM 4.34

8 mm 8 mm
| | 32 mm | | ) )
| ] A bar having the cross section shown has been formed by securely
IS mm bonding brass and aluminum stock. Using the data given below,
determine the largest permissible bending moment when the
32 mm composite bar is bent about a horizontal axis.
5 Aluminum Brass
* * mm
Brass Aluminum Modulus of elasticity 70 GPa 105 GPa
Allowable stress 100 MPa 160 MPa
SOLUTION 8 mm 8 mm
i i 32 mm i i
Use aluminum as the reference material.
. 1.0 IS mm
For aluminum, »=1.0 15 é} 15
For brass, n=E,/E, =105/70=1.5 82 - / - =
Values of n are shown on the sketch. O] 1 10 ® IS -
mr
For the transformed section, * * .
Brass Aluminum

="k :11;25(8)(32)3 =32.768x10° mm*

I, = %bz (H23 -n ) = %(32)(323 ~16%) =76.459x10° mm*

I, =1, =32.768x10° mm*
I=1+1,+1,=141.995x10°mm* =141.995x10"m*

o] = nMy‘ M= ol
ny
Aluminum: n=10, |y|=16 mm=0.016m, o =100x10°Pa
6 -9
:(100><10 )(141.995%10 )=887.47N-m
(1.0)(0.016)
Brass: n=15, |y|=16mm=0.016m, o =160x10°Pa
6 -9
=(160><10 )(141.995%10 )=946.63N-m
(1.5)(0.016)
Choose the smaller value. M =887 N-m «
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PROBLEM 4.35

8 8
rffr— 32 mm —>I<Eil1 For the composite bar indicated, determine the largest permissible bending
moment when the bar is bent about a vertical axis.
PROBLEM 4.35 Bar of Prob. 4.33.
32 mn
Aluminum Brass
A A Modulus of elasticity 70 GPa 105 GPa
\\ Aluminum \ Brass
Allowable stress 100 MPa 160 MPa
SOLUTION ,8 mm |8 mm
| | 32 mm | |
Use aluminum as the reference material. ,I
1.0 1.5 1.0
For aluminum, n=1.0 =
S 32 mm
For brass, n=FE/E, =105/70=1.5 0 ) i o)
Values of n are shown on the figure. | L
For the transformed section, \Alumm“m I Brass

I = %hl b +nAd’ = %(32)(8)3 +(L.0O)[(32)(8)](20)* =103.7653x10° mm"*

L z%hzbg z%(gz)(szf =131.072x10* mm*

I, =1,=103.7653x10* mm*
I=1+1,+1,=338.58x10° mm* =338.58x10"m*

lo|= —nMy‘ M=\t
1 ny
Aluminum: n=10, |y|=24 mm=0.024m, oc=100x10°Pa
6 -9
_ (100x10”)(338.58x10 )=1.411><103N~m
(1.0)(0.024)
Brass: n=15, |y|=16 mm=0.016m, o©=160x10°Pa
6 -9
_ (160x10”)(338.58x107") —2957x10°N - m
(1.5)(0.016)
Choose the smaller value. M =1411x10°N-m M=1411kN-m <«
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PROBLEM 4.36

8 mm 8 mm
| | 32 | |
| o o For the composite bar indicated, determine the largest permissible
E smm bending moment when the bar is bent about a vertical axis.
. ‘ PROBLEM 4.36 Bar of Prob. 4.34.
mm
, j—‘g Aluminum Brass
e | A A Modulus of elasticity 70 GPa 105 GPa
Brass Aluminum Allowable stress 100 MPa 160 MPa
SOLUTION 8 mm 8 mm
i i 32 mm i i
Use aluminum as the reference material. i
@ 1.0 IS mm
|

For aluminum, n=1.0
For brass, n=E,/E, =105/70 =1.5 a8 o ,‘@/l\/

|
Values of n are shown on the sketch. @ | 1.0 IS i
|

4

For the transformed section, Brass Aluminum

I, =%h1 (8- =%(32)(483 -32’)=311.296x10"mm*

L ="2pp} =19 g)32) = 21.8453%10° mm*
12 12
I, =1, =21.8453x10’ mm*

I=1+1,+1;=354.99x10°mm* =354.99x10 m*

|g|:”My v =L
ny
Aluminum: n=10, |y|=16mm=0.016m, ¢=100x10°Pa
6 -9
_ (100x107)(354.99x10 )=2.2187><103N-m
(1.0)(0.016)
Brass: n=15 |y|=24mm=0.024m o =160x10°Pa

IV (160x10°)(354.99%x10™)
- (1.5)(0.024)

=1.57773x10°N-m

Choose the smaller value.

M =1.57773%10°N - m M =1578kN-m <«
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PROBLEM 4.37

Wooden beams and steel plates are securely bolted together to form the composite
member shown. Using the data given below, determine the largest permissible bending
10in. moment when the member is bent about a horizontal axis.

‘ _‘ - Wood Steel

im f Sin Modulus of elasticity: 2x10° psi 29x10°%psi

d Allowable stress: 2000 psi 22 ksi
SOLUTION
Use wood as the reference material.

n=1.0 in wood
n=E/E,A =29/2=14.5 in steel
For the transformed section,
<$ :ﬂ 3 :1-_0 3 — .4
s O ¥ e 1 =2 =2 (3)(10)° =250 in
L ="2p 5 =145 1) 10 — 604.17 in*
K 12 12 \ 2
n NI I,=1,=250in"
s I=1+1,+1,=11042 in*
o] = M‘ Lo
ny
Wood: n=10, y=5in, o = 2000 psi
_ (2000)1104.2) _ 4417x10° b - in
(1.0)(5)
Steel: n=145 y=5in, o =22ksi=22x10’ psi
3
- Q2100042 _ 3351 10° 1p - in
(14.5)(5)
Choose the smaller value. M =335x10°1b-in M =335kip-in 4
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:.SXéin‘

Y
Ls X gin.
6 in.

PROBLEM 4.38

Wooden beams and steel plates are securely bolted together to form the composite
member shown. Using the data given below, determine the largest permissible bending
moment when the member is bent about a horizontal axis.

10 in.

Wood Steel
Modulus of elasticity: 2x10°psi 29x10°psi
Allowable stress: 2000 psi 22 ksi

SOLUTION

Use wood as the reference material.

n
|Q—¢/ 4.5

n=1.0 in wood
n=E/E, A =29/2=14.5 in steel

For the transformed section,

n
I, =ib1hl3 +mAd}

/ . ’
o g :ﬂ(s)[l] +(14.5)(5)(1)(5.25)2 =999.36 in*
axis 12 2 2
n 1.0 .
I, =—2b,h? ==—=(6)(10)* =500 in*
2 =y Pk =15 (O00)
I;=1,=999.36 in*
4\/ “‘}‘.S 4
@ I=1+1,+1,=2498.7 in
o] = nMy‘ M=t
1 ny
Wood n=10, y=5in, o = 2000 psi
m = 2O00CH9) _ 595 10° b - in
1.05)
Steel: n=14.5 y=55in, o =22ksi =22x10’ psi
3
_ (22X100)2499) _ 629 3% 10% 1b - in
(14.5)(5.5)

Choose the smaller value.

M =689x10° Ib - in M = 689 kip - in «
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Steel — ;}Tﬂm PROBLEM 4.39
M
4—(— AT; A steel bar and an aluminum bar are bonded together to form the composite
10 beam shown. The modulus of elasticity for aluminum is 70 GPa and for steel is
Aluminum —_| "™ 200 GPa. Knowing that the beam is bent about a horizontal axis by a couple of
J moment M = 1500 N - m, determine the maximum stress in (a) the aluminum,
(b) the steel.
*»‘ 30 mm L—
SOLUTION
J l Use aluminum as the reference material.
For aluminum, n=1
gl? 8571 For steel, n=E/E,=200/70=2.8571
) Transformed section:
n= Part A, mm’ nA, mm’ y,, mm nAy,, mm’ d, mm
1 600 1714.3 50 85714 12.35
o 2 1200 1200 20 24000 17.65
> 29143 109714
= 109714 - =
= =37.65 mm d=y, - Y
° " 29143 o5
I, =%b1 W +mA, dl = %(30)(20)3 +(1714.3)(12.35)* =318.61x10° mm"*
I, =%b2 B +ny4,d; =%(30)(40)3 +(1200)(17.65)* = 533.83x10° mm*
I=1I+1I,=852.44x10° mm* =852.44x10”° m*
M =1500 N-m
Stress: o=- niMy
1
(@)  Aluminum: n=1, y=-37.65mm=-0.03765 m
o,=— (1)(1500)(_0'039765) =66.2x10°Pa 0, =662 MPa 4
852.44x10™
(b)  Steel: n=28571, y=60-37.65=2235mm=0.02235m
o, = nMy (2.8571)(1500)(0.(9)2235) — 112.4x10°Pa
I 852.44x10”

0, =-112.4 MPa <«
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Aluminum — ;}m PROBLEM 4.40
M 1 . .
4—(— r A steel bar and an aluminum bar are bonded together to form the composite
10 beam shown. The modulus of elasticity for aluminum is 70 GPa and for steel is
Steel — "™ 200 GPa. Knowing that the beam is bent about a horizontal axis by a couple of
J moment M = 1500 N - m, determine the maximum stress in (a) the aluminum,
b) the steel.
*»‘ 30 mm L— ( )
SOLUTION
Y Use aluminum as the reference material.
For aluminum, n=1
©) For steel, n=EJE, =200/70 =2.8571
n=1 .
Transformed section:
® Part A, mm’ nA, mm? y,, mm nAy,, mm?® d, mm
N=z8sn ] 600 600 50 30000 25.53
- 2 1200 3428.5 20 68570 4.47
) 4028.5 98570
= 98570 - =
Y, = =24.47 mm d=|y, - Y
° 40285 o=
I = %bl B +mA dl = %(30)(20)3 +(600)(25.53)* =411.07x10> mm*
I, = %bz B +nyA,d; = %(30)(40)3 +(3428.5)(4.47)* =525.64x10° mm*
I=1+1,=936.71x10° mm* =936.71x10~° m*
M =1500 N-m
Stress: o=- nMy
I
(@)  Aluminum: n=1, y=60-24.47=3553 mm=0.03553 m
== (1)(1500)(0’03_5953) =-56.9x10° Pa 0, =-56.9 MPa <«
936.71x10
(b)  Steel: n=2.8571, y=-24.47 mm=-0.02447 m
== (2.8571)(1500)(=0.02447) _ 111.9x10° Pa o, =111.9 MPa «

936.71x107°
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r-em.—»’ PROBLEM 4.41

Om The 6x12-in.timber beam has been strengthened by bolting to it the steel
reinforcement shown. The modulus of elasticity for wood is 1.8x10° psi and for
2__ 12in.  steel, 29x10° psi. Knowing that the beam is bent about a horizontal axis by a
couple of moment M =450 kip-in., determine the maximum stress in (a) the
wood, () the steel.
@ N5 x Jin.
SOLUTION

Use wood as the reference material.

For wood, n=1
For steel, n=E /E,6=29/1.8=16.1111

Transformed section: ® =wood @ = steel
= 421.931 A, inz }’lA, inz )_/0 }’lA;O, iIl3
° 112278 ® 72 72 6 432
=3.758 in.
n @ 2.5 40278 ~0.25 ~10.069
112.278 421.931

The neutral axis lies 3.758 in. above the wood-steel interface.

I, =%b1hf +mA,d] =%(6)(12)3 +(72)(6-3.758)* =1225.91 in*

I, = %bzhg +n,A,d; = %(5) (0.5)* +(40.278)(3.578 + 0.25)* = 647.87 in*
I=1I,+1,=1873.77 in*
M =450 kip-in o:—@
(@) Wood: n=1, y=12-3.758=8.242in
= DEOE292) _ ) g9 1; o, =-1.979 ksi 4
1873.77
(b)  Steel: n=16.1111, y=-3.758-0.5=—-4.258 in
o = (A6IIDESOEA258) _ (6 4oy o, =16.48 ksi 4

: 1873.77
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[~—6in— PROBLEM 4.42

The 6X12-in. timber beam has been strengthened by bolting to it the steel
- _ reinforcement shown. The modulus of elasticity for wood is 1.8x10° psi
<l Lein. and for steel, 29x10° psi. Knowing that the beam is bent about a
horizontal axis by a couple of moment M =450 kip-in., determine the
maximum stress in («) the wood, (b) the steel.

8 X 115
SOLUTION
Use wood as the reference material. For wood, n=1
6
Forsteel,  n=-sv =210 _y64y
E, 18x10

tw
N4
® T=
1\ I :{' For C8 x11.5 channel section,
A=338in?, 1,=0220in, ¥=0.57lin, [, =132in*

For the composite section, the centroid of the channel (part 1) lies 0.571 in. above the bottom of the section.
The centroid of the wood (part 2) lies 0.220 + 6.00 = 6.22 in. above the bottom.

Transformed section: .2 .2 _ . — .3 .
Part A, in nA, in y, in. nAdy, in d, in.
1 3.38 54.456 0.571 31.091 3.216
2 72 72 6.22 447.84 2.433
T 126.456 478.93
— 47893 in’ _ =
=——=3.787 in. d= -Y
* 126.456 in® o =T

The neutral axis lies 3.787 in. above the bottom of the section.

I, =nd, +n Ad} = (16.1111)(1.32) + (54.456)(3.216)* = 584.49 in*
I, = f—;bzhg +n, Ay d; = %(6)(12)3 +(72)(2.433)* =1290.20 in*

I=1I,+1I,=1874.69 in*

M =450 kip -in a:—’”?y
(@) Wood: n=1, y=12+0.220—-3.787=8.433 in.
o, =-DEOEAI) _ 1, 5 1 o, =-2.02 ksi 4
1874.69
(b)  Steel: n=16.1111, y=-3.787 in.
g, = UOIIDEOEITT) _ ) ooy 0, =14.65ksi 4
1874.67
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Steel ~
M

1
20 mm

<]

Aluminum —

40 1

mim

*»‘ 30 mm

|
n

PROBLEM 4.43

For the composite beam indicated, determine the radius of curvature caused by
the couple of moment 1500 N - m.

Beam of Prob. 4.39.

SOLUTION

See solution to Prob. 4.39 for the calculation of /.

I1=85244x10" m*  E, =70x10’ Pa

1

p EL (70x10°)(852.44x10~)

M

1500

=0.02513 m™"

£=398m «
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Aluminum — | 2 PROBLEM 4.44
M ¥
4—(— r For the composite bar indicated, determine the radius of curvature caused by the
0 couple of moment 1500 N - m.
mm
Steel —
Beam of Prob. 4.40.

Nl
oo |-

SOLUTION
See solution to Prob. 4.40 for calculation of /.

1=936.71x10"m* E, =70x10’Pa
1 M 1500

— — _ -1
1_M_ g ——=0.02288 m
p El (70x10°)(936.71x10™)

p=437m 4
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[—6in—~] PROBLEM 4.45

For the composite beam indicated, determine the radius of curvature caused by the
couple of moment 450 kip - in.
ML 12'in.
Beam of Prob. 4.41.
N5 x Jin.
SOLUTION

See solution to Prob. 4.41 for calculation of /.

I=1873.77in*  E, =1.8x10°psi
M =450 kip-in =450x10* Ib - in
M 450%10°

=== - =133.42x10in""
EI  (1.8x10°)(1873.77)

1
P
p=74951in.=625 ft 4
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%"~ PROBLEM 4.46

For the composite beam indicated, determine the radius of curvature caused by the
M couple of moment 450 kip - in.

i
Beam of Prob. 4.42.

C8 X 11.5

SOLUTION
See solution to Prob. 4.42 for calculation of /.

I=1874.69in*  E, =1.8x10%psi
M =450 kip-in =450x10°Ib - in

3
_M_ 45(6)X10 ~133.36x10in""
EI (1.8x10°)(1874.69)

1
P
£ =7499 in.= 625 ft 4
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25-mm
diameter

540 mm -
1

L—soo mm"‘ :

PROBLEM 4.47

The reinforced concrete beam shown is subjected to a positive bending
moment of 175 kN - m. Knowing that the modulus of elasticity is 25 GPa
for the concrete and 200 GPa for the steel, determine (@) the stress in the
steel, (b) the maximum stress in the concrete.

SOLUTION
E, _200GPa _ < 300 -]
E, 25GPa T
T T . X
A, :4-242 = (4)&](25)2 =1.9635x10° mm? axX1s i
430
nd, =15.708x10° mm* \l
. nAs
Locate the neutral axis: e
300 x%—(15.708><103)(480—x) =0
150x* +15.708 x10° x —7.5398x10° =0
-15.708x10° +\/(15.708><103)2 +(4)(150)(7.5398x10°)
Solve for x: x=
(2)(150)
x=177.87 mm, 480—x=302.13 mm
I =%(300)x3 +(15.708x10*)(480 — x)?
=%(300)(l77.87)3 +(15.708x10%)(302.13)*
=1.9966x10° mm* =1.9966x10~° m*
_nMy
I
(a) Steel: y=-302.45 mm =-0.30245 m
3 —
_ _BOd75x10°X 0;30245) =212x10° Pa 0=212MPa 4
1.9966x10™
(b) Concrete: y=177.87 mm=0.17787 m
3
= _(LOATSXTONOLTT8T) _ 15 595105pa 0=-15.59 MPa <

1.9966x107°
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PROBLEM 4.48

Solve Prob. 4.47, assuming that the 300-mm width is increased to
540 mm 25-mm

7diameter 350 mm.
% —%mm PROBLEM 4.47 The reinforced concrete beam shown is subjected to a
f positive bending moment of 175 kN - m. Knowing that the modulus of
<300 s — elasticity is 25 GPa for the concrete and 200 GPa for the steel, determine
(a) the stress in the steel, (b) the maximum stress in the concrete.
SOLUTION

‘6— 350 —>‘

_E _200GPa_ 7
E._ 25GPa
A =4Z 2% = | Z 25y ‘ —+

=1.9635%10> mm> nA, l

nd, =15.708x10° mm*

Locate the neutral axis:
350 x%— (15.7O8><103)(480 -x)=0

175x> +15.708x10° x — 7.5398x10° =0

-15.708%10° +\/(15.708><103)2 +(4)(175)(7.5398x10°)
Solve for x: x=
(2)175)

x=167.48 mm, 480—x=312.52 mm

I %(350))8 +(15.708x10°)(480 - x)°

= %(350)(167.48)3 +(15.708x10%)(312.52)*
=2.0823%10° mm* =2.0823x10~° m*
_nMy

I

(a) Steel: y=-312.52 mm=-0.31252 m

3 —f
02_(8.0)(175><10 )(=0.31252) —210x10° Pa o=210 MPa €

2.0823x107°
(b) Concrete: y=167.48 mm =0.16748 m

3
- (LOATI0)OT678) _ 14 ggx10¢ Pa 0=-14.03 MPa <
2.0823%10”
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16-mm diameter

140 mm

PROBLEM 4.49

A concrete slab is reinforced by 16-mm-diameter steel rods placed on
180-mm centers as shown. The modulus of elasticity is 20 GPa for
concrete and 200 GPa for steel. Using an allowable stress of 9 MPa for
the concrete and of 120 MPa for the steel, determine the largest bending
moment in a portion of slab 1 m wide.

SOLUTION

S

E 20 GPa

c

E, _200GPa _

Consider a section 180-mm wide with one steel rod.

/2

4="d =%(16)2 =201.06 mm>

nd, =2.0106x10° mm?

Locate the neutral axis:

|«=—180 —>

1
oo s— -+ 100

Jo5- %
NnAs m—ﬂ——-\l/

Solving for x: x=

180 x%—(lOO—x)(2.0106><103):0

90x” +2.0106x10° x —201.06x10°> =0

_ —2.0106x10° +\/(2.0106><103)2 +(4)(90)(201.06x10%)

(2)(90)

x=37397mm 100—x=62.603 mm

1

I =§(180)x3 +(2.0106x10*)(100 — x)?

1

=§(180)(37.397)3 +(2.0106x10°)(62.603)*

=11.018%10° mm* =11.018x10°m*

o] = |- 24 w=9L
ny
Concrete: n=1, y=37.397 mm=0.037397 m, 0=9%x10° Pa

~(9%10°)(11.018x107%)

=2.6516x10° N-m

(1.0)(0.037397)
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PROBLEM 4.49 (Continued)

Steel: n=10, y=62.603 mm=0.062603 m, o= 120x10° Pa
6 -6
M= (120x10°)(11.018x107) —21120%10° N-m
(10)(0.062603)
Choose the smaller value. M =21120x10° N - m

The above is the allowable positive moment for a 180-mm wide section. For a 1-m = 1000-mm width,

) 1000
mutiply by —— = 5.556
ply by 130

M = (5.556)(2.1120x10*) = 11.73x 10° N - m M =11.73kN - m <
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PROBLEM 4.50
16-mm diameter
A concrete slab is reinforced by 16-mm-diameter steel rods placed on
180-mm centers as shown. The modulus of elasticity is 20 GPa for
concrete and 200 GPa for steel. Using an allowable stress of 9 MPa
for the concrete and of 120 MPa for the steel, determine the largest
allowable positive bending moment in a portion of slab 1 m wide.

Solve Prob. 4.49, assuming that the spacing of the 16-mm-diameter
rods is increased to 225 mm on centers.

140 mm

SOLUTION

S

_E, _200GPa _,
E, 20GPa

Consider a section 225-mm wide with one steel rod.

T 5 .0 2
A, =—d”=—(16)" =201.06 mm
X| | 4 4

axvs ¥ joo nd, =2.0106x10° mm®

Locate the neutral axis:

—

nAs T X
225x5— (100 —x)(2.0106x10°) =0

112.5x% +2.0106x —201.06x10° =0

. —2.0106x10° +\/(2.0106><103)2 +(4)(112.5)(201.06x10%)
Solving for x: xX=
(2)(112.5)

x=34.273 mm 100 — x =65.727

I =%(225)x3 +2.0106x10°(100 — x)*

= %(225)(34.273)3 +(2.0106x10*)(65.727)*

=11.705%10° mm* =11.705x107° m*

M I
o]=" y\ Y.
1 ny
Concrete: n=1, y=34273mm=0.034273 m, 0=9X% 10° Pa
6 -6
:(9><10 )(11.705%10 )=3.O738><103N-m
(1)(0.034273)
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PROBLEM 4.50 (Continued)

Steel: n=10, y=65727 mm=0.065727m, o= 120x10° Pa
6 -6
M= (120x10°)(11.705x107) —1370x10° N-m
(10)(0.065727)
Choose the smaller value. M =21370x10° N -m

The above is the allowable positive moment for a 225-mm-wide section. For a 1-m = 1000-mm section,

) 1000
multiply by —— = 4.4444
ply by 225

M =(4.4444)(2.1370x10°)=9.50x10° N-m M =950kN-m <
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PROBLEM 4.51

A concrete beam is reinforced by three steel rods placed as shown. The

16.m: . " 5 -in. diameter 6 qylyg of elasticity is 3x 10 psi for the concrete and 29 x 10° psi for the
= / steel. Using an allowable stress of 1350 psi for the concrete and 20 ksi for the
000 —Z{—H ‘ steel, determine the largest allowable positive bending moment in the beam.
l<— 8 in. —>|_r
SOLUTION
E 6
=t 22X 4 6
E. 3x10
V1 z\(7Y
A =32d*=3)| = | = | =1.8040in> nd, =17.438 in
‘ 4 4 )\ 8 ‘
Locate the neutral axis: 8x§ —-(17.438)(14—x)=0
8
8- — 4x* +17.438x—244.14=0
x [ o
V'S —17.438 +4/17.438° +(4)(4)(244.14
z & Solve forx., x= @O _ 5 6396 in.
4 (2)(4)
nAs | 14-x=8.3674 in.
- — ]
I= %sﬁ +nd,(14 — x)* = %(8)(5.6326)3 + (17.438)(8.3674)> = 1697.45 in*
o] = M‘ w=9L
1 ny
Concrete: n=1.0, [y|=5.6326in., |o]=1350 psi
p = UPOUCITAS) 6 355103 1b - in = 407 kip - in
(1.0)(5.6326)
Steel: n=9.67, |y|=8.3674in., ©=20x10’ psi
3
- QOXT0)U69743) _ 41975 1b . in = 420 kip - in
(9.67)(8.3674)
Choose the smaller value. M =407 kip - in M =339kip - ft 4
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' 24 in, | 4/“" PROBLEM 4.52

Knowing that the bending moment in the reinforced concrete beam is
+100 kip - ft and that the modulus of elasticity is 3.625 x 10® psi for the
concrete and 29 x 10°® psi for the steel, determine (a) the stress in the
steel, (b) the maximum stress in the concrete.

1-in. - .

diameteﬁ\?: : L
D 2O “ > .

l<— 12 in.—>‘ T

SOLUTION
e— 24 1y, _E,_ 29x10°
[ © 5] E. 3.625x10°
® X
axfs N + A = (4)(%](1)2 =3.1416in*>  nd, = 25.133 in*
ke = 1.
oA, /@ Locate the neutral axis.
Y

QA (x + 2) + (12x)[§) —(25.133)(17.5-4-x) =0

96x +192 + 6x* —339.3+25.133x =0 or 6x* +121.133x — 1473 =0

121133+ JA21.133)2 + (4)(6)(147.3)
(2)(6)

dy =175—-4—-x =12.3501n.

Solve for x. =1.150 in.

I = éblhf + Ad} = 6(24)(4)3 + (24)(4)(3.150)* = 1080.6 in*

I, = %b2x3 = %(12)(1.150)3 =6.1in"
I, = nddi = (25.133)(12.350)* = 3833.3 in*
I =1 +1I,+I; = 4920 in*

o= —”1;@ where M = 100 kip - ft = 1200 kip - in.

(a)  Steel: n=28.0 y =—12.350in.

o = _(8:0)(1200)(-12.350) 5. = 241 ksi 4

* 4920

(b)  Concrete: n=10, y=4+1.150=5.1501n.

5. = (:01200)(5.150) 6. = 1256 ksi 4
4920
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]

500 |

PROBLEM 4.53

The design of a reinforced concrete beam is said to be balanced if the maximum stresses
in the steel and concrete are equal, respectively, to the allowable stresses o, and o..

Show that to achieve a balanced design the distance x from the top of the beam to the
neutral axis must be

_d
1+ 0.
o.E;

where E, and E; are the moduli of elasticity of concrete and steel, respectively, and d
is the distance from the top of the beam to the reinforcing steel.

SOLUTION

S nM(jl - X) o, ]\fx < | .,!
_ A
o, _n(d-x) ni " ¥
o, X X ‘v
d_ lo._, Eo, 1
X no, Eo, d“’(
L d nAs |
1+ EO (a———r
Eo,
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PROBLEM 4.54

For the concrete beam shown, the modulus of elasticity is 3.5x10° psi for the concrete and
29%10°psi for the steel. Knowing that =8 in. and d =22 in., and using an allowable

¢ stress of 1800 psi for the concrete and 20 ksi for the steel, determine (@) the required area 4,
of the steel reinforcement if the beam is to be balanced, (b) the largest allowable bending
_ ¥  moment. (See Prob. 4.53 for definition of a balanced beam.)
l«—b —»l The design of a reinforced concrete beam is said to be balanced if the maximum stresses in
the steel and concrete are equal, respectively, to the allowable stresses o, and ..
SOLUTION
X
E, 29x10°
SL 20”857 v
E, 3.5x10 T
nM(d —x) Mx
T v A d-X
NAs lf
o _rd=v_,d_, —
o. X X
3
4y lon L 20610, 5400
x no, 8.2857 1800
x=0.42717d =(0.42717)(22)=9.398 in. d —x=22-9.398=12.602 in.
Locate neutral axis: bx% —-nA4,(d-x)=0
2 2
(@) bt ®O3B) ;3535402 4, =338in> «

4= 2n(d—x)  (2)(8.2857)(12.602)

I= %bﬁ +nd (d—x) = %(8)(9.398)3 +(8.2857)(3.3835)(12.602)> = 6665.6 in*

nMy ol
1 ny

_ (1800)(6665.6)
~(1.0)(9.398)

(b)) Concrete: n=1.0 »=9398in. 0,=1800psi M =1.277x10°Ib-in

Steel:  n=8.2857 |y[=12.602in. o, =20x10’ psi

M= (20%10%)(6665.6)
(8.2857)(12.602)

=1.277x10%1b-in

Note that both values are the same for balanced design. M =106.4 kip-ft 4
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Aluminum 10 mm PROBLEM 4,55

Brass 10 mm

Five metal strips, each 40 mm wide, are bonded together to form the

Steel 20mm  composite beam shown. The modulus of elasticity is 210 GPa for the
1 steel, 105 GPa for the brass, and 70 GPa for the aluminum. Knowing that
Brass _ fomm the beam is bent about a horizontal axis by a couple of moment 1800 N -
Aluminum _J1omm  m, determine (a) the maximum stress in each of the three metals,
L__ . _" (b) the radius of curvature of the composite beam.
SOLUTION
n Use aluminum as the reference material.
) “™~1.o n=1in aluminum.
. D 1.8 n=E,/E, =210/70=3 in steel.
axis @ A~ o s’
— & 4. n=E,/E,=105/70=1.5 in brass.
F~— <
;O k_\"s Due to symmetry of both the material arrangement and the geometry, the
HOE S neutral axis passes through the center of the steel portion.

For the transformed section,
I, =%b1h13 +mAd] =%(4O)(10)3 +(40)(10)(25)* =253.33%10° mm*
I, =%b2h§ +n, A, d; =11;25(40)(1 0)* + (1.5)(40)(10)(15)* =140x10* mm*
n 3.0

I, == bk} ==—(40)(20)’ =80x10°> mm*

3 12 33 12 ( )( )
I,=1,=140x10° mm*  [5 =1 =253.33x10° mm*

I=)"1  =866.66x10°mm*=866.66x10""m*

(@) a:—@ where M = 1800 N - m

Aluminum: n=10 y =-30mm = 0.030 m
o, = (1'0)(1800)(0'093 9 _623x10° Pa 0, =623 MPa <
866.66x10~
Brass: n=1.5 y=—20 mm=-0.020 m
o, = (1'5)(1800)(0'0920) =62.3x10° Pa 0, =62.3 MPa <«
866.66x10~
Steel: n=3.0 y=-10mm=-0.010 m
o, =8 ‘O)(ISOO)(O'TO) =62.3x10° Pa 0, =62.3 MPa 4
‘ 866.66x10~ ‘
(b)  Radius of curvature. 1M _ 5 1800 5= =0.02967 m p£=337m 4
p EJ (70x107)(866.66x107")
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Brass 10 mm

1 PROBLEM 4.56
Steel 10 mm
Aluminum 20 mm
Steel 10 mm
Brass 10 mm

L— 40 mm —>| o

Five metal strips, each of 40 mm wide, are bonded together to form the
composite beam shown. The modulus of elasticity is 210 GPa for the
'y steel, 105 GPa for the brass, and 70 GPa for the aluminum. Knowing
— that the beam is bent about a horizontal axis by a couple of moment
1800 N - m, determine (a) the maximum stress in each of the three
metals, (b) the radius of curvature of the composite beam.

< %.© Due to symmetry of both the material arrangement and the geometry, the neutral axis

SOLUTION
"' Use aluminum as the reference material.
0} -5 —10i 1 .
o 120 n=1.0 in aluminum.
n=E /E, =210/70=3in steel
axis ® <— }.6 .
n=E,/E, =105/70=1.5 in brass.
®
® <1~ 1.5 passes through the center of the aluminum portion.

(a)

()

For the transformed section,

I, = %blhf +mAd’ = 11;25(40)(1 0)* +(1.5)(40)(10)(25)* =380x10° mm*

I, = %bzhg +n,A,d; = %(40)(10)3 +(3.0)(40)(10)(15)* = 280%10* mm*

=" =10 40)20) = 26.67x10° mm*
12 12

I, =1, =280x10° mm*

I=21=1.3467><106 mm* =1.3467x107° m*

_nMy

o= where M =1800N - m
Aluminum: n=1, y =—-10mm = -0.010 m
c,= (1'0)(1800)(0'?610) =13.37x10° Pa

1.3467x10
Brass: n=1.5, y=-30 mm =-0.030 m
g, = (1.5)(1800)(0.0630) — 60.1x10° Pa

1.3467 %10~
Steel: n=3.0, y=-20 mm=-0.020 m
o, = (3.0)(1800)(0.0620) ~20.1x10° Pa

1.3467 %10~
Radius of curvature. LM 1800

Iy =1, =380x10° mm

p EJ  (70x10°)(1.3467x10°)

0,=1337 MPa <

0, =60.1 MPa <

o, =80.1 MPa 4

=0.01909 m™ p=524m o
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Brass

W Aluminum

PROBLEM 4.57

The composite beam shown is formed by bonding together a brass rod and an
aluminum rod of semicircular cross sections. The modulus of elasticity is
15x10° psi for the brass and 10 x 10° psi for the aluminum. Knowing that the
composite beam is bent about a horizontal axis by couples of moment
8 kip - in., determine the maximum stress (@) in the brass, () in the aluminum.

SOLUTION

For each semicircle,

_ 4r

F=08in A= %rz = 1.00531 in2,

T

y,=—= @O _ 33953 i, Lo = §r4 = 0.160850 in*

RV

RY/4

I =1, — Ay’ = 0.160850 — (1.00531)(0.33953)* = 0.044953 in*

[/"6 \\

Use aluminum as the reference material.

n=1.0 in aluminum

L aXis 6
> E )
— } n=—b=15><106=1.5 in brass
‘ w E, 10x10
‘ Locate the neutral axis.
A, in” nA, in* Vo = i3 —
Yoo - nAy,, in - = Q17067 _ 4 06791 i,
2.51327
@ 1.00531 1.50796 0.33953 0.51200
The neutral axis lies 0.06791 in.

@ 1.00531 1.00531 —0.33953 —0.34133 above the material interface.
) 2.51327 0.17067

d, = 033953 — 0.06791 = 0.27162 in., d, = 0.33953 + 0.06791 = 0.40744 in.
I = nI + mAd} = (1.5)(0.044957) + (1.5)(1.00531)(0.27162)* = 0.17869 in*
I, = nyl + ny,Ad; = (1.0)(0.044957) + (1.0)(1.00531)(0.40744)* = 0.21185 in*
I =1 +1I, = 039054 in*

(a) Brass: n=15 »y=08-0.06791 = 0.73209 in.
o=— nMy __ (1.5)(8)(0.73209) o=-225ksi 4
1 0.39054
() Aluminium: n=10, y=-0.8-0.06791 = -0.86791 in.
O_z_nMy =_(1.0)(8)(—0.8679l) o=1778 ksi 4
1 0.39054

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.58

Aluminum
3 mm

A steel pipe and an aluminum pipe are securely bonded together to form
6mm the composite beam shown. The modulus of elasticity is 200 GPa for the
steel and 70 GPa for the aluminum. Knowing that the composite beam is
bent by a couple of moment 500 N - m, determine the maximum stress
(a) in the aluminum, () in the steel.

Steel

10 mm

o

‘«— 38 mm

SOLUTION

Use aluminum as the reference material.

n=1.0 in aluminum
n=E /E,=200/70=2.857 in steel

For the transformed section,

Steel: I=n(r =r')= (2.857)(%)(164 ~10*)=124.62x10° mm*

Aluminium: I =n

NG

(r;‘ —44)=(1.0)(%)(194 ~16*)=50.88x10> mm*

I=1+1,=17550%10° mm* =175.5x10”° m*

(@) Aluminum: c=19mm=0.019 m
o, = n, Mc _ (1.0)(500)(0.019) —54.1x10° Pa
I 175.5%107°
0, =54.1 MPa «
(b) Steel: c=16 mm=0.016 m
M . .
o = nMe _ 2 857)(500)((39016) ~1302%10° Pa
1 175.5%10

0, =130.2 MPa <
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A=
1
|
2
2
2

PROBLEM 4.59

The rectangular beam shown is made of a plastic for which the

L

50 mm E,

Te value of the modulus of elasticity in tension is one-half of its value
in compression. For a bending moment M =600 N-m, determine
the maximum (a) tensile stress, (b) compressive stress.

SOLUTION

Locate neutral axis.

(a) Tensile stress:

(b) Compressive stress:

1 ) ) .
n= E on the tension side of neutral axis.

n =1 on the compression side.

< \ ——)(—X—)I

S
"
—-

oxLS

h—x=0

x
mbx— —n,b(h—x)
2 2 %

Ly —lb(h -x)?=0
2 4

3
®u [©
3

-

V2

szh =0.414211=41.421 mm

J2+1

h—x=58.579 mm

xzzé(h—x)z x (h—x)

I, = nlébx3 = (1)(%](50)(41.421)3 =1.1844x10°mm*

I, = nzéb(h—xf =[%](%)(50)(58.579)3 =1.6751x10° mm*
I=1+1,=28595x10°mm* = 2.8595x10°m*

n =%, ¥ =-58.579 mm =—-0.058579 m

o=ty (ONCONCO08IT) _ ¢ 155105pa 0,=6.15 MPa <
I 2.8595x 10

n=1, y=41421 mm=0.041421m

oMy __(ONE00NO0031421) _ g 6o 105pa . ——8.69 MPa 4

1 2.8595%x107°
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PROBLEM 4.60*

A rectangular beam is made of material for which the modulus of elasticity is E, in tension and E, in
compression. Show that the curvature of the beam in pure bending is

1_M
p EI
where
- AEE,
WE +|E.Y
SOLUTION
Use E, as the ref dulus. Wz
se E, as the reference modulus @— ;P(
Then E, =nE,. Ne=N |
Locate neutral axis. @ i h
_ =1 |h-%X
nbx X~ b(h—x) "= = L l
2 2
nxz—(h—x)zzO \/;xz(h—x) )
h Jnh = b -~
x= h—x=

Jn+1 Jn +1

3 3
FPLLTSE SR YA ) GRS S Jn )
303 3\ Jn+1

Jn Jn+1
n(l—i-\/;) 3 1 n

1 n+n3/2 3 1 3
23—3 bh 25—3 bh zgx th
(v +1) (v +1) (v +1)
l: M =£ where Iszh3
p Et]trans Erl 12
Erlet]tra.ns
Er _ E[Itrans =1—23X tx n - bh3
LT ()
_ AEEJE, 4E.E,

NETE +1] (fF+JE ]

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it
without permission.




/18 mm PROBLEM 4.61

Semicircular grooves of radius » must be milled as shown in the sides
M of a steel member. Using an allowable stress of 60 MPa, determine the

3/ largest bending moment that can be applied to the member when
(@) r=9 mm, (b) »r=18 mm.

SOLUTION

(@ d=D-2r=108-(2)(9)=90 mm

D_18 120 222 -01
d 90 d 90
From Fig. 4.32, K =2.07

_1 3
1=(18)90)

=1.0935%10°mm*
=1.0935%10°m*

c=%d=45 mm = 0.045 m

KMc
o=
1

_ ol _ (60x10°)(1.0935x107%) _
Kc (2.07)(0.045)

M

704 M=704N-m 4

(b) d=108—(2)(18)=72 mm

D_108_ s r_18 415
d 72 d 72

c=%d=36mm=0.036m
From Fig. 4.32, K =1.61

I zé(lg)(nf —559.87x10°mm* =559.87x10m*

o0l (60x10°)(559.87x107%)
Kc (1.61)(0.036)

580 M =580 N-m 4
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PROBLEM 4.62

4 18 mm
Semicircular grooves of radius » must be milled as shown in the sides
M of a steel member. Knowing that M =450 N-m, determine the
3 maximum stress in the member when the radius » of the semicircular
grooves is

(a) =9 mm, (b) »r=18 mm.

SOLUTION
(@) d=D-2r=108—(2)(9)=90 mm

2:@:1'20
d 90

From Fig. 4.32, K =2.07

LA
d 90
[=Lpp = i(l 8)(90)°

12 12

=1.0935%x10°mm*
=1.0935%10°m*

c=%d=45 mm = 0.045 m

_ KMc _ (2.07)(450)(0.045)

O-max -
I 1.0935x107°
=38.3x10°Pa Opux =383 MPa <
(b) d=D-2r=108-(2)(18)=72 mm
D_18 5 r_18_ 455
d 72 d 72
From Fig. 4.32, K =1.61

c=%d=72 mm=0.036 m
I= é(1g)(72)3 =559.87x10° mm* =559.87x10"m*

o o KMc_ (1.61)(450)(0.036)
mxe oy 559.87x107°

=46.6x10°Pa Opax =46.6 MPa <
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8 mm PROBLEM 4.63

Knowing that the allowable stress for the beam shown is 90 MPa, determine
the allowable bending moment M when the radius » of the fillets is (¢) 8 mm,
Mo (b) 12 mm.

SOLUTION

I= ébiﬁ = é(s)mof = 42.667 x 10> mm* = 42.667 x10° m*

¢ =20mm = 0.020 m

D _30mm 500
d 40 mm
(@ L-8mm _ From Fig. 4.31, K =150
d 40 mm
6 -9
o = K% M= O] _ (90 x10°)(42.667 x107)
I Ke (1.50)(0.020)
M =128N-m <
r 12mm .
(b) i = 20 =0.3 From Fig. 4.31, K =1.35
mm

v = 00x 10°)(42.667 x 107%)
B (1.35)(0.020)

M =142N-m <
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8 mm PROBLEM 4.64

Knowing that M =250 N-m, determine the maximum stress in the beam
shown when the radius 7 of the fillets is (a) 4 mm, (b) 8 mm.

Mo
%)

SOLUTION

I= ébif = é(g)(m)3 = 42.667 x 10> mm* = 42.667 x 10~ m*

¢ =20mm = 0.020 m

D _30mm 500
d 40 mm
@ L=2mm 0 From Fig. 4.31, K =187
d 40 mm
o= kM (1'87)(250)(0'0920) = 219%10° Pa 0, =219 MPa 4
1 42.667 x 10”
B L=3mm o0 From Fig. 4.31, K =1.50
d 40 mm
o = gMe _ (150C30(0.020) _ 50 106 py o, =176 MPa <

max I 42.667 x107°
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PROBLEM 4.65

The allowable stress used in the design of a steel bar is
12 ksi. Determine the largest couple M that can be applied
to the bar (a) if the bar is designed with grooves having
semicircular portions of radius r—% in. as shown in
Fig. a, (b) if the bar is redesigned by removing the
material above and below the dashed lines as shown in
Fig. b.

SOLUTION
M
Dimensions:
D =175in.
r _ 075
d
Stress concentration factors:
Configuration (a):
Configuration (b):
Moment of inertia:
1 .
¢c=—d =25In.
2
KMc
o, =
I
@ M= (9.115)(12)
(1.92)(2.5)
b M= (9.115)(12)
(1.58)(2.5)

t = % in. = 0.875 in.

" r.
2\ I B -
dl s D R ([ld7 o \
S s VA A P
r v —-— r N

(@) (b)

r = 3 in. = 0.75 in.
4

d =5in.
=0.15 D_T75_y5s
5
Figs. 4.32 and 4.31
K =192
K =1.58
[=Le= i(o.875)(5)3 =9.115 in*
12 12
o, =12 ksi
M= lo,
Kc

M =22.8kip-in 4

M =27.7kip - in 4
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PROBLEM 4.66

A couple of moment M = 20 kip - in. is to be applied to the
end of a steel bar. Determine the maximum stress in the bar
(a) if the bar is designed with grooves having semicircular
portions of radius » = % in., as shown in Fig. a, (b) if the bar
is redesigned by removing the material above and below the
dashed line as shown in Fig. b.

7.5 1in.

SOLUTION
M
Dimensions:
D=175
r_05_
5
Stress concentration factors:
Configuration (a):
Configuration (b):
Moment of inertia:
1 )
c=—d =25In.
2

Maximum stress:

_ (222)20)(2.5)

@ o 9.115
® o, = 18000E)
" 9.115

t = % in. = 0.875 in.

— 1 V. L

V2 k&l I./\ e
als 2 | AEE
—el} e
(@) (b)

r= l in. = 0.5 in.
2

d =5in.
0.10 D_75 45
d 5
Figs. 4.32 and 4.31
K =222
K =1.80
[=twd= i(o.875)(5)3 =9.115 in*
12 12
M =20kip-in
KMc
o, =
I

o, =122ksi 4

o, =9.9ksi «
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PROBLEM 4.67

The prismatic bar shown is made of a steel that is assumed to be
elastoplastic with o, =300 MPa and is subjected to a couple M
parallel to the x axis. Determine the moment M of the couple for which
(a) yield first occurs, () the elastic core of the bar is 4 mm thick.

SOLUTION

1 3 1 3 4
a I=—>bh’=—(12)(8)" =512 mm
(a) o 12( )(3)
=512x10"%m*
c=%h=4mm = 0.004 m
oyl (300x10°)(512x107"%)

c 0.004
=384N-m M, =384N-m <

My

®) vy, =~@=2mm 2-2_05
2 c 4

2
MzzMyll_g(y_yj }
2 3\ ¢
3 1o
5(38.4)[1 3(0.5)}

=528 N-m M =528N-m 4
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\
12 mm\>/

PROBLEM 4.68

Solve Prob. 4.67, assuming that the couple M is parallel to the z axis.

x PROBLEM 4.67 The prismatic bar shown is made of a steel that is
assumed to be elastoplastic with o, =300 MPa and is subjected to a
couple M parallel to the x axis. Determine the moment M of the couple

~ for which (a) yield first occurs, (b) the elastic core of the bar is 4 mm
- thick.
8 mm

SOLUTION

(a)

()

1 yy 2
=—@#)=2mm “—F—=—=
Yy 2() c 6

[=—pp =i(8)(12)3 =1.152x10°mm*
12 12

=1.152x10" m*

c=%h=6mm=0.006m

_ oyl (300x10°)(1.152x10™)
¢ 0.006
=576 N-m M, =576N-m <

(]
i

=832 N'm M=832N-m 4
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PROBLEM 4.69

The prismatic bar shown, made of a steel that is assumed to be elastoplastic
with E=29x10°psi and oy =36 ksi, is subjected to a couple of
1350 1b - in. parallel to the z axis. Determine (a) the thickness of the elastic
core, (b) the radius of curvature of the bar.

SOLUTION

3
(@) I =é&](§] =10.1725x107 in*

c=l Bl =0.3125 in.
2\ 8

oyl (36x10%)(10.1725x107)
¢ 0.3125
=1171.872 Ib-in

3
M=§MY =1
2 3L ¢

3- 2 M \/ 2)d350) =0.83426
1171.872

yy = (0.83426)(0.3 125)=0.26071 in.

M, =

Thickness of elastic core: 2y, =0.521in. 4

O
@) Yy :gYp:?Yp

_wE _(026071)(29x10°)

= 3 =210.02 in.
oy 36x10

p=17.50 ft <
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PROBLEM 4.70

Solve Prob. 4.69, assuming that the 1350-1b-in. couple is parallel to the
¥ axis.

PROBLEM 4.69 The prismatic bar shown, made of a steel that is assumed
to be elastoplastic with £ =29x10%psi and oy =36 ksi, is subjected to a
couple of 1350 Ib-in parallel to the z axis. Determine (a) the thickness of
the elastic core, (b) the radius of curvature of the bar.

SOLUTION

3
() Izé[gj(%] =6.5104x10in*

SOGEe

oyl (36x10°)(6.5104x107%)
¢ 0.25
=937.51b-in

w2 ]

\/3 2M \/ (2)(1350)—0.34641
937.5

yy = (0.34641)(0.25) =0.086603 in.

M, =

Thickness of elastic core: 2yy =0.1732 in. <

O
@) Yy ZSYPZEYP

_wE _ (0.086603)(29x10°%)

3 =69.763 in.
oy 36x10

p=581ft 4
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30 mm PROBLEM 4.71

&W A bar of rectangular cross section shown is made of a steel that is
assumed to be elastoplastic with £ = 200 GPa and o, = 300 MPa.
Determine the bending moment M for which (a) yield first occurs,
(b) the plastic zones at the top and bottom of the bar are 12 mm thick.

8

40 mm

SOLUTION
I= %(30)(40)3 =160x10° mm* =160x 10~ m*
c= %(40) =20 mm = 0.020 m

_Me
1

(a) Firstyielding: o = oy

Ioy  (160)(107)(300 x 10°)
c 0.020

= 2400 N - m

My =

M, =240kN-m <

(b)  Plastic zones are 12 mm thick:

Yy =20 mm — 12 mm = 8§ mm

Jy _ 8mm _ o,
c 20 mm

2
M = EMY 1_l[y_Yj
2 3\ ¢
3 1 )
= 2(2400)| 1= (04 | = 3408 N - m

M =341kN-m <«
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30 mm PROBLEM 4.72

&I Bar AB is made of a steel that is assumed to be elastoplastic with
{ E =200 GPa and oy, = 240 MPa. Determine the bending moment M
0 for which the radius of curvature of the bar will be (a) 18 m, (b) 9 m.

40 mm

SOLUTION
I= 5(30)(40)3 =160 x10° mm* =160 x 10~ m*
c= %(40) =20 mm = 0.020 m
-9 6
M, = Ioy _ (160 x107)(240x10%) _ o0
¢ 0.020
My D20 00600 m™
Py EI (200 10%)(160 x107%)
(@ p=18m: L 005556 m™ < 0.0600 m™
P
The bar is fully elastic.
9 -9
v = L _ (200x10°)160x107%) _ oo
P 18
M =1778kN-m <«
(b) p=9m: L on1im™ > 0.0600 m™
P
The bar is partially plastic.
Eyy POy
Oy = —— =
Y 0 Yy E
6
v = w =0.0108 m = 10.8 mm
200 x 10
Jy _108mm _ o,
c 20 mm
2
M = EMY 1—l(y—Yj = é(1920) 1- l(0.54)2 = 2600 N - m
2 3¢ 2 3

M =2.60kN -m 4
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y PROBLEM 4.73

A beam of the cross section shown is made of a steel that is assumed to be

elastoplastic with £ =200 GPa and o, =240 MPa. For bending about the z-

- c 90omm axis, determine the bending moment at which (a) yield first occurs, (b) the
plastic zones at the top and bottom of the bar are 30-mm thick.

|<— 60 mm —>|

SOLUTION

() I= %bif = é(60)(90)3 =3.645%x10°mm”* =3.645%x10° m*
c=%h=45 mm = 0.045 m

oyl (240x10°)(3.645x107%)
MY = =

=19.44%x10N-m
c 0.045
M, =19.44 kN-m |
Gy
—~—~———

/ ".;'./' s ] -~ :
%/ ] 30mm S —
. id N

axis \\A\&\\\\\ 15 bm - 7

L‘-—E Dne—>

R, =0y 4, = (240x10°)(0.060)(0.030)

=432%x10° N

»=15mm+15 mm=0.030 m

R, Z%gy A, = Gj@mx106)(0.060)(0.015)
=108x10° N

¥y =§(15 mm) =10 mm =0.010 m

(b) M =2(Ry, +R,y,)=2[(432x10%)(0.030) + (108 x10%)(0.010)]

=28.08x10°N-m

M =281 kN-m <«
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y PROBLEM 4.74

s0hm A beam of the cross section shown is made of a steel that is assumed to be
elastoplastic with £ =200 GPa and o, =240 MPa. For bending about the
c %0 fnm z axis, determine the bending moment at which (@) yield first occurs,
& ¥ (b) the plastic zones at the top and bottom of the bar are 30-mm thick.
30 1T‘nm
¥
15 mm —| <= 15 mm
30 mm
SOLUTION
1 1
(a) 1., =—bh’=—(60)(90)’ =3.645x10° mm*
12 12
1,5 1 3 3 4
1 =—>bh’ =—(30)(30)" =67.5x10° mm
cutout 12 12 ( )( )

1=3.645%10° —67.5%x10° =3.5775%10° mm*
=3.5775%10"° mm*

c=%h=45 mm = 0.045 m

_ oyl (240x10°)(3.5775x107°)

MY

c 0.045

=19.08x10° N-m M, =19.08 kN-m <«

Sy
—A—
7/ =
axXVS o Az RN e
®,

R, = 0y 4, = (240 x10%)(0.060)(0.030) = 432 x 10° N

y; =15mm +15mm = 30 mm = 0.030 m

R, = %O‘YAZ = %(240 % 10%)(0.030)(0.015) = 54 x10° N
2
Yy = 5(15 mm) = 10 mm = 0.010 m

b)) M =2Ry +Ry,)

= 2[(432 x 10°)(0.030) + (54 x 10*)(0.010)]
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y PROBLEM 4.75

T A beam of the cross section shown is made of a steel that is assumed to be
elastoplastic with £=29x10°psi and oy =42 ksi. For bending about the

3in.
z axis, determine the bending moment at which («) yield first occurs, (b) the
plastic zones at the top and bottom of the bar are 3 in. thick.
7 @ 3in.
3in.

1.5 in. —| L—Sin.~>l <151

SOLUTION
(@ I =%b1hl3 + Ad} =%(6)(3)3 +(6)(3)(3)* =175.5 in*

1 1 .
I, =Eb2h23 =E(3)(3)3 =6.751in"

=1 =1755in"
I=1+1,+1,=357.75 in"

c=4.51n.
M, =L _(BDEST.75) M, =3339 kip -in €
c 4.5
Gy .
AN R =0y 4, = (42)(6)(3) = 756 kip
///’/l < 5 y =15+1.5=3in.
/ﬁ{ 7/ e—— R, =%0‘YA2 =%(42)(3)(1.5)
- \ e~
axX\S
= N K. =94.5 kip
¥, =§(1.5)=1.0 in.
(b) M =2Ry, +R,y,)=2[(756)(3) + (94.5)(1.0)] M = 4725kip - in 4
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y PROBLEM 4.76

' 1 ~ A beam of the cross section shown is made of a steel that is assumed to be
v elastoplastic with E=29x10°psiand o, =42 ksi. For bending about the
i j 31,z axis, determine the bending moment at which (a) yield first occurs, (b) the
] plastic zones at the top and bottom of the bar are 3 in. thick.

3in
=
1.51in. L3_>‘ L’l.Sin.
SOLUTION

() I = %blhf + Ad} = é(3)(3)3 +(3)(3)(3)* =87.75 in*

1 1 .
I, :Ebzhz3 :5(6)(3)3 =13.5in"

I,=1,=87.75in*
I=1+1I,+1I,=188.5in*

c=4.51n.
M, =l _(42)0188.5) M, =1759 kip-in 4
c 4.5
6y R =0, 4 = (42)(3)(3) = 378 ki
—_— 1 y A = (42)( ).() 1p

_ - R »=15+15=3.01n.

/ﬁ S— <k | 1

7 ——— R, =50YA2 =§(42)(6)(1.5)

. N ?
axis \\\\"\\\ '_./— R =189 kip

¥, =§(1.5)=1.o in.

(B) M =2(Ry, +R,y,)=2[(378)(3.0) + (189)(1.0)] M = 2646 kip -in <
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Yy

z C 90 mm

L‘ 60 mm *»‘

PROBLEM 4.77

For the beam indicated (of Prob. 4.73), determine (a) the fully plastic
moment M, (b) the shape factor of the cross section.

SOLUTION
From Problem 4.73, E=200GPa and o, =240 MPa.
A, = (60)(45) =2700 mm*
=2700x10"°m?
R=0y4
=(240%10°)(2700x107%)
=648x10°N
d=45 mm=0.045 m
e —
A — R
/",“. L 4 ’.."/ | S —————
ax\s 7 P DU 1:
- R
"
e
(@) M, =Rd=(648x10)(0.045)=29.16x10°N-m M,=292kN-m <«

(b I =ébh3 =é(60)(90)3 =3.645x10°mm* =3.645x10°m*

c=45mm=0.045m

oyl (240%x10°)(3.645x107°)

M, =
c

=19.44x10°N-m
0.045
_M, 2916

= k=1500 <
M, 19.44
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y PROBLEM 4.78

30mm For the beam indicated (of Prob. 4.74), determine (a) the fully plastic moment
B { M, (b) the shape factor of the cross section.
z :| 30 mm

< @
‘ 30 IInm
15 mm —- L—J L—IS mm
30 mm
SOLUTION
From Problem 4.74, E =200 GPa and o, =240 MPa.
(@) R =o0y4
= (240%10°)(0.060)(0.030) 7 pa— T
=432x10°N s AN A <~
y, =15 mm+15 mm =30 mm E (=] *
=0.030 m b —
R, =0y4,
=(240%10°)(0.030)(0.015)
=108x10° N
Vo= %(15) =7.5 mm=0.0075 m
M, =2(R y, + R,y,) = 2[(432x107)(0.030) + (108x10)(0.0075)]
=27.54x10°N-m M, =275kN-m <
1 3 1 3 6 4
(b) I, =—bh’ =—(60)(90)’ =3.645x10° mm
12 12
1 3 1 3 3 4
I,...=—Dbh’=—(30)(30)’ =67.5x10° mm
cutout 12 12( )( )
I=1 —1,,., =3.645x10°-67.5x10° =3.5775x10° mm*
=3.5775x10" m*
c=%hz45mm=0.045m
6 -9
M, = oyl _ (240x10°)(3.5775x107) _ 10 00 108 Nom
c 0.045
M
My 2754 k=1.443 4
M, 19.08
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y PROBLEM 4.79

_( For the beam indicated (of Prob. 4.75), determine () the fully plastic moment
L 3in. M, , (b) the shape factor of the cross section.

e

w
=)

-

5] ain

L

SOLUTION
From Problem 4.75, E=29x10° and o, =42 ksi.
(@) R =0y4 =(42)(6)(3)=756 kip
¥, =15+15=3.0in. Ao il s
R, =0y 4, =(42)(3)(1.5) =189 kip axis AR - — ‘;
a
¥, =%(1.5) =0.75 in. > —
M, =2(Ry, + Ryy,) = 2[(756)(3.0) + (189)(0.75)] M, =4819.5 kip-in <
b I =éb1hl3 + Ad} :é(6)(3)3 +(6)(3)(3)* =175.5 in*
1 1 .
I, = Ebzhg = E(3)(3)3 =6.751in"
I,=1,=1755in*
I=1+1,+1,=357.75 in*
c=4.51n.
M, = oyl _ (42)(357.75) _,1a9 kip-in
c 4.5
M
g o _ 48195 k=1443 <
M, 3339

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




y PROBLEM 4.80

P 3 11 . For the beam indicated (of Prob. 4.76), determine (a) the fully plastic moment
M, , (b) the shape factor of the cross section.

—
‘ 3

'
1.5in. L—J L’l.5 in.

B

3in.
SOLUTION
From Problem 4.76, E=29x10°psi and oy =42 ksi.
(@) R =0y4 =(42)3)3)=378 kip -
y,=1.5+1.5=3.0 in. 2 R
. oxs \\\\ “ ?’-
R, = 0y 4, = (42)(6)(1.5) =378 kip " —
¥, =%(1.5) =0.75 in. > -
M, =2(Ry, + R, y,) =2[(378)(3.0) + (378)(0.75)] M, =2835 kip-in <
b =%b1hl3 + Ad;] :%(3)(3)3 +(3)(3)(3)* =87.75 in*
1 1 .
I, = Ebzhz3 = E(6)(3)3 =13.5in"
I,=1=8775in*
I=I+1,+1,=1885in*
c=4.5in.
m, =L _GDAB8S) g0 3 4in i
C
M
_ My _ 2835 k=1.611 4
M, 1759.3
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PROBLEM 4.81

r =18 mm
Determine the plastic moment M, of a steel beam of the cross section shown,
assuming the steel to be elastoplastic with a yield strength of 240 MPa.

SOLUTION
¥,
£ Y
il

—— NE o
3 o x

. LT —_— K
Li" > r

— e —l
. R

.. V4 _
For a semicircle: A= Er ; r=—

Resultant force on semicircular section: R=o0,4

Resultant moment on entire cross section:

M, = 2Rr = %oyﬁ

Data: Oy = 240 MPa = 240x10° Pa, » =18 mm = 0.018 m

M, = %(240x106)(0.018)3 =1866 N - m

M, =1866kN - m <«
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PROBLEM 4.82
50 mm
l Determine the plastic moment M, of a steel beam of the cross section shown,
%0 1 assuming the steel to be elastoplastic with a yield strength of 240 MPa.
10 mm
10 mm — < 10 mm
30 mm
SOLUTION
Total area: A= (50)(90) — (30)(30) = 3600 mm*
1 2
—A=1800 mm
2
14
=2_= 1800 =36 mm
b 50
= e
x .
NA v o e— 0
7
—_
Ks__
e el P‘{ X

A, =(50)(36)=1800 mm*, y =18 mm, 4y =32.4x10°mm’
4, =(50)(14)=700 mm?, y,=7mm, Ay, =4.9x10’mm’

A4; =(20)(30) = 600 mm*, 3, =29 mm, Ay, =17.4x10°mm’
4, =(50)(10) =500 mm*, 3, =49 mm, 4,y, =24.5x10°mm’

AV, + A7, + Ay, + Ay, =79.2x10°mm’ =79.2x10°m*
M, = 0yE4,y, = (240x10°)(79.2x107°) =19.008 x10°N - m

M, =19.01kN-m <
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PROBLEM 4.83

36 mn Determine the plastic moment M, of a steel beam of the cross section shown, assuming
the steel to be elastoplastic with a yield strength of 240 MPa.

LSO mm —>‘

SOLUTION
Total area: A =%(30)(36) =540 mm?* Half area: %A =270 mm* = 4
Iy
- R
A, 4 » — I
N-A // \/\ l 2 Y N.A.
A > LI 13 {3
//f' / R_S—)‘ _—j—YB
< - b — > EN
A3
By similar triangles, L = 30 b= Bl y
y 36 6
. 1 5, , 12
Since A =—by=—y", =—A
175 y 12y y 5 A
12
y= ?(270)=25.4558 mm
b=21.2132 mm

A4 = %(21.2132)(25.4558) =270 mm?* =270x107° m*

A, =(21.2132)(36 - 25.4558) = 223.676 mm”* = 223.676x10° m*
Ay =A— A — A, = 46.324 mm* =46.324x107° m*

R =0y 4, =240x10° 4,

R =64.8x10°N, R,=53.6822x10°N, R,=11.1178x10°N

i =%y =8.4853 mm =8.4853x10° m

¥, =%(36—25.4558) =52721 mm=5.2721x10"m

Vs = %(36 —25.4558) =7.0295 mm = 7.0295x 10 m
M, =R7¥ + R, + Ry, =911 N-m M,=911N-m <
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4mm  PROBLEM 4.84

Determine the plastic moment M, of a steel beam of the cross section shown, assuming

” the steel to be elastoplastic with a yield strength of 240 MPa.

SOLUTION

Let ¢; be the outer radius and ¢, the inner radius.

®
o

A = A, — Ay

e

Ay, = 4y = %(013 - Ci)

<
|

— — 4
p = Oy(Ay + 4y,) = EO'Y(CE - Ci)

Data: oy =240 MPa = 240x10°Pa

¢ =60 mm =0.060 m
¢, =40 mm =0.040 m

_4 6 3 3
M, —5(240><10 )(0.060° —0.040°)

=48.64x10°N-m

M,=48.6kN-m <«
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0.6 in. Qoin. - PROBLEM 4.85

Determine the plastic moment M, of the cross section shown, assuming the steel

1

0.6 in.
_'Lm to be elastoplastic with a yield strength of 36 ksi.
0.4 in

SOLUTION
Total area: A=(1.8)(0.4) +(0.6)(1.2) = 1.44 in*
Ly=072in
2
14
_z4_ 072 1.2 in.
b 0.6

Neutral axis lies 1.2 in. below the top.

1 . _ 1 .
4 =5A:0.72 in*, ¥ =5(1.2)=0.6 in.

A, = %A =0.72in%, = %(0-4) =02 in.
M,, =0y (40 +4),)
=(36)[(0.72)(0.6) + (0.72)(0.2)] = 20.7 kip - in

1

le-x

[

M, =20.7kip-in 4
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ﬁélin‘ﬂ_¢ PROBLEM 4.86

i |~ 311. Determine the plastic moment M, of the cross section shown, assuming the steel to
Y 1, beelastoplastic with a yield strength of 36 ksi.

2in
SOLUTION
Total area: A=(4) (1] + (1] 3)+ (2)(% =4.5in’
' S 2) 2 2)
lA=2.25 in’
2
o 2] v
A DN .5
7 4
@Y s
Z

A4,=2.00in%, 3 =0.75, Ay =1.50in’
4,=025in*, 3,=0.25 4,7, =0.0625in’
A, =1251in*, 3,=125, Ay, =1.5625in’
4,=1.00in*, 3,=275 A,=2.75in’
M, =0y (40 + 4, + Ayy + Ay yy)
=(36)(1.50 +0.0625 +1.5625 +2.75) M, =212kip-in <«
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J PROBLEM 4.87

For the beam indicated (of Prob. 4.73), a couple of moment equal to the full
plastic moment M, is applied and then removed. Using a yield strength of
z C 90mm 240 MPa, determine the residual stress at y = 45mm.

|<* 60 mm 9l

SOLUTION
M, =29.16x10°N - m

See solutions to Problems 4.73 and 4.77.
I =3.645x10%m?*

¢ =0.045m
M
o—’:—MmaXyz—pc at y = ¢ =45 mm
I I
- e e~ =0
> 240 MPg 360 MPa —_;‘/9 120 M?@
P
P S, 3
.
> + =
I— — >,
—
> /g__.Jé
LOADING UNLOADING RESIDUAL STRESSES
3
o = (291610 )((3.6045) 3605 10° Pa
3.645x 10
O =0 — 0y =360x10° - 240 x 10°
=120x10°Pa O, =120.0 MPa 4
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y PROBLEM 4.88

300 For the beam indicated (of Prob. 4.74), a couple of moment equal to the
full plastic moment M, is applied and then removed. Using a yield
c 0 fnm strength of 240 MPa, determine the residual stress at y = 45mm.
y
1
30 mm
¥
15 mm —| <= 15 mm
30 mm
SOLUTION
M, = 27.54% 10> N - m (See solutions to Problems 4.74 and 4.78.)
1=35775x10°m*, ~ ¢=0045m
M
O./:Mmaxy: Pc at y=c
1 1
3
o = (27:54x10 )(0;(6)45) — 346.4 % 10° Pa
3.5775 %10
j ZL‘OMQ"\ — 3"[6,"{ M Pe ? lo64 MPe
o o ;—/
LOADING UNLOADING RESIDUAL STRESSES

Oy = 0 — Oy = 346.4x10° — 240 x 10° = 106.4 x 10° Pa

O, =106.4 MPa 4
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y PROBLEM 4.89

z @ 3in.

3in.

L—Sin.~>l <151

1.5 in. —

T A bending couple is applied to the bar indicated, causing plastic zones 3 in.
3in.  thick to develop at the top and bottom of the bar. After the couple has been
removed, determine (a) the residual stress at y = 4.5in., (b) the points
where the residual stress is zero, (¢) the radius of curvature corresponding
to the permanent deformation of the bar.

SOLUTION

See solution to Problem 4.75 for bending couple and stress distribution.

M = 4725kip - in yy =1.5in.

oy =42ksi 1 =35775in* c¢=45in.
@ o= @729)43) _ 59 431si
I 357.75
o = My _ BT2)3) _ g g1
I 357.75

At y=c, Oy =0 —0y =5943 —42 = 1743 ksi

T

At y =y, O =0" -0y =19.81-42 = -22.19ksi

T

H2 ks 59.43 ksl

L, -

LA

LOADING UNLOADING
M
(B) 0, =0 %— oy =
o = Ioy _ (3577942 _ 5 gin
M 4725

(c) At y=yy, On =—22.19ksi

3
GZ_Q pz_Q=(29x10 )(1.5)
P (o 22.19

= 1960 in.

Answer:

E =29 x10%psi = 29 x 10> ksi

17,43 Wy
- 22.19 Ks!

22.19 kst
—12.43 ks¢

RESIDUAL STRESSES

Yo = -3.18in., 0, 3.18in. 4

p =163.41ft 4
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y PROBLEM 4.90

3 A bending couple is applied to the bar indicated, causing plastic zones 3 in.
v thick to develop at the top and bottom of the bar. After the couple has been
Fa £ j 3 removed, determine (a) the residual stress at y = 4.5in., (b) the points
2 . 2 where the residual stress is zero, (c¢) the radius of curvature corresponding
‘ 3 to the permanent deformation of the bar.
'

1.5in. L—J L’l.S in.

3in.

SOLUTION

See solution to Problem 4.76 for bending couple and stress distribution during loading.
M =2646kip-in  y, =1.5in. E =29 x10°psi = 29 x 10> ksi
oy =42ksi [ =1885in* c¢=4.5in

Mce _ (2646)(4.5)

(@ o= = 63.17 ksi
I 188.5
o = My _ QOO _ ) o6y
I 188.5
At y=¢, O =0 -0y =6317-42=21.17ksi
At y=yy, O =0 —0y =21.06-42 O, = —20.94ksi 4
HR Vs 63.17 Ks 21.17 kst
——
——>
-20.2Y4 Us*
+ =
> 20.94 kst
- - 2].17 Ks¥
LOADING UNLOADING RESIDUAL STRESSES
M
(b) qﬁzo.a-fﬁ:ay

foy _ U88-5(42) _ 5 995 iy, Answer: y, = -2.992in, 0, 2.992in. 4
M 2646

Yo =

(o) Aty =y, Ores = —20.94 ksi

3
O-Z_Q :_szzzmﬁn_ p=173.11t 4
P (o 20.94
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y PROBLEM 4.91

A bending couple is applied to the beam of Prob. 4.73, causing plastic zones
30 mm thick to develop at the top and bottom of the beam. After the couple has
S C 9 mm  been removed, determine (a) the residual stress at y = 45 mm, (b) the points
where the residual stress is zero, (c¢) the radius of curvature corresponding to
the permanent deformation of the beam.

P

|<7 60 mm ~>l

SOLUTION

See solution to Problem 4.73 for bending couple and stress distribution during loading:
M =2808x10°N-m y, =15mm =0.015m E =200 GPa
Oy =240MPa [ =3.645x10°m* ¢ =0.045m

Mc _ (28.08 x10°)(0.045)

(@) o = ——— =346.7x10° Pa = 346.7 MPa
I 3.645% 10
3
o =My QROSXIONOLY) _ 456,106 pa = 115.6 MPa
I 3.645x 10
Aty =c, 0, =0 -0, =346.7 - 240 0., =106.7 MPa 4
Aty =y, Op =0" -0y = 115.6 - 240 O = —124.4 MPa
240 MP = | 3H¢.7 MPa 106.7 MPy
b
” - 1244 MPa
S + =
> 1247 MPq
240 MPs [—
i : -106.7MPa
LOADING UNLOADING RESIDUAL STRESSES
M
(b) 0 =0 1)’0 -0y, =0
—6 6
vy = 20 G085 x10 D2OXN0) _ 31 1551073 m = 31.15 mm
M 28.08x10

Answer: y, = -31.15mm, 0,31.15 mm <«

() At y=yy, 0. =-1244x10°Pa

9
o=-B . - B QOXI0)0015) p=241m 4
P o -124.4x10
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y PROBLEM 4.92

lin. A beam of the cross section shown is made of a steel that is assumed to be
Y elastoplastic with E =29 x10°psi and oy = 42ksi. A bending couple is
2 in. applied to the beam about z axis, causing plastic zones 2 in. thick to develop at
the top and bottom of the beam. After the couple has been removed, determine
i (a) the residual stress at y = 2in., (b) the points where the residual stress is

© zero, (c) the radius of curvature corresponding to the permanent deformation of

1 in.—»‘ L_.I El_ . the beam.
1in.

n
@

SOLUTION

See solution to Problem 4.76 for bending couple and stress distribution during loading.
M =406kip-in  y, =1.0in. E =29 x10°psi = 29 x 10’ ksi
oy =42 ksi [ =14.6667in" ¢ =2in.

o - Me _ (406)(2)

(@) — 55.36 ksi
1 14.6667
o = My _ GO0 _ s e ki
1 14.6667
At y=c¢, O, =0 -0y =5536-42 . = 1336 ksi <
Aty = yy, G =0" -0y =27.68—42 ., =—1432ksi 4
HoUs) (= 55,36 ks 12,36 Ws:
- ——
- w—* A)
< ~14.32 K5
> 14.32 kst
> | ~13.386 ks
LOADING UNLOADING RESIDUAL STRESSES
M
b)) 0., =0 . 1)’0 —0, =0
Yo = foy _ (46667)42) _ 1 517y, Answer: y, = —1.517in.,0,1.517 in. <
M 406
(c) Aty=yy, O,s = —14.32 ksi
3
o = _Ey Lop= _Ey (29 x107)1.0) = 2025 in. p =1688 ft 4
P (o 14.32
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PROBLEM 4.93*

A rectangular bar that is straight and unstressed is bent into an arc of circle of radius by two couples of
moment M. After the couples are removed, it is observed that the radius of curvature of the bar is pj.
Denoting by py, the radius of curvature of the bar at the onset of yield, show that the radii of curvature satisfy

the following relation:

L_il_éﬁl_l(ﬁf
Pr P 2 py 3\ py

=

SOLUTION

Py E

M
Let m denote —:
Y

pPr P EI p El P Py
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PROBLEM 4.94

A solid bar of rectangular cross section is made of a material that is assumed to be elastoplastic. Denoting by
M, and py, respectively, the bending moment and radius of curvature at the onset of yield, determine (a) the
radius of curvature when a couple of moment M = 1.25M, is applied to the bar, (b) the radius of curvature
after the couple is removed. Check the results obtained by using the relation derived in Prob. 4.93.

SOLUTION
2
() L:ﬁ MZEMY _lp_z Letm=£=1.25
py  EI 2 3 py My
2
m=M 3( —1’0—2] P 3-2m =0.70711
My 2 3 py Py
p=070711p, <
o oL M _ 1 mMy 1 w1125
P P EI p EI  p py 070711p, py
_ 016421 pr = 6.09p, 4
Py
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PROBLEM 4.95

The prismatic bar 4B is made of a steel that is assumed to be elastoplastic and
for which £ = 200 GPa. Knowing that the radius of curvature of the bar is
24 m when a couple of moment M =350N-m is applied as shown,
determine (a) the yield strength of the steel, (o) the thickness of the elastic
core of the bar.

SOLUTION
2
M = EMY 1— lp_z
2 3 py
_3oylf) Lploy
2 ¢ 3 E*?
3 oyb(2c)’ ] p’ot
2 12 3 EX?
1 po}
= oybc?|1-— Y
Y [ 3 Ezczj
pzo_z
(a) bczay 1-=L =M Cubic equation for oy
3E°c
Data: E =200x10°Pa
M =420N-m
p=24m
b =20mm = 0.020 m
czéh =8 mm = 0.008 m
(1.28%x107) oy [1 ~ 750 x 10—2103] =350
oy [1-750x107'07 | = 273.44 x10°
Solving by trial, oy =292x10°Pa oy =292 MPa <

_oyp _ (292x10°)(2.4)

- ST RS 107 m = 3.504 mm
X

(b) Yy

thickness of elastic core = 2y, = 7.0l mm <«
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o (MPa)

300

200

100

PROBLEM 4.96

- B The prismatic bar 4B is made of an aluminum alloy for

P v which the tensile stress-strain diagram is as shown.
/1 , !

Assuming that the o-¢ diagram is the same in
compression as in tension, determine (a) the radius of

M
\C‘
60 mm
A

curvature of the bar when the maximum stress is 250 MPa,

(b) the corresponding value of the bending moment. (Hint:
For part b, plot o versus y and use an approximate method

0.005 0010 €

of integration.)

SOLUTION

(a)

()

o, =250 MPa = 250 x10° Pa

g, = 0.0064 from curve
c =%h =30 mm = 0.030 m

b =40 mm = 0.040 m
l _ &, _ 0.0064

P ¢ 0030

=0.21333m™ p=469m 4

where u= B

C £

M =~[° yobdy = 2b[: y o] dy = 2b%[ ulo| du = 2bc*J

Strain distribution:

Bending couple:
where the integral J is given by j ;u|0'| du
Evaluate J using a method of numerial integration. If Simpson’s rule is used, the integration formula is
J = ﬂEwu |o]
3
where w is a weighting factor.

Using Au = 0.25, we get the values given in the table below:

u le] |o|, (MPa) u ||, (MPa) w wu |ol|, (MPa)
0 0 0 0 1 0
0.25 0.0016 110 27.5 4 110
0.5 0.0032 180 90 2 180
0.75 0.0048 225 168.75 4 675
1.00 0.0064 250 250 1 250
1215 «— Zwu |o]|
J = % =101.25 MPa = 101.25x10° Pa

M = (2)(0.040)(0.030)*(101.25 x10%) = 7.29x10* N - m M=729kN-m <«
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o (ksi)
50
/

40 A
30 /

20 /

10

0.004 0008 €

PROBLEM 4.97

The prismatic bar 4B is made of a bronze alloy for which the tensile
stress-strain diagram is as shown. Assuming that the o — £ diagram
is the same in compression as in tension, determine (a) the
maximum stress in the bar when the radius of curvature of the bar is
100 in., (b) the corresponding value of the bending moment. (See
hint given in Prob. 4.96.)

SOLUTION

(@ p=100in., b =038in., c¢=0.6in.
€y _%z%zo.O%

(b)  Strain distribution: £ =-¢,

Bending couple:

Y
c

From the curve,

= —¢g,u where u= L
£

o, =43ksi 4

M =~[° yobdy =26y |oldy = 2bc*[ u |0| du = 2bc*J

where the integral J is given by j' ;u |o| du

Evaluate J using a method of numerial integration. If Simpson’s rule is used, the integration formula is

where w is a weighting factor.

J = %Zwmoﬂ

Using Au = 0.25, we get the values given the table below:

M = (2)(0.8)(0.6)%(18.67)

u €| ol ksi | u o], ksi w wu | o], ksi
0 0 0 0 1 0
025 | 0.0015 25 6.25 4 25
0.5 0.003 36 18 2 36
0.75 | 0.0045 40 30 4 120
1.00 | 0.006 43 43 1 43

224
g = 029@24) _ g 671

«— Zwu |O]

M =10.75kip - in <

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.98

7 A prismatic bar of rectangular cross section is made of an alloy for
which the stress-strain diagram can be represented by the relation
£=ko" for 0 >0 and € =—|ko"| for 0 < 0. If a couple M is

€ . . .
applied to the bar, show that the maximum stress is
\C
M
_1+2n Mc
" 3n 1
SOLUTION
Strain distribution: €= —e‘mz = —£,u where u= 2
c c
Bending couple:
M =~[° yobdy =2b[¢ y |oldy = 2b*[S 2 |o| L
c
= 2b%[, u|o| du
For e=Ko", ¢,=Ko,
£ o) 1
—=u= —J s o= o,u"
8m O-m
1 1
Then M = 2bczj.gu0'mu” du = 2bczo'mj.éul+”du
2 2n
= 2bc’o, = b’o,
2+170 20 41
2n+1 M
o, = ——
2  bc
3
Recall: that Iz = L 5@y = 2 b .. % = 2¢
c 12 ¢ 3 bc 317
Then o, = 2n +1 Mc
3n I
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PROBLEM 4.99

A short wooden post supports a 6-kip axial load as shown. Determine the
stress at point A when (a) b = 0, (b) b =1.5in., (¢) b = 3in.

SOLUTION
A=’ = 7(3)* = 28.27in?
1=24 =203 = 63.62in*
4 4
I 63.62

S == =21.206in*
c 3

P = 6 kips M = Pb
(@ b=0 M =0

c=-L o0 _ o12ksi
A 28.27
o =-212psi 4
() b=15in. M =(6)1.5) =9kip-in
A S 2827 21.206
o =-637 psi 4
(©) b=3in. M =(6)3) =I8kip-in
o= P M _ 6 18 _ | i6iksi

A S 28.27 21.206
o =-1061psi 4
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PROBLEM 4.100

As many as three axial loads, each of magnitude P = 10kips, can be
applied to the end of a W8 x 21 rolled-steel shape. Determine the stress at
point A, (a) for the loading shown, (b) if loads are applied at points 1 and 2

P only.
C
l)
3.5 1n.
l)
3.5 1in.
SOLUTION

For W8x 21 Appendix C gives

A=6.16in>, d =828in., I. =753in*

X

At point 4, y = %d =4.14 in.
_E_My
A T
(a)  Centric loading: F =30kips, M =0
ozi o =487 ksi 4
6.16
(b)  Eccentric loading: F =2P =20 kips
M = —(10)(3.5) = -35kip - in
20 _ (39¢&14) o =517ksi 4

" 6.16 753
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PROBLEM 4.101

Knowing that the magnitude of the horizontal force P is 8 kN,
determine the stress at (a) point 4, (b) point B.

15 mm

SOLUTION
A = (30)(24) = 720 mm? = 720 x 107° m?
e=45-12=33mm = 0.033m
I= %b}ﬁ = 5(30)(24)3 = 34.56 x10° mm* = 34.56 10~ m*
c =%(24mm) =12mm = 0.012m P =8x10°N
M = Pe = (8 x10%)(0.033) = 264N - m
3
(@) o,= _P_Me | 8x10°_ @2O6HO012) _ 16565106 pa

A I 720x107%  3456%x107°

o, =-102.8 MPa 4

3
) oy=-LMe_ BxI0 QOYOID _ g4, q06p,
AT 720x10°  3456x10

o =80.6 MPa <«
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PROBLEM 4.102

The vertical portion of the press shown consists of a

i rectangular tube of wall thickness # = 10 mm. Knowing that the

P * ; I 60 press has been tightened on wooden planks being glued

P’+ a a T jm together until P = 20 kN, determine the stress at (a) point A4,
: (b) point B.

| A l<—80 mm+l &
LZOO mm >‘<—>l Section a-a
80 mm

SOLUTION

Rectangular cutout is 60 mm x 40 mm.

A = (80)(60) — (60)(40) = 2.4 x 10° mm?* = 2.4 x 10 m?

I= $(60)(80)3 - 5(40)(60)3 = 1.84x10° mm*

=1.84x10"°m*
c=40mm = 0.040m e =200+ 40 =240 mm = 0.240 m
P=20x10°N

M = Pe = (20 x10*)(0.240) = 48 x10°N - m

3 3
(@ o, =§ +% = 22;)x118_3 + (4'81241‘0 )1((())_'240) =112.7x10°Pa o, =112.7MPa <
4a X 04 X
3 3
(b) o= f - % = 222 x11:))_3 - (4‘81220 )1((;)_'?40) =-96.0x10°Pa 05 = —96.0 MPa <
4a X .04 X
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PROBLEM 4.103

Solve Prob. 4.102, assuming that ¢ = 8§ mm.

PROBLEM 4.102 The vertical portion of the press shown
consists of a rectangular tube of wall thickness # = 10 mm.
Knowing that the press has been tightened on wooden planks
being glued together until P = 20 kN, determine the stress at
(a) point 4, (b) point B.

Section a-a

200 mm 80 mm

SOLUTION
Rectangular cutout is 64 mm x 44 mm.
A = (80)(60) — (64)(44) = 1.984 x 10°> mm?
=1.984 x 107> mm?

I= %(60)(80)3 - %(44)(64)3 = 1.59881x 10° mm”

=1.59881x10°m*
¢ =40mm = 0.004 e =200+ 40 = 240 mm = 0.240 m

P=20x10° N
M = Pe = (20 x10%)(0.240) = 48 x10° N - m

3 3
@ o=l Mo 200 (8xI0)O0.0%0) _y305,106pa 0, =130.2 MPa <
AT 1984x10° 15988110
3 3
b oy=L M 200 @8x10)0040) _ 100106 pa oy = —110.0 MPa <
AT 1984x10°  1.59881x10
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60 kN PROBLEM 4.104

60 kN
60 kN

150 . . .
e Determine the stress at points 4 and B, (a) for the loading

150 mm shown, (b) if the 60-kN loads are applied at points 1 and 2 only.

Z

Ae
e b
~o

B

12N
120 mm

90 mm

SOLUTION
(a) Loading is centric.
P =180kN =180 x10°N
A = (90)(240) = 21.6 x 10° mm? = 21.6 x 10° m?

3
AtA and B: o=-L o BV 334100pa
A4 216x10

0, =0y =-833MPa «
(b) Eccentric loading.
P=120kN =120x10° N

M = (60x10*)(150%107) = 9.0x10°N - m
I= ébiﬁ = $(90)(240)3 =103.68 x10°mm* = 103.68 x 10 m*
¢ =120mm = 0.120 m
P Mc _ 120x10°  (9.0x10°)(0.120) _

At 4: Oy=——-—= ; — =-15.97x10°Pa
4 1 216x107°  103.68x10

3 3
At B: oy _£+% _ 120 x 10 4 (9.0x107)(0.120)

—~ — = 4.86x10°Pa
4 I 21.6x10 103.68 x 10

o, =—1597 MPa <

oy = 4.86 MPa 4
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PROBLEM 4.105

Knowing that the allowable stress in section 4BD is 10 ksi,
determine the largest force P that can be applied to the bracket
shown.

0.9 in.

SOLUTION

o= 245 in. P
Statics: M = 2.45P

Cross section: 4 = (0.9)(1.2) = 1.08 in?

I ( = %(0.9) = 0.45in.

| B I= é(l.z)(og)3 = 0.0729 in*

/////i/r//

Atpoint B: ¢ = —10ksi

?TM=2.’-{SP P Me
CTTATT
. B

o P _Q45P04S) o
108 00729
et P = 0.623 kips P=6231b 4
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PROBLEM 4.106

L %-in. square bar have been bent to

Portions of a
/ form the two machine components shown. Knowing
that the allowable stress is 15 ksi, determine the
maximum load that can be applied to each

component.
SOLUTION
The maximum stress occurs at point B. P
op = —15ksi = —15x10° psi K
c *-(9— Y
where K—%+e—; e=1.01in M=F

A = (0.5)(0.5) = 0.25 in?

I= %(0.5)(0.5)3 = 5.2083 x 107 in* for all centroidal axes.

B
. A
0.5:n. 0.5 -
2 c=F i
7 ;B/ N.A. . C ¥
C=0.25in. -
NLA. /// /, :
s/ c’ .
O.25 in. 0.5 in, 0.5 \a.
4///
(@) ()
(a) c =025i1n.
1 (1.0)(0.25) 2
025 5.2083x107
_ 3
po_0s __(15x107) P=2881b <
K 52
0.5
b ¢ =—=0.353551n.
@) 7
_ 1 4 (1.0)(0.3535;53) — 71882 in
0.25  5.2083x10
_ 3
P:_&:_M P:2091b<
K 71.882

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.107

The four forces shown are applied to a rigid plate supported by a solid
steel post of radius a. Knowing that P = 100 kN and a = 40 mm,
determine the maximum stress in the post when (a) the force at D is
removed, (b) the forces at C and D are removed.

SOLUTION

For a solid circular section of radius a,

A = na® 1= £a4
4
Centric force: F=4P, M, =M_=0 o = _E = _4_P2
A za

(a) Force at D is removed:
F =3P, M,=-Pa, M_.=0
F Mz 3P (“Pa)-a) 7P

A 1 ra’ %az wa®

(b)  Forces at C and D are removed:

F=2P, M,=-Pa, M_=-Pa

Resultant bending couple: M= M?+M? = V2 Pa

- F o Me_ 2P _ﬁpj“ __2+42 L w37 P2
A I Ta %a T a
Numerical data: P=100x10°N, a = 0.040 m

3

Answers: () o= —M =-139.3x10°Pa o =-139.3 MPa «
7(0.040)
3

(b) o = 243700 f 10) _ _1523x10°Pa o = —152.3 MPa 4

(0.040)
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PROBLEM 4.108

A milling operation was used to remove a portion of a solid bar
of square cross section. Knowing that ¢ = 30 mm, d = 20 mm,
and o, = 60 MPa, determine the magnitude P of the largest
forces that can be safely applied at the centers of the ends of the

bar.
SOLUTION
ad, I=iad3, c=ld
12 2
a_d
2 2
P Me_ P 6Ped
A I ad ad’
L + 3Pla—d) 2_ ) = KP where K = 1 + a=d) _zd)
ad ad ad ad
Data: a=30mm =0.030m d =20mm = 0.020 m

"~ (0.030)(0.020) (0.030)(0.020)*

1 L BOO010) 4667 %103 m2

o 60 x 10°

=2 Y _1440%10°N P =1440 kN <«

K 4.1667 x 10°
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P’

PROBLEM 4.109

A milling operation was used to remove a portion of a solid bar of

| square cross section. Forces of magnitude P = 18 kN are applied at

the centers of the ends of the bar. Knowing that ¢ = 30 mm and
o, = 135 MPa, determine the smallest allowable depth d of the

d illed porti f the bar.
ﬂ\\P milled portion of the bar
SOLUTION
A= ad, I=iad3, c=ld
12 2
a d
e=——-——
2 2
P Mc P Pee P Pia-dd p 3pea-a
ad I ad PR ad ad
12
ng—z o od>+2a-3p=0
d ad a
2
Solving for d, d= = (Ej +12Po _2r
20 a a
Data: a=0.030m, P=18x10°N, o =135x10°Pa
3 TP 3
= L} [ @U8XI00 ) a5 x107) a35 ¢ 10%) - 2 UEXT0)
(2)(135x10°) 0.030 0.030
=16.04x10" m d =16.04 mm <«
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12 kips PROBLEM 4.110

1 A short column is made by nailing two 1x4-in. planks to a 2 X 4-in.
- (o timber. Determine the largest compressive stress created in the column by a
12-kip load applied as shown in the center of the top section of the timber if

! 2\ (a) the column is as described, (b) plank 1 is removed, (c¢) both planks are
( \ removed.
SOLUTION
? 12kps 1 12 kips L 12 kips
(@ (b) (&)
(a)  Centric loading: 4 in. X 4 in. cross section A= (4)4) =16 in?
co-P__12 o =-0.75ksi 4
A 16
()  Eccentric loading: 4 in. x 3 in. cross section 4 = (4)(3) = 12 in?
c=(%)(3)=l.5in. e=15-1.0=0.5in.
I=Lpp = i(4)(3)3 =9in*
12 12
__P_Pe_ 12 (20509 o= 200k 4
A 1 12 9
(¢) Centric loading: 4 in. X 2 in. cross section A=#(Q) =8in?
__r__12 o = —1.50 ksi ¢
A 8
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PROBLEM 4.111

An offset # must be introduced into a solid circular rod of
diameter d. Knowing that the maximum stress after the offset
is introduced must not exceed 5 times the stress in the rod
when it is straight, determine the largest offset that can be
used.

SOLUTION
. . P
For centric loading, o, = =
For eccentric loading, o, = L + Phe
A 1
Given o,=50,
P Phc P
A 1 A
Phe _ 4P

h=—=—~r—%=—d h=0.500d 4
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PROBLEM 4.112

An offset 4 must be introduced into a metal tube of 0.75-in. outer
diameter and 0.08-in. wall thickness. Knowing that the maximum
stress after the offset is introduced must not exceed 4 times the
stress in the tube when it is straight, determine the largest offset
that can be used.

SOLUTION

For centric loading,

For eccentric loading,

G

~

cen

laf = 0.375 in.
2

¢ —t=0375-0.08 = 0.295 in.
7[(02 - cf) = 7(0.375% — 0.295%)

0.168389 in”

_ T4 4\_T 4 4
_4(c cl)—4(0.375 0.295%)

=9.5835x 10 in*

_P
4
_£ Phc
41
P Phc P
THOw o T
-3
_3 0,3 _3)6:5835x107) h = 0.455 in. 4
4 Ac (0.168389)(0.375)
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P’

PROBLEM 4.113

A steel rod is welded to a steel plate to form the machine

6-mm diameter

| s mmn—] element shown. Knowing that the allowable stress is 135 MPa,
! 3 mm 1 2 determine (a) the largest force P that can be applied to the
f O EADRT element, (b) the corresponding location of the neutral axis.
8 ! | Sectionex Given: The centroid of the cross section is at C and
: I, = 4195 mm*.
P
SOLUTION
Z

(a)

()

Yy

I~——|3. 12 —she 1083 —
A= (3)(18) + %(6)2 = 82.27 mm? = 82.27 x 107° m?

I = 4195 mm* = 4195x107"2 m*
e=13.12mm = 0.01312 m
Based on tensile stress at y = —13.12 mm = —-0.01312 m

o = £ @ = i + 2 P =KP
A 1 A 1

X = 1 e _ 1 4 (0.01312)(0.071312) — 53188 %10° m=2
A 1 82.27 %10 4195 %10

6
o B0 N P=254kN <
K 53.188x10

Location of neutral axis. o =0

P My _P Py, e 1
A1 41 I 4
—12
y=L 4195 %10 3.89%10° m y =389 mm <

e (8227x10°)(0.01312)

The neutral axis lies 3.89 mm to the right of the centroid or 17.01 mm to the right of the line of action
of the loads.
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1in.
“ o] | PROBLEM 4.114
(lﬁ } j(l T 0.75 in.
15in.| | Lsin. gh -t A vertical rod is attached at point 4 to the cast iron hanger
| ‘_’I ' t shown. Knowing that the allowable stresses in the hanger
Ne & Js L:%— " are o, =+5ksi and o, =-12ksi, determine the
Section a-a largest downward force and the largest upward force that
can be exerted by the rod.
SOLUTION
7= > Ay (1x3)0.5) + 2(3 % 0.25)(2.5)
CRoSc 262 TI0M > A (1x3)+23x%0.75)
K — 317 — _ 12750’ .
T SNy foren. X =5 Z 00
' / Cl S 7.5 1n
= /’(/ ' A=175in2
_L L /l.\\\( RN ]J_-b.).s'm. ) )
oS- _J ' O, = +5 ksi O = —12 ksi
X J .
pR) I, = Z[Eb}ﬁ + Adzj

- 5(3)(1)3 +(3x1)(1.70 - 0.5 + %(1.5)(3)3 +(15x3)(2.5 - 1.70)°

I, =10.825 in*

Downward Force.

Qown e [oR<: M = P(1.5in+1.70 in.) = (3.20 in.)P

ALD: o, =+L 4 e
A 1

B
ﬂ@ N b Sksi = P N (3.20)P(1.70)
Pt 7.5 10.825
+5 = P(+0.6359) P =7.86kips 4
ALE: oy = +1 - M¢
A 1
12 ksi = P (3.20)P(2.30)
7.5 10.825
— 12 = P(-0.5466) P =21.95kips ¢
We choose the smaller value. P =796kips | 4
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PROBLEM 4.114 (Continued)

Upward Force.

VPWARD Fores M = P(1.5in.+1.70 in.)) = (3.20 in.)P

X= 120 2.30in |
)50 D M . 7
LA
¢ D) o ksi = P _ B20)P(.70)
e £ 7.5 10.825
£ —12 = P(-0.6359) P =1887kips T
P Mc

AtE: 0, = +—+—
AT

s = P, B200P(2.30)
7.5 10.825
+5 = P(+0.5466) P =9.15kips T

We choose the smaller value.

P =9.15kips T «
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L PROBLEM 4.115

: ——sn—|
e T —
e T
1.5 in. i 1.5 in. 3in.
| ‘_" EJ 4 at point B instead of point 4.

Solve Prob. 4.114, assuming that the vertical rod is attached

A((o B s :ll? in.
Section a-a PROBLEM 4.114 A vertical rod is attached at point 4 to the

cast iron hanger shown. Knowing that the allowable stresses

in the hanger are

O-au = +5 k51

and o, =-12ksi,

determine the largest downward force and the largest upward

force that can be exerted by the rod.

SOLUTION
CRoSE 2627100 7= > Ay (1x3)0.5) + 2(3 x0.25)(2.5)
glin 20— > A (I1x3)+2(3x%x0.75)
TS orn .
2 /,/‘.m £ X:%zmoom.
1 ] D 1n
_L % % N S o, .
oS __J . A=75in
X J O-all = +5 kSl O-au = —12 k51
2.1,

I = Z[%b}ﬁ + Adzj

- 5(3)(1)3 + (X 1)(1.70 - 0.5 + %(1.5)(3)3 +(15x3)(2.5 - 1.70)°

I, =10.825 in*

Downward Force.

Lowyviry forcs Oq = +5ksi oy = —12ksi

SR 2 2.30h, . a
) Sm,
l "I"-A 'T M = (2.30in.+ 1.5 in.) = (3.80 in.)P

LT € o
“ AD: o, = +L _Me
L \, o A ]
P
i o P GSOPULTO)
7.5 10.825

—12 = P(-0.4634)

ME: oy —+F M

A1
P (380)P(2.30)
7.5 10.825
+5 = P(+0.9407)

+5ksi = +

We choose the smaller value.

P =259kips |

P =532 kips |

P =532kips | 4
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PROBLEM 4.115 (Continued)

Upward Force.

REE .
YPWArD Force g oy = +5 ksi

i:‘l.?o'"'l ) 2.20hy. al O-all = —12 ksi
'F‘P hSin, . ) '
b Am f’ M = (230 in. + 1.5 in)P = (3.80 in.)P
A ¢ A op=-L+ M

N
€ ——T) AT
£

P (380)P(L.70)

Sksi=-
7.5 10.825
5 = P(+0.4634) P =10.79 kips T
ME o - E e
A T
12 ksi = P (3.80)P(2.30)
7.5 10.825
—12 = P(-0.9407) P =12.76 kips T
We choose the smaller value. P =10.79 kips T «
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r PROBLEM 4.116

Three steel plates, each of 25X 150-mm cross section, are welded
together to form a short H-shaped column. Later, for architectural
reasons, a 25-mm strip is removed from each side of one of the
flanges. Knowing that the load remains centric with respect to the
original cross section, and that the allowable stress is 100 MPa,
determine the largest force P (a) that could be applied to the original
column, (b) that can be applied to the modified column.

SOLUTION

(a)  Centric loading: o= _g

A = (3)(150)(25) = 11.25x 10 mm* = 11.25 x 10> m?
P=-04=—(-100x10%)(11.25%x107)
=1.125x 10°N P =1125kN «

()  Eccentric loading (reduced cross section):

VA8 S T

.

R7. 5 mus

[
87. Swam

L

S

Z

mid point
o’F :A/Z‘O

7

sz

A, 10° mm? ¥, mm Ay (10°mm?®) d, mm
@ 3.75 87.5 328.125 76.5625
@ 3.75 0 0 10.9375
® 2.50 —87.5 -218.75 98.4375
)y 10.00 109.375

4y _ 109.375x10°
T4 10.00x10°

Y = =10.9375 mm
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PROBLEM 4.116 (Continued)

The centroid lies 10.9375 mm from the midpoint of the web.

I = éblhf + Ad? = é(lsoxzsf + (3.75x10°)(76.5625)* = 22.177 x 10® mm*

I, = ébzhg + Ayd; = é(%) (150)° + (3.75 x10*)(10.9375)* = 7.480 x 10° mm*

I = %bﬁ; + Aydi = éaooxzsf +(2.50 x 10*)(98.4375)* = 24.355 x 10° mm*

I=1+1,+1I; =54012x10°mm* = 54.012x10°m*
¢ =10.9375 + 75 + 25 = 110.9375 mm = 0.1109375 m

M = Pe where e =10.4375 mm = 10.4375x 10> m
P_Me__P_Pe

c=-L_2C__L_ =-KP  4=10.00x10"m?

A4 1 4 1

-3

P 1 - (101.9375x 10 )(0;16109375) 129,465 m™

A 1T 10.00x10 54,012 %10

- 6

pz_ﬁz_wzgnxl(ﬁN P=817kN <«

K 122.465
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PROBLEM 4.117

A vertical force P of magnitude 20 kips is applied at
point C located on the axis of symmetry of the cross
section of a short column. Knowing that y = 5 in.,
determine (a) the stress at point A, (b) the stress at
point B, (c) the location of the neutral axis.

SOLUTION

Locate centroid.

Part A4, in* ¥, in. Ay, in® S 76 ..
® 12 5 60 YT T20 0 T
@ 8 2 16

p) 20 76

Eccentricity of load: ¢ =5 -3.8 =1.2in.

(a)

()

(©

I, = %(6)(2)3 +(12)(1.2)* =21.28in* I, = é(z)m)3 +(8)(1.8)> = 36.587 in*
I=1+1,=>57867in"
Stressat 4: ¢, = 3.8 in.

_£+ Pec,

A 1 20

20 200.2)3.8)

o, =0576ksi 4
57.867

O-A:

Stressat B: ¢z = 6 —3.8 =2.21n.

o, = L Fees 20200222 oy =—1.912ksi «
A I 20 57.867
Location of neutral axis: o =0 o= —£ @ =0 .. “ = l
A I I A
r_ —57'867 =24111in.

aqa=—= =
Ae  (20)(1.2)
Neutral axis lies 2.411 in. below centroid or 3.8 — 2.411 = 1.389 in. above point 4.
Answer: 1.389 in. from point 4. 4
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PROBLEM 4.118
<3 in,—>‘
‘ A vertical force P is applied at point C located
l}m' on the axis of symmetry of the cross section of
T a short column. Determine the range of values
4in. of y for which tensile stresses do not occur in
| l . the column.
2in. 2in.
M
SOLUTION
Locate centroid.
4, in? y, in. Ay, in® y=Z 10 55
>4, 2
O 12 5 60
@) 8 2 16
2 20 76

Eccentricity of load: e=y-3.8in. y=e+3.8in.
I = é(@(zf +(12)1.2)* =21.28in* I, = %(2)(4)3 + (8)(1.8)* = 36.587 in*
I[=1+1,=57867 in*

If stress at 4 equals zero, ¢, = 3.81in.

oo Bibes g e 1
A 1 1 A
e= I _ 57867 _ 0.761in.  y =0.761+3.8 =4.561 in.
Ac, (20)(3.8)
If stress at B equals zero. ¢; =6—-3.8 =221n.
o, =L _Pecs _ .o 1
A 1 1 A
e=— L __ 57367 =-1.315in.

Ay (20)22)
y =-1315+3.8 =2.485in.

Answer: 2.485in. < y < 4.561 in. 4
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2 mm radius PROBLEM 4.119
Knowing that the clamp shown has been tightened until
P =400N, determine (a) the stress at point A4,
(b) the stress at point B, (c) the location of the neutral
axis of section a — a.

20 mm

~ Esm

Section a—a

SOLUTION

Cross section: Rectangle @ + Circle @

Y

\

I\

A, = (20 mm)(4 mm) = 80 mm?

y = %(20 mm) = 10 mm

A, =72 rnm)2 = 47 mm?

7, =20-2=18mm
_ T4y _ (80)(10) + (4m)(18)
>4 80 + 4z
¢, =20-y =8914 mm
d, =11.086 —10 = 1.086 mm
d, =18 —11.086 = 6.914 mm

8 é VN 5

%

\
\

N

cp =Yy =11.086 mm

293

I =1, + Ad} = é(4)(20)3 + (80)(1.086)* = 2.761x 10° mm*

I, =1, + Ayd; = %(2)4 + (47)(6.914)* = 0.613 x 10> mm*

I=1+1,=3374x10’ mm* = 3374 x10”° m*
A= A4 + A, = 92.566 mm?* = 92.566 x 10~° m*
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PROBLEM 4.119 (Continued)

A
yoe N
;;m —ﬂ T T.
Sidaitd 222e Z248Vy
+ Yo. 9/ v
JROBE ey —_‘JC___&;‘ _J__.
__)._ — ook
24
e=32+8914 = 40.914 mm = 0.040914 m
M = Pe = (400 N)(0.040914 m) = 16.3656 N - m
(a) Point 4:
o P Mc_ 400 . (16.3656)(8.914 x 10~ %)
AT T 66 %10 3.374%107°
=4.321x10° +43.23x10° = 47.55x10° Pa o, =47.6 MPa []
(b) Point B:
oo P Mc _ 400 _ (16.3656)(11.086)
B4 1T 92.566%107 3.374%x107°
=4.321x10° - 53.72x10° = —49.45x 10° Pa 0y = —49.4 MPa [
(¢)  Neutral axis: By proportions,
D St a 20
% _lf [ 4755  47.55+49.45
;_ 200t a = 9.80 mm 9.80 mm below top of section [
49948 M4
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PROBLEM 4.120

P The four bars shown have the same cross-sectional area. For the given
loadings, show that (@) the maximum compressive stresses are in the
ratio 4:5:7:9, (b) the maximum tensile stresses are in the ratio 2:3:5:3.
(Note: the cross section of the triangular bar is an equilateral triangle.)

SOLUTION
Stresses:
At A, O_A:_E_PecAz_E 1+AecA
A I A I
AtB, o, =L Lecy _PlAec
A I AU T
1 1 1
A = 2, 1 =—a4, c,=Cp=—a, e=—a
1 T 4T =y 5

A —da
/f,f; - 12
a1 1
{3)z¢] -
o _E 2 2 -1 Op 227 <4
54 15 1
12
A A, =’ =a® czi, I, =£c4, e=c
’) N
o = P|p, ENee) X0 o =—5L 4
A2 4,
1
P | (nc?
o, <P EHOO | P e
4, ﬁc‘* B A,
4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.120 (Continued)

A4=a> c=a I,=—a' e=c
2 12
(2 )42
(@) 5-a| -«
P . 2 2
o, =——|1+
A 4 4, 1 4

S\ “lyefse
On =— —
B ’ Ay ia‘*
12

= 1+ N
96

e ales)

2|k

96

P
c,=-7T— 4
A3
P
op=5— 4
A3
P
c,=9— <
4
o, =3— <
B 4,
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PROBLEM 4.121

The C-shaped steel bar is used as a dynamometer to determine the magnitude P of
the forces shown. Knowing that the cross section of the bar is a square of side
40 mm and that strain on the inner edge was measured and found to be 450 L,
determine the magnitude P of the forces. Use £ = 200 GPa.

40 mm

SOLUTION
At the strain gage location,

o = Ee = (200 x 10°)(450 x 107%) = 90 x 10° Pa
A = (40)(40) = 1600 mm?* = 1600 x 10° m?

I= %(40)(40)3 =213.33x10° mm* = 213.33x10™ m*

e=80+20=100 mm = 0.100 m

c=20mm = 0.020 m

:£+%:£+E:KP
A I A 1

o

1 ec 1 (0.100)(0.020)

—+—= +

A I 1600x107°  213.33x107°
6

E=—9OX103:9.00><103N P =9.00 kN «

K 10.00x10

K = =10.00x10° m™
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25 mm\ PROBLEM 4-122

An eccentric force P is applied as shown to a steel bar of
25%90-mm cross section. The strains at 4 and B have been
measured and found to be

30 mm

£,=+350u Eg=—T0u

90 mm

Knowing that £ =200 GPa, determine (a) the distance d, (b) the
magnitude of the force P.

15 mm

SOLUTION

h=15+45+30=90 mm b=25mm c=%h=45mm=0.045m
A=bh—(25)(90)=2.25x10’mm* =2.25x10> m?

I =%bh3 =é(25)(90)3 =1.51875x10°mm* =1.51875x10°m*
y,=60-45=15mm=0.015m  y, =15-45=-30 mm=-0.030 m

Stresses from strain gages at 4 and B: o, =FE¢€, = (200x10?)(350x107°) =70x10°Pa
0y = Eg, =(200x10°)(=70x107°) = ~14x10°Pa

P My,
o, =———= 1
AT (1
P My,
Op=———""— 2
BT 2
Subtracting, 0,—0p =—M
_ -6 6
M:_I(O'A O'B):_(l-51875><10 )(84x10 )=—2835N-m
Yi—YVs 0.045
Multiplying (2) by y, and (1) by y; and subtracting, Y405 —Yg0,=(y, —yB)g
_ -3 _ 6\ [ 6
po A(y 05 =50 ,4) _(2.25x10 )[(0.015)(—=14x10") — (-0.030)(70x10")] —045%10°N
Ya—JVp 0.045
(@) M=-Pd .. d=—£=—i353=0.030m d=30.0mm <«
p 94.5%x10
(®) P=945kN 4
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PROBLEM 4.123

Solve Prob. 4.122, assuming that the measured strains are

25 mm\

£, =+600u &g =+420u

PROBLEM 4.122 An eccentric force P is applied as shown to a
steel bar of 25x90-mm cross section. The strains at 4 and B have

90 mm | been measured and found to be

£, =+350u &g =—T0U

15 mm
Knowing that E =200 GPa, determine (@) the distance d, (b) the
magnitude of the force P.

SOLUTION

h=15+45+30=90 mm b=25mm c=%h=45mm=0.045m
A=bh=(25)(90) = 2.25x10°mm?* =2.25x10° m?

I =ébh3 =é(25)(90)3 =1.51875x10°mm* =1.51875x10°m*
y,=60-45=15mm=0.015m y,=15-45=-30 mm=-0.030 m

Stresses from strain gages at 4 and B: o,=F¢, = (200x10?)(600x107°) =120x10°Pa
0y = Eg, =(200x107)(420x107%) =84 x10°Pa

P My,
o, =——= 1
AT T (M
P My
Op=———""— 2
5T 2
Subtracting, 0,—0p =—M
_ -6 6
M:_I(O'A o) __(1.51875x10")(36x10 )=—l215N-m
Yi—YVs 0.045
Multiplying (2) by y, and (1) by y, and subtracting, V405 =0, =y, —yB)S
_ -3 N 6
P Ay 405 —y50,4) _ (2.25x107)[(0.015)(84x10") — (=0.030)(120x10 )]=243><103N
V4= Vg 0.045
M =-Pd
(a) - dz—ﬂz—iri:leO_%n d=5.00mm <«
p 243x10
() P=243kN <
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p PROBLEM 4.124
45in. | 45in. [|Q

] ‘  /

£, =—550 x 107 in./in.

A short length of a W8 x 31 rolled-steel shape supports a rigid plate on which two
loads P and Q are applied as shown. The strains at two points 4 and B on the
centerline of the outer faces of the flanges have been measured and found to be

£y = —680 x 107 in./in.

Knowing that E = 29 x 10° psi, determine the magnitude of each load.

SOLUTION

Strains: A c 8

[~ |

£, =-550 x107° in./in.

Ec = %(SA +&p) = %(—550 - 680)107° = 615 x107° in./in.

Stresses:

£y = —680 x 107 in./in.

o, = Eg, = (29 x10° psi)(-=550 x 107 in./in) = —15.95 ksi

oc = Eec = (29 % 10° psi)(=615x 107° in./in)) = —17.935 ksi

Plishpsoid @ e s A=9.13in?
a7 ¢ [s S =27.5in
pia ¥ M M = (4.5in)(P - Q)
. P+0Q . P+0Q
At point C: o, =——=; —17.835ksi = ——=
¢ A 9.13 in?
At point 4: 0'A=—P+Q—M
A S
~15.95 ksi = —17.835 ksi - 2 1P = Q).
27.51n
Solve simultaneously, P =257kips Q = 87.2kips

P+ 0 =162.83kips (1)

P -0 =-11.52kips (2)

P =257 kips | «

0 =87.2kips | 4
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PROBLEM 4.125

Solve Prob. 4.124, assuming that the measured strains are

Pl 45in. | 45in. [|Q

] ‘  /

£, =+35x10"° in/in. £, =—450x 107 in./in.

| - PROBLEM 4.124 A short length of a W8 x 31 rolled-steel shape supports a rigid
plate on which two loads P and Q are applied as shown. The strains at two points 4

A B and B on the centerline of the outer faces of the flanges have been measured and
found to be

£, = =550 %107 in./in.

£y = —680 x 107 in./in.

Knowing that £ = 29 x 10° psi, determine the magnitude of each load.

SOLUTION

See solution and figures of Prob. 4.124.

£, =+35x107" infin; g5 = =450 %107 in./in.

£ = %(gA +&p) = %(35 — 450)107° in./in. = —=207.5x107% in./in.

Stresses: o, = Eg, = (29 x10° psi)(+35 x 107® in./in.) = +1.015 ksi
oc = Eec = (29 x10° psi)(=207.5x 107® in./in.) = —6.0175 ksi

. P+Q . P+Q
At point C: o, =——=; —6.0175ksi = —
¢ 4 9.13 in?
At point 4: oy __Pro M
A S
+1.015 ksi = —6.0175 - 32 1AL~ Q)
27.51in
Solve simultaneously, P =598kips Q = 49.0 kips

P+ Q = 54.94 kips (1)

P —Q = —42.98 kips (2)

P =598 kips | «

0 = 49.0 kips | «
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PROBLEM 4.126

The eccentric axial force P acts at point D, which must be located
25 mm below the top surface of the steel bar shown. For P =60 kN,
determine (@) the depth d of the bar for which the tensile stress at
point 4 is maximum, (b) the corresponding stress at point 4.

QZO mm

SOLUTION
1 3
A=bd I=—>bd
12
c=ld e—ld—a
2 2
P Pec
o =—+——0
A 1
12(ld—a)(ld)
P11 2 2 P|4 6a
o, =—1—+ 3 ===
b|d d b|\ld d

(@)  Depth d for maximum o, : Differentiate with respect to d.

do, _P _i+12_a =0 d=3a d=75mm <«
dd b | d* &

b) o,=

60x10° 4 (6)(25x107)
40%107

- - ¢ =40x10°Pa 0, =40 MPa <
75x107  (75x107)
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PROBLEM 4.127

B =30°
K/ The couple M is applied to a beam of the cross section shown in a
A plane forming an angle § with the vertical. Determine the stress at
somm (@) point 4, (b) point B, (¢) point D.
z
/ 50 mm
A< |
M=250N-m | ‘D
40 mm 40 mm
SOLUTION
I =é(80)(100)3 =6.6667x10°mm* = 6.6667x10°m*
1, =é(100)(80)3 =4.2667x10°mm* =4.2667x10°m*
Y4 ==Yp=-yp =50 mm
z, =2z =—z, =40 mm
M, =-250sin30°=-125N-m
M, =250cos30°=216.51 N-m
M z -
@ o, _ M.y, LMy :_(216.51)(0.05;)) +( 125)(0.04(1)
I, I, 6.6667x10" 4.2667x10"
=-2.80x10°Pa 0,=-2.80 MPa «
M z — —
® o, __ M.y LMy __(216.51)( 0.0iO) +( 125)(0.0406)
I, I, 6.6667 %10~ 4.2667x10"
=0.452x10°Pa 0, =0.452 MPa <
M z - — -
© o, _ M.y, LMy __(216.51)( 0.020) +( 125)( 0.04?)
1, I, 6.6667x10" 4.2667x10"
=2.80x10°Pa 0, =2.80 MPa <
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wsoxom !, . PROBLEM4.128
" \/ \ The couple M is applied to a beam of the cross section shown in a plane
6 B forming an angle £ with the vertical. Determine the stress at (@) point 4,
2 mmT (b) point B, (c) point D.

16 mmL C
D
|<~ 40 mm*L'AIO mm *I

SOLUTION
I =é(80)(32)3 =218.45%10° mm* =218.45%x10”° m*

1, =é(32)(80)3 =1.36533%10° mm* =1.36533x10° m*

Y4 =yp=-yp =16 mm
z,=—zp =—z, =40 mm

M, =300cos30° = 259.8IN-m M, =300sin30° =150 N - m

M.y, Mz, _ (150)(16x107) . (259.81)(40x107)

a o, =
@ 4 I 1, 218.45%x107° 1.36533%107°
=-3.37x10° Pa 0,=-3.37 MPa «
» o _ M.y, +My Zp __(150)(16><10’3)+ (259.81)(-40x107%)
g I, 1, 218.45%107° 1.36533x10™°
=-18.60x10° Pa 0, =—18.60 MPa <
© o _ M.y, Mz, (150)(-16x107) N (259.81)(—40x107%)
P I, 1, 218.45%x107° 1.36533%x10™°
=3.37x10° Pa 0, =337 MPa «
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y PROBLEM 4.129

M = 60 kip - in.

=50° . . . .
8 / The couple M is applied to a beam of the cross section shown in a
A /\> plane forming an angle S with the vertical. Determine the stress at
3? (a) point 4, (b) point B, (c) point D.
m.
' [N
z ) c
3in. )b/
I D
l<—>

<—>| 1in.
2.51in)2.5 in.

l«—5 in,—><—5 in.—~

1in.

SOLUTION

M, =—60 sin 40° =-38.567 kip-in
M, =60 cos 40°=45.963 kip - in

Y4=yp=—yp=3in.
zZ,=—zp=—zp=51n.

_L 3 5 X2 . 4
I —12(10)(6) 2{4(1) } 178.429 in
I, = %(6)(10)3 - 2[%(1)4 + 7:(1)2(2.5)2} =459.16 in*

_ My, N Mz, _ (=38.567)(3) + (45.963)(5)

a o, = =
@ oy I I, 178.429 459.16
=1.149 ksi
® o _ Myy Myzp _ (38.567)3) , (45.963)(=5)
5 I I 178.429 459.16
=0.1479
© o __Myy Mz (38567)(-3) , (45.963)(=5)
b I I 178.429 459.16

z y

=-1.149 ksi

o,=1.149 ksi 4

05 =0.1479 ksi 4

o, =-1.149 ksi 4
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y B0 PROBLEM 4.130
M = 10kip - in. — The couple M is applied to a beam of the cross section shown in a plane
-~ / 3in. forming an angle S with the vertical. Determine the stress at (@) point 4,
) 4y (b) point B, (c) point D.
f———— 2in.
L
3in.
p |
SOLUTION
Locate centroid. ®
4, in z, in. Az, in’®
® 16 -1 ~16 ®
@) 8 2 16
x 24 0

The centroid lies at point C.

—L 3 L 3: . 4
L=@0) + - (4)(2) =88 in

1, =%(8)(2)3 4%(2)(4)3 =64 in*

y,=—yg=lin, yp=—4in.
z,=zp=—41n., z,=0
M, =10 cos20°=9.3969 kip-in
M, =10 sin20°=3.4202 kip - in

M z _
(@) o, = _MZyA L E (9.3969)(1) + (3.4202)(—4) o, =0.321 ksi <
1, Iy 88 64
M _ _
(b) Op = —MZyB + v25 =-— (©.3969)=1) + (3.4202)(=4) oy =—0.107 ksi |
1, Iy 88 64
M z _
© o, = _szD 25 (9.3969)(—4) + (3.4202)(0) o, = 0427 ksi <
1, ]y 88 64
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Y g =15 PROBLEM 4.131
o A 7 B The couple M is applied to a beam of the cross section shown in a
M ‘5];11‘“ plane forming an angle £ with the vertical. Determine the stress at
¢ ~~ Somm  (a) point 4, (b) point B, (¢) point D.
z C
17 4{»
20 mm 40Tt
pl |
30 mm
SOLUTION
A |7 8 M, =25sin15° =6.4705 kN-m
- . . kE
M=25 By-m ‘Q&m., M., =25c0s15°=24.148 kN-m
s /5° QYL 802 1 |
?°""11— N I, =—(80)(90)° +—(80)(30)* =5.04x10° mm*
Y12 12
80w O 6 4
.L__..' LD- | I,=5.04x10" m
PAAEE

I =%(9O)(60)3 +%(60)(20)3 +%(30)(100)3 =16.64x10°mm* =16.64x10°m*

M
Stress: o= M My
I, L
(6.4705 kKN -m)(0.045 m) (24148 kN - m)(0.060 m)
(@ o4= 6 4 - 5 4
5.04x10™ m 16.64x10™° m
=57.772 MPa —87.072 MPa 0,=-29.3 MPa |
(6.4705 KN -m)(=0.045 m) (24.148 kN - m)(0.060 m)
(b) oz= 5 4 - 6 4
5.04x107 m 16.64x10™ m
=-57.772 MPa —87.072 MPa oy =—144.8 MPa |
(6.4705 KN -m)(=0.015 m)  (24.148 kN - m)(=0.100 m)
(¢ op= 6 4 - 6 4
5.04x107"° m 16.64x10™° m
=-19.257 MPa +145.12 MPa op =—125.9 MPa <4
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y PROBLEM 4.132

A \Q/ B | 05in. The couple M is applied to a beam of the cross section shown in a
T plane forming an angle £ with the vertical. Determine the stress at

(a) point A4, (b) point B, (c) point D.
c 10 in.
M = 250 kip - in. \/
s 0.3 in‘I

| g | Losn

z

SOLUTION
Flange: I =é(8)(0.5)3 +(8)(0.5)(4.75)*
=90.333 in*
I =i(o.5)(8)3 =21.333 in*
Y12
Web: I =é(o.3)(9)3 =18.225 in*
1, =%(9)(o.3)3 =0.02025 in*
Total: 1. =(2)(90.333) +18.225=198.89 in*
1, =(2)(21.333)+0.02025 = 42.687 in*
Y4=Yyp=—yp=5in
z,=—zp=—2-=4Iin.
M, =250 cos30°=216.51kip-in
M, =-250 sin30°=—125 kip - in
(@ o _ M.y, Myza | Q2165D6) , (-125)4) o,=-17.16ksi <
L I, 198.89  42.687 !
b o _ Meyy My (216516) , (-125/4) 0, =627 ksi 4
oL I, 198.89 42.687 g
() o __M-yp +MyZD __(2165D(5) | (F125)(4) o, =17.16 ksi <
PTL I, 198.89 42.687 °
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y PROBLEM 4.133
M = 75 kip - in.
\15°4\5 = 75° The couple M is applied to a beam of the cross section shown in a
A —/\‘ B>/ plane forming an angle S with the vertical. Determine the stress at
: (a) point A4, (b) point B, (c) point D.
2.4 in. 1.6+in‘ z c
D
—tin—]
4.8 in.

SOLUTION
1 ;1 3 4
I, =—(4.8)(2.4)° ——(4)(1.6)° =4.164
=7 (B -5 ((1.6) 643 in

1 , 1 ; i
I, =—(2.4)(4.8) ——(1.6)(4)’ =13.5851 in
y 12( )(4.8) 12( )(4)

Y4=yp=-yp=121in
z,=—zp=-zp=241n.

M, =75sin15°=19.4114 kip - in
M, =75c0s15°=72.444 kip-in

M.y, N Mz, ~(19.4114)(1.2) 4 (72.444)(2.4)

@ ou= = 0, =720ksi 4
@ o I I, 4.1643 13.5851 !
Mz —
) o= Mn M (194114(12)  (2444)-24) o, = 1839 ki €
1. I 4.1643 13.5851

M z — _
© o, =_szD LMy =_(19.4114)( 1.2) N (72.444)(-2.4) o, =720 ksi 4
I I 4.1643 13.5851

z y
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y PROBLEM 4.134

M =100N-m

h B
] D

The couple M is applied to a beam of the cross section shown in a
plane forming an angle S with the vertical. Determine the stress at
(a) point A4, (b) point B, (c) point D.

A

r =20 mm

SOLUTION

; :zr4_(£r2)[ﬂ)2 z[z_i],4
“ 8 2 3z 8 Oor
=(0.109757)(20)* =17.5611x10~> mm* =17.5611x10° m*

4
_ 7,470 6 6305107 mm* = 62.832x10° m*

I, S

Y4=JXp =—ﬂ=—w=—8.4883 mm
kY4 iz

vp =20—-8.4883=11.5117 mm

z,=—z, =20 mm zp=0

M, =100c0s30°=86.603 N-m
M, =100sin30°=50 N-m

My, Mz, _ (86.603)(—8.4883x10) L (50)20% 107)

a o, = =
@ % I, I 17.5611x 107 62.832x107°
=57.8x10° Pa o, =578 MPa «
& o, = MIs Myzp _ (86.603)(11.5117x107%)  (50)(0)
? I, I 17.5611x 107 62.832 107
= -56.8x10° Pa 0y = —56.8 MPa <
© o= M.y Myzp,  (86.603)(-8.4883x107) L (5020 % 10%)
P I 1, 17.5611x 107 62.832x107
=25.9x10° Pa 0,=25.9 MPa <
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PROBLEM 4.135

€200 X 17.1

The couple M acts in a vertical plane and is applied to a beam oriented
A . . .
M= 28KkN - m /K as shown. Determine (a) the angle that the neutral axis forms with the
57 mm . . . .
4 E% B horizontal, (b) the maximum tensile stress in the beam.
S\ v B
/ﬁ\/ZOS mm/A
14.4 mm
SOLUTION

For C200x17.1 rolled steel shape,

I, =0.538x10°mm* = 0.538x10°m*
1, =13.4x10°mm* =13.4x10°m*

Zp=zZp=—2,=—2Zp =%(203)=101.5 mm

yp=yp=-l44mm y,=y,=57-144=42.6 mm
M, =(2.8x10%) cos 10°=2.7575x10° N-m
M, =(2.8x10%) sin10°=486.21 N-m

(a)  Angle of neutral axis.

0.538

I
tangp=—tanf =
I, 13.4
y v
4.[0"
NA
r
ol

tan10°=0.007079 ¢ =0.4056°

o =10°-0.4056° =9.59° 4

(b)  Maximum tensile stress occurs at point D.

M.y,  MyZp _(27575x10°)(-144x107)  (486.21)(0.1015)

op=—

1 1

y

z

=73.807x10° +3.682x10° = 77.5x10° Pa

0.538x107° 13.4x107°

o, =77.5MPa 4
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W30 X387 150 PROBLEM 4.136

A
<—( 3Omm - aximum tensile stress in the beam.
M =16kN . -m

The couple M acts in a vertical plane and is applied to a beam oriented as shown.
Determine (@) the angle that the neutral axis forms with the horizontal, (b) the

SOLUTION

For W310x38.7 rolled steel shape,
I, =85.1x10°mm* =85.1x10°m*
1,=727x10°mm* =7.27x10°m"

1
Y4=Yp="Vp=")g =(Ej(310) =155 mm

Z,=Zp=—Zp=-Ip =(%j(165)=82.5 mm

M, =(16x10%) cos 15°=15.455x10°N-m
M, =(16x10%) sin15°=4.1411x10°N - m

(a)  Angle of neutral axis.

-6
tanp="2tang =110 15023 1365
I, 727x10”
p=723°
0=723°-15°

(b) Maximum tensile stress occurs at point E.

M M z
Op ==t =

z y

14 J Vert:

=573 4

85.1x107°

=75.1x10°Pa

_(15.455x10%)(-155%x107%) . (4.1411x10*)(82.5%x107)

7.27x107°

oy =75.1 MPa 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.137

The couple M acts in a vertical plane and is applied to a beam oriented
as shown. Determine (@) the angle that the neutral axis forms with the
horizontal, (b) the maximum tensile stress in the beam.

SOLUTION

I,=214in* 1,=674in"
2y =z, =0859in. z}, =-4+0.859 in.=-3.141 in.
yy=—4in. yp=4in. y, =-025in

M, =—15 sin45°=—10.6066 kip -in

M =15 cos45°=10.6066 kip -in

(a)  Angle of neutral axis.

tangp = 1y tan@ = 214 tan (-45°)=3.1751
I, 6.74
‘ v p=-72.5°
’ 3 or=72.5°-45° =275 4
\“‘
hs»
h P
N

(b)  The maximum tensile stress occurs at point D.

M.y, M,z,  (10.6066)(-0.25) (~10.6066)(-3.141)
op=-— + =— +
I 1, 21.4 6.74
=0.12391+4.9429 o, =5.07 ksi 4
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PROBLEM 4.138

The couple M acts in a vertical plane and is applied to a beam oriented
as shown. Determine (@) the angle that the neutral axis forms with the
horizontal, (b) the maximum tensile stress in the beam.

I,/ =281 X 10° mm*
I,=176.9 X 10°> mm*
SOLUTION

I, =176.9%10° mm* =176.9x10”° m*
I, =281x10° mm* = 281x10” m*
Yy =-1857 mm, z; =25mm

M = 400c0s30° = 34641 N - m

M, =400sin30° = 200 N - m

-9
(a) tang = itatn& = M - tan30° = 0.36346
Iy, 281x10
@ =19.97°
o =30°-19.97° o =10.03° 4

(b) Maximum tensile stress occurs at point .

o = My N Myzy  (346.41)(-18.57 x107) . (200025 % 107)
o = -

I I, 176.9 107 281x107

=36.36x10% +17.79 x 10° = 54.2 x10° Pa

0y = 542 MPa <
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157 PROBLEM 4.139

A
04in. The couple M acts in a vertical plane and is applied to a beam
B\£ . . .
D oriented as shown. Determine (a) the angle that the neutral axis forms
- ¢ Ba with the horizontal, (b) the maximum tensile stress in the beam.
M = 35 kip - in. E 1.6 in.
{}K/\/ -
m.
" lin. D7\

SOLUTION

Bending moments:

M, =-35sin15° = -9.059 kip - in

M, = —35cos15° = 33.807 kip - in

Moments of inertia:

¥ I, = i(z 4)(4)* - i(z x 0.4)(2)° = 12.267 in*
Yo 12 ' '

1 31 3 4
I, =—(2)(24)’ + —(2)(1.6)° = 2.987 in
2 = PR+ 5 (2)1.6)

(a) Neutral axis:

tang = j—;tane = %tan(—l?) = —0.06525

¢ =3.73°."

o =15°—¢ =15°—-3.73°=11.27°x

o =113 <4
(b) Maximum tensile stress at D:
Yp=-12in.  z, =-2in.
op = Mzp B My _ (—9.059 kip - i'n)4(—2 in.) (33.807 kip - ir.l)g—1.2 in.)
I, 1, 12.267 in 2.987 in

= 1.477 ksi + 13.582 ksi = 15.059 ksi
0, =15.06 ksi «
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M=120N-m
eiffem|

I, = 1477 X 10° mm*
L= 536 %X 10> mm*

PROBLEM 4.140

The couple M acts in a vertical plane and is applied to a beam
6mm  oriented as shown. Determine (@) the angle that the neutral
axis forms with the horizontal, (b) the maximum tensile stress
in the beam.

10 mm

10 mm

SOLUTION

(a)  Angle of neutral axis.

)’I Y

N.A,

I,=53.6x10°mm"* =53.6x10"m*
1,=1477x10’mm* =14.77x10”" m*

M_ =120sin 70°=112.763 N-m

M, =120 cos 70°=41.042N-m

6=20°,
-9
tan g = = 20020021 32084
y 14.77%10
p=52871°

o =52.871°-20° =329 4

(b)  The maximum tensile stress occurs at point £.

Vg =—16 mm=-0.016 m

z; =10 mm =0.010 m

’
M.y, M,z
oy =— zyE+ y

I I,
__(112.763)(=0.016) s (41.042)(0.010)
53.6x107° 14.77%x107°

=61.448x10°Pa 0, =61.4 MPa 4
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y PROBLEM 4.141

24 shown. Determine the stress at point 4.

2.4 in.

M = 125 kip - in. 2.4 in.

2.4 in.

e

2.4 in. 2.4 in.

SOLUTION

Iy

2{%(7.2)(2.4)3} =66.355 in*

I 2{%(2.4)(7.2)3 + (2.4)(7.2)(1.2)2} =199.066 in*
1,. =2{(2.4)(7.2)(1.2)(1.2)} = 49.766 in*

Using Mohr’s circle determine the principal axes and principal moments of inertia.

Y:(66.355 in*, 49.766 in*)
Z:(199.066 in*, —49.766 in*)
E:(132.710 in*, 0)

Jy2

1 The couple M acts in a vertical plane and is applied to a beam oriented as
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PROBLEM 4.141 (Continued)

tan2g, = DY _ 49766

DE  66.355
20, =36.87° 6, =18.435°
R=VDE +DY’ =82.944 in*
I, =132.710 —82.944 = 49.766 in*
I, =132.710 +82.944 = 215.654 in*

"
-o;‘w\ Y
Ne. 1 M, =1255in18.435° = 39.529 kip -in
\ Ya= 4.8, M, =125c0518.435°=118.585 kip-in
AN
\ 1, =4.8 cos 18.435° + 2.4 sin 18.435° = 5.3126 in.
W\ 2 \\ v, =—4.8sin 18.435°+2.4 cos 18.435° = 0.7589 in.

N
/‘C O.A:_MVMA+MuVA
\ IV IM

_(118.585)(5.3126)  (39.529)(0.7589)

RN T 215654 49.766

=-232 ksi o, =-232ksi 4
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y PROBLEM 4.142
075, —] ’« 1.08 in.

T The couple M acts in a vertical plane and is applied to a beam oriented
’ { 2.08 in. as shown. Determine the stress at point 4.
LB

1Y C 6 in.
M = 60 kip - in.

— ~=0.751n.

«w__ 00 Y

A
4in.~>‘

I,= 8.71in*
I, = 24.5in*
I,.=+83in*
SOLUTION
Using Mohr’s circle determine the principal axes and principal moments of inertia.
Y:(8.7, 8.3) in* ” -
L /”/ﬂ _\\
Z:(24.5, —8.3) in* to Y \\
E:(16.6, 0) in* /’ N N\
EF =79 in* ! AN . \
_ -4 U J 1 ) E ] ’ V'
FZ=83in D 2o f ~ Iy_) I,
1 N, 29
\ \< ™
1o k '\\\\ z
R=+7.9%+83* =1146in*  tan26, _FZ 83 1 0506
EF 79

6,=232° I,=166-11.46=5.14in* I, =16.6+11.46=28.06in"

M, =M sin 8, =(60)sin 23.2°=23.64 kip-in
M, =M cos 6, =(60) cos 23.2°=55.15 kip-in
uy=y,cosf,+z,sinf, =-3.92cos23.2°—-1.08 sin 23.2°=-4.03 in.
v,=z,c088,—y,sin@, =-1.08cos23.2°+3.92sin 23.2°=0.552 in.
_Mu, N My, _ (55.15)(—4.03) N (23.64)(0.552)

O'A: = O'A=1046k81<
I I 28.06 5.14

v u
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4 — PROBLEM 4.143
Yy 40 mm
7 < ( — 1omm The couple M acts in a vertical plane and is applied to a beam oriented

M=12kN.m G 40 mm as shown. Determine the stress at point 4.
_t
7

10 mm 0 mm—»‘ ‘<— 10 mm

I, = 1.894 X 10° mm*
I.=0.614 X 10 mm*
I,. = +0.800 X 10° mm*

SOLUTION

Using Mohr’s circle determine the principal axes and principal moments of inertia.
Y:(1.894, 0.800) x10°mm* jﬁ’
Z:(0.614, 0.800)x10° mm*
E:(1.254,0)x10°mm*

26w

z

R=VEF +FZ" =+0.640* +0.800> X107 =1.0245x10° mm®*
I, =(1.254-1.0245)x10°mm* = 0.2295x10°mm* = 0.2295x10™°m*
I, =(1.254+1.0245)x10°mm"* =2.2785x10°mm* =2.2785x10°m*
tan 26 =£=M=1.25 6, =25.67°
" FE 0.640x10° "
M, =M cos 8, =(1.2x10%) cos 25.67°=1.0816x10°N -m
M, =-M sin 6, =—(1.2x10°) sin 25.67°=—-0.5198x10°N - m
u,=y,cost, —z,sin@, =45cos25.67°—45sin 25.67°=21.07 mm
vy=z,cos 8, +y,sin b, =45cos25.67°+45sin 25.67°=60.05 mm
My My, __(1.0816x10%)(21.07x107) N (—0.5198x10%)(60.05x107)

o, =
4 I, I, 0.2295x107° 2.2785%107°

=113.0x10°Pa 0,=113.0 MPa <
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PROBLEM 4.144

The tube shown has a uniform wall thickness of 12 mm. For the
loading given, determine (a) the stress at points 4 and B, (b) the point
where the neutral axis intersects line ABD.

SOLUTION
Add y- and z-axes as shown. Cross section is a 75 mm X 125 mm rectangle with a 51 mm X 101 mm rectangular
cutout. y
B
1 1 77 —
I ZE(75)(125)3 —6(51)001)3 =7.8283%10°mm* =7.8283x10°m* 7 ’////
/)
/]
I =i(125)(75)3 —i(lol)(51)3 =3.2781x10°mm* =3.2781x10°m* ? %
Y12 12 4 ;/ 4
A=(75)(125)—(51)(101) = 4.224x10° mm? = 4.224x10 > m? f’ ? ;
% 4
Resultant force and bending couples: \ % r/
P=14+28+28=70 kN=70x10°N
M_ =—(62.5 mm)(14 kN) +(62.5 mm)(28kN) + (62.5 mm)(28 kN) = 2625 N-m
M, =—(37.5 mm)(14 kN) +(37.5 mm)(28 kN) +(37.5 mm)(28 kN) =525 N-m
@ _P My, Mz,  70x10°  (2625)(=0.0625) | (-525)(0.0375)
T4 L I, 4224x107°  7.8283x10°° 3.2781x107°
=31.524x10°Pa 0,=31.5MPa 4
o P My, Myzg — 70x10°  (2625)(0.0625) | (=525)(0.0375)
P4 L I, 4.224x107°  7.8283x10°  3.2781x10°°
=-10.39x10°Pa 0, =-10.39 MPa 4
(b) Let point H be the point where the neutral axis intersects AB.
z,=0.0375m, y,=? 0,=0
0:£_ M.yy " M,yzy
A I 1,
b= L [P, Mz |_ 7.8283x10°|  70x10° | (-525)(0.0375)
Tom4 2625 | 4224x107  32781x10°°
=0.03151 m=31.51 mm
31.51+62.5=94.0 mm Answer: 94.0 mm above point 4. 4
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PROBLEM 4.145

Solve Prob. 4.144, assuming that the 28-kN force at point E is
removed.

125mm  PROBLEM 4.144 The tube shown has a uniform wall thickness of
12 mm. For the loading given, determine (@) the stress at points 4 and

7 B, (b) the point where the neutral axis intersects line ABD.
o mm

SOLUTION
Add y- and z-axes as shown. Cross section is a 75 mm X 125 mm rectangle with a 51 mm X 101 mm rectangular
cutout. 2 Y
! ! AL
I, =—(75)(125)° =——(51)(101)* = 7.8283x10°mm* = 7.8283x10°m"* M
: 12( )(125) 12( )(101) \g /
1 1 ]
I, = E(125)(75)3 —E(IOI)(51)3 =3.2781x10°mm* =3.2781x10°m* z f
7 7
/
A=(75)(125)—(51)(101) = 4.224x10° mm* = 4.224x10° m’ 7 2
7, S —
Resultant force and bending couples: A TN /
P=14+28=42kN=42x10°N
M, =—(62.5 mm)(14 kN) + (62.5 mm)(28 kN) =875 N-m
M, =—=(37.5 mm)(14 kN) +(37.5 mm)(28 kN) =525 N-m
@ o= P My, Myz,  42x10°  (875)(-0.0625) , (525)(0.0375)
T4 L I, 4224x10°  7.8283x10°  3.2781x10°°
=22.935x10°Pa 0,=229MPa «
_P M.y, M,zy — 42x10°  (875)(0.0625) | (525)(0.0375)
V] I, 4224x107  7.8283x10°  3.2781x10°°
=8.9631x10°Pa 0y =8.96 MPa 4
(b) Letpoint K be the point where the neutral axis intersects BD.
ze =2 ¥ =0.0625m, o, =0
A I 1,
Z _ L (Myy PY_ 3.2781x107° | (875)(0.0625)  42x10°
om0 4 525 7.8283x107°  4.224x10°°
=-0.018465 m =—18.465 mm
37.5+18.465=156.0 mm Answer: 56.0 mm to the right of point B. 4
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1P4kN PROBLEM 4.146

R =125 mm .. . . . .
E A rigid circular plate of 125-mm radius is attached to a solid
o 150 x 200-mm rectangular post, with the center of the plate directly above

/\_ﬁ/\ the center of the post. If a 4-kN force P is applied at £ with @ = 30°,

Y determine (a) the stress at point A, (b) the stress at point B, (¢) the point
= > where the neutral axis intersects line ABD.

200 mm 150 mm
N >

SOLUTION

P = 4x10° N (compression)
M, = —PRsin30° = —(4 x 10*)(125 x 10)sin30° = ~250 N - m
M_ = —PRcos30° = —(4 x10*)(125x 10*)c0s30° = 433 N - m

I = é(200)(150)3 =56.25x10° mm* = 56.25x107° m*

Z
v 1
I, = E(150)(200)3 =100x10° mm* =100 x107° m*
x

Ae ; 8 A = (200)(150) = 30 x 10° mm? = 30x 10~ m?
@ o= P Mz, Mx, _ 4x 100 (=250)(75%107°) L (-433)(-100 107%)

T4 I, 30x107° 56.25x107° 100 x 107

o, =633%x10° Pa = 633 kPa «

B o = P Mzy My _ 4x10°  (=250)(75x107%) . (—433)(100 X 107)

B4, I, 30107 56.25x107° 100 x107°

0p = —233x10° Pa = -233 kPa <«

(c) Let G be the point on 4B where the neutral axis intersects.

O-GZO ZG=75mm xG:?
O.G:_£_]MJCZG+A/IZ'XG =0
A1, I

VIR 433 -3 6
- 0x10 56.25 x 10

X

I {f .\ MXZG} ~ 1OO><106{ 4x10° (=250)(75 ><103)}
3

z

=462x107 m = 46.2 mm Point G lies 146.2 mm from point 4 4
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PROBLEM 4.147

4.147 In Prob. 4.146, determine (@) the value of 8 for which the stress at D

reaches it largest value, (b) the corresponding values of the stress, at 4, B,
C,and D.

4.146 A rigid circular plate of 125-mm radius is attached to a solid
150 x 200-mm rectangular post, with the center of the plate directly above
the center of the post. If a 4-kN force P is applied at £ with € = 30°,
determine (@) the stress at point 4, (b) the stress at point B, (¢) the point
where the neutral axis intersects line ABD.

200 mm 150 mm
~ >

SOLUTION
() P=4x10°N PR = (4x10%(125x107) = 500N - m
M, = —PRsin@ = -500sinf M, = —PRcos@ = —500cos 8
I = %(200)(150)3 =56.25x10°mm* = 56.25x107%m*
I = %(150)(200)3 =100x10°mm* =100 x 107 °m*
X xp =100 mm zZp = =75 mm
A 8 A = (200)(150) = 30 x 10 mm? = 30 x 10 m?
4
P Mz Mx 1  Rzsin@ Rxcosf
o=-——- + =-Pi—-— +
A 1, I, A I, I
. do .
For o to be a maximum, ) =0 with z =z, x =x
dop _ _plo+ Rz cosd N Rxpsing | _ 0
de I, I,
sing _ o Lzp _ (100 10°)(-75x107) _ 4
cos @ I.x, (56.25x107°)(100x107°) 3
sin@ = 0.8, cosd = 0.6, 6 =531°d
P Mgz, Mx, 4%x10°  (500)(0.8)(75x107)  (500)(0.6)(—100 x 107%)
b o4=—7>—-"2"T4+F4L=- — + s - —
A4 I I, 3010 56.25x 10 100 x 10
= (—0.13333 + 0.53333 + 0.300) x 10® Pa = 0.700 x 10° Pa o, = 700kPa <
oy = (=0.13333 + 0.53333 — 0.300) x 10° Pa = 0.100x 10° Pa oy = 100kPa <
op = (-0.13333 + 0 + 0) x 10° Pa o, = —133.3kPa <
op = (—0.13333 - 0.53333 - 0.300) x 10° Pa = - 0.967 x 10° Pa o, = -967kPa <
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PROBLEM 4.148

Knowing that P = 90 kips, determine the largest distance a for
which the maximum compressive stress dose not exceed 18 ksi.

SOLUTION
“
A = (5in)(6in.) — 2(2in)(4in.)) = 14 in’
I = i(s in)(6in)® — 2i(2 in)(4 in.)> = 68.67 in*
12 12
I = 2i(1 in)(5in)* + i(4 in)(1in)’ = 21.17 in*
12 12
Force-couple system at C: P=P M, =P25in) M, =Pa
For P =90 kips: P =90kips M, = (90kips)(2.5in.) = 225 kip - in
Maximum compressive stress at B: oy = —18ksi
P M. (3in) M,2.5in)
O-B = - - -
A I, I

. 90kips (225kip -in)(3in.) (90 kips)a (2.5 in.)
—18ksi = — —5 4 - - 4
141n 68.67 in 21.171n
—18 = —6.429 — 9.830 — 10.628a
—1.741 = -10.628 a

M, = (90kips)a

a =0.1638 in. 4
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PROBLEM 4.149

Knowing that ¢ =1.25 in,, determine the largest value of P that
can be applied without exceeding either of the following
allowable stresses:

Oen = 10 ksi o =18 ksi

comp

SOLUTION
A = (5in)(6in) — (2)2 in)(4 in) = 14in>

I = é(s in)(6in)* — 2%(2 in)(4in)’ = 68.67 in*

I, = zé(l in.)(5 in.)® + é(4 in)(1in)® = 21.17 in*

P Force-couple system at C: For a =1.25 in.,
f%/_qu D /5s, P=P M, =P25in)
M& t v . Yol
Z — L7 M, = Pa= (1.25in)
25k, | 28
B Maximum compressive stress at B: op = —18ksi
P M. (3in) M, (2.5in)
O'B = —_-— = —
A I, 1,
. P P(2.5in)3in) P(1.25in.)(2.51n.)
—18ksi = — — — — 7
141n 68.67 in 21.171n

-18 = - 0.0714P — 0.1092P — 0.1476P
-18 = 0.3282P P = 54.8 kips

Maximum tensile stress at D: ¢, = +10ksi

P, M,3in) M.(25in)
A I I

X z

+10 ksi = — 0.0714P + 0.1092P + 0.1476P
10 = 0.1854P P =53.9 kips

O-D:

The smaller value of P is the largest allowable value.

P =539 kips 4
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PROBLEM 4.150
_
! 40 mm . - o .
4 v The Z section shown is subjected to a couple M|, acting in a vertical

o 10 mm
M, | C 4()? plane. Determine the largest permissible value of the moment M|, of the
mim
¥

couple if the maximum stress is not to exceed 80 MPa. Given:

7.Q|

I =228%10°mm*, 7. =023x10°mm®*  principal axes

25.7° 4 and 64.3° A7 .

10 mm—-| =70 mm—>‘ L— 10 mm

SOLUTION
A
I, =1 =228x10°mm* =228x10°m* 0
I, = Iy, = 023x10°mm* = 023x10°m* g \
M, = M cos 64.3° ,1(9'.\
M, = M, sin 64.3° R '
[y VAN
0 = 64.3° N o S
I e S
tan ¢ = —tané ~
Iu
-6
= LXIO_6 tan 64.3° ¢
0.23x10 Y, B
= 20.597
@ = 87.22°

Points 4 and B are farthest from the neutral axis.
ug = yg €08 64.3° + z5sin64.3° = (—45) cos 64.3° + (—35) sin 64.3°
= —51.05 mm
Vg = zp c0s 64.3° — yp sin 64.3° = (=35) cos 64.3° — (—45) sin 64.3°
= +25.37 mm
Mg | Myvg

1 1

(M cos 64.3°)(=51.05x107) . (M, 5in 64.39)(25.37 x 107)
2.28x1078 0.23%x107°
=109.1x10°M,

Op =

80x10° =

80 x 10°

- — M, =733N -m <
109.1x10

0
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PROBLEM 4.151

M, Solve Prob. 4.150 assuming that the couple M, acts in a horizontal

Y [ .
4 40 mm plane

¥
z C — '™ PROBLEM 4.150 The Z section shown is subjected to a couple M,
i‘i‘{'m acting in a vertical plane. Determine the largest permissible value of the
moment M, of the couple if the maximum stress is not to exceed 80

MPa.  Given: I, =228x10°mm* [ =0.23x10°mm*

max

principal axes 25.7° & and 64.3° A7

10 mm—| =70 mm*’ L 10 mm

SOLUTION y
6. 4 6.4 J
I, =1, =023x10°mm" = 0.23x10"m 4]
I, =1, =228x10°mm®* =2.28x10°m* J N
M, = M, cos 64.3° ~
M, = M sin 64.3°
6 = 64.3°
! D
tan ¢ = —tan 6
Iu
—6
2 020 6430
2.28x10
= 0.20961
@ =11.84°

Points D and E are farthest from the neutral axis.

up = yp €08 25.7° — z,, sin 25.7° = (=5) cos 25.7° — 45 sin 25.7°
—24.02 mm
zp €08 25.7° + yp, sin 25.7° = 45¢0s25.7° + (=5) sin 25.7°
38.38 mm

o = Mup My (M) cos 64.39)(-24.02 % 107)
P I I 0.23%107°

. (M sin 64.39)(38.38 107)
2.28x107¢
80 x 10° = 60.48 x 10° M,

My =1323x10°N-m M, =1323kN-m <«

Vb
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N s PROBLEM 4.152
|
. A beam having the cross section shown is subjected to a couple M, that
A—$—‘ 143 in.
— < ( ] N - [ acts in a vertical plane. Determine the largest permissible value of the
M, 5i, ~moment M, of the couple if the maximum stress in the beam is
_ not fto exceed 12 ksi. Given: I, =1, =113in*, A4=475in’
51— kin = 0.9831in. (Hint: By reason of symmetry, the principal axes form
an angle of 45° with the coordinate axes. Use the relations 7. = AkZ.
1.43 in.— L— and I + Ly =1, + 1)
5in.
SOLUTION

M, = M,sin45° =0.70711 M,

M, = M cos45° = 0.7071 M,

I = Ak>. = (4.75)(0.983)* = 4.59 in*

Toax =1, + 1, = Iy, =113 +11.3 - 4.59 =18.01 in*
ug = yp cos 45° + zp sin 45° = —3.57 cos 45° + 0.93 sin 45° = —1.866 in.
vy = z5 C0s 45° — yp sin 45° = 0.93 cos 45° — (=3.57) sin 45° = 3.182 in.

Iv lu 1

min max

o =_M+m=_omw0[_;_ﬂ+v_ﬂ}

_(-1.866) | 3.182
459  18.01

= 0.70711M0[ } =04124 M,

oy _ 12
0.4124 04124

M, M, =29.1kip -in «
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PROBLEM 4.153

Y,

U 0*3 in. Solve Prob. 4.152, assuming that the couple M, acts in a horizontal
\I\K T plane.
I D 1.4? in.

% - PROBLEM 4.152 A beam having the cross section shown is subjected
" to a couple M, that acts in a vertical plane. Determine the largest
0.5 in.—>~{ |~ permissible value of the moment M, of the couple if the maximum
V/ Fi stress in the beam 1is not to exceed 12 ksi. Given:
43 L_ I, =1, =113in"% 4 =475in’ ky, = 0.983in. (Hint: By reason of
D symmetry, the principal axes form an angle of 45° with the coordinate

axes. Use the relations /_, = Ak2. and I, + 1, =1 y 1)

n

SOLUTION

M, = M,cos45° =0.70711 M,
M, = —-M,sin 45° =—0.70711 M,
I = Ak> = (4.75)(0.983)* = 4.59 in*
Loax =1, + 1, = I, =11.3+11.3-4.59 =18.01 in*
up = yp €08 45° + z;, sin 45° = —0.93 cos 45° + (-3.57 sin 45°) = —1.866 in.
vp = zp €0 45° — ypsin 45° = (=3.57) cos 45° — (0.93) sin 45° = 3.182 in.

o =—M+M=—o.70711M0{—”—D+V—D}
I 1

Iv u min Imax
— 0.70711 M| 860 | 31820 6 4104,
4.59 18.01
op 12

= = M, =29.1kip -in 4
0.4124 0.4124
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PROBLEM 4.154

Yy

0.3 in.
| An extruded aluminum member having the cross section shown
M, 4 _fl ST, is subjected to a couple acting in a vertical plane. Determine the
N c ) 1m largest permissible value of the moment M, of the couple if the
Tl_ maximum stress is not to exceed 12 ksi. Given:
03in. Jo T o= 6](r)naé((:<0.957 in*, I, = 0.427 in?, principal axes 29.4°.4" and
SOLUTION

I, =1, =0957in*
I, =1, =0427in"
M,sin29.4°, M, = M,cos29.4°

M =

v

6 =294°

0427

tang = j—vtanﬁ tan 29.4°

u

= 0.2514 o =1411°

Point 4 is farthest from the neutral axis.

vy, =-0.75in.,, z,=-0.751in.

u, =y,c0829.4° + z,sin29.4° = —-1.0216 in.
v, =2,€0529.4° — y,sin29.4° = —0.2852 in.
My, N MV, _ (M;c0s29.4°(-1.0216) N (M sin29.4°)(-0.2852)
I, I, 0.427 0.957
=1.9381M,

O-A:

My=—%4__ 12 M, = 6.19Kkip - in <
1.9381  1.9381
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PROBLEM 4.155

A couple M,, acting in a vertical plane is applied to a W12 x 16 rolled-steel beam,
whose web forms an angle & with the vertical. Denoting by o, the maximum stress
in the beam when @ = 0, determine the angle of inclination & of the beam for which
the maximum stress is 20,

SOLUTION y
For W12 x 16 rolled steel section,
4 4 NA
1. =103 1n I, =282in
d=1199in. b, =3.990in. (P
d b,
Ya =73 4= L Z
1 103
tanp = —=tanfd = ——tand = 36.52tan @ g
= 2.82 =
A
Point 4 is farthest from the neutral axis.
M, =M,sin6 M, = M;,cost
M M b 1b
o, = M.y Mt 7 Mod cos8 + —Lsing = Myd 1+ =L tan® |cos@
I 1, 21, 21, 21, o
For 6=0, o,= Md
21,
Lb,
0, =0y 1+ ——tanf |cos@ = 20,
Id
L,b
b oo (103)(3.990) ( 2 1]
1,d (2.82)(11.99)  cos @
2
tan@ = 0.082273( - lj
cosd
Assuming cosé = 1, we get 6 =4.70° 4
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h”\B/\ PROBLEM 4.156

Show that, if a solid rectangular beam is bent by a couple applied
< in a plane containing one diagonal of a rectangular cross section,
the neutral axis will lie along the other diagonal.

SOLUTION
tan@ = L
h
M, =Mcos0, M,= Msin0
I, = L I =L
12 712
1,3
I L b
tang = —+tand =7
¥ 7hb3 h b
12

The neutral axis passes through corner 4 of the diagonal AD. 4
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PROBLEM 4.157

A beam of unsymmetric cross section is subjected to a couple M, acting in the
horizontal plane xz. Show that the stress at point 4, of coordinates y and z, is

zl, =yl

04 = 2 My
I, -1

where /,, I, and I,. denote the moments and product of inertia of the cross section
with respect to the coordinate axes, and M, the moment of the couple.

SOLUTION

The stress o, varies linearly with the coordinates y and z. Since the axial force is zero, the - and z-axes are
centroidal axes:

o,=Cy+Cyz
where C, and C, are constants.
M, =—[yo,dA = —C\[ y*dA - C,[ yzdA
=-1,C,-1,C,=0
G =- Ilyzz G
M, =[z0,dA = C\fyz dA + C,[z°dA

I,

z

LM, = (1,1, -1)C,

y
C, - LM,
2
1,1, -1,
C=- 1,.M,
2
11, -1,
I1.z-1
11, -1,
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PROBLEM 4.158

A beam of unsymmetric cross section is subjected to a couple M, acting in the
vertical plane xy. Show that the stress at point 4, of coordinates y and z, is

v, -z,

O-A = 2 z
11,12

where [, 1., and I,, denote the moments and product of inertia of the cross
section with respect to the coordinate axes, and M, the moment of the couple.

SOLUTION

The stress o, varies linearly with the coordinates y and z. Since the axial force is zero, the - and z-axes are
centroidal axes:

where C, and C, are constants.

M, = [z0,dA = C[yzdA + C,[ z°dA
= IyZCI + IyC2 = O
I
G == = G
]y

M, =-[yo dz = —=C\[ y*dA + C,[ yzdA

] 'z
=—1;C - Iyzicl
[y
_ 2
LM, =-(1,1,-1)G
M.
C=-——"—7
LI - 1%
] ZMZ
C, = +—L 2
LI - 12
Iy-1,
O-A = _y—y;Mz 4
LI - 1%
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PROBLEM 4.159

(a) Show that, if a vertical force P is applied at point 4 of the section
shown, the equation of the neutral axis BD is

X z
—2x+—‘242:—1
"

where 7, and r, denote the radius of gyration of the cross section with

respect to the z axis and the x axis, respectively. (b) Further show that, if
a vertical force Q is applied at any point located on line BD, the stress at

point 4 will be zero.

SOLUTION
Definitions:
oL o L
A A
(@ M,=Pz, M, =-Px,

4 I I, A4 A Ar}
S “lxg+|Z |z |=0
A z rx

if E lies on neutral axis.

X z

1+ |x+|4|z=0, Alx+| 4 z=-1
2 2 2 2
rZ rx rZ X

M, =Pz, M,=-Pxg
P Mx, M.z, P Pxpgx, Pzpz,
O-A:__+—_—=___—2_—2
A 1, Iy A Ar; Ar;

= 0 by equation from part ().
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-

PROBLEM 4.160

(a) Show that the stress at corner 4 of the prismatic member
shown in part a of the figure will be zero if the vertical force
P is applied at a point located on the line

X z

Lz o
bl6 " hi6

(b) Further show that, if no tensile stress is to occur in the
member, the force P must be applied at a point located
within the area bounded by the line found in part a and three

(a) @& % similar lines corresponding to the condition of zero stress at
B, C, and D, respectively. This area, shown in part b of the
figure, is known as the kern of the cross section.
SOLUTION
I,=—hb I = Lo a=bh
12 12
o= b
S !
Let P be the load point. A
M_=-Px, M, =Pz,
o, =L Mxy My
A I I,
P (_PXP)(_%) _ (Pzp — %)
3 3
bh 15 hb 5 bh
_i[l _ e _ Z_P}
bh bl6  h/6
(@ For o0,=0 1-——-2 -0 4=
bl6  h/6 bl6  h/6
(b) AtpointE: z=0 xg = b/6
Atpoint F: x =0 zp = h/6

If the line of action (xp, zp) lies within the portion marked 7, a tensile stress will occur at corner 4.

By considering o5 = 0, o = 0, and o, = 0, the other portions producing tensile stresses are identified.
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4 kip - in.
\f-‘

3in.

PROBLEM 4.161

4kiP‘Q P h For the machine component and loading shown, determine the
stress at point A when (a) 2 = 2 in., (b) h = 2.6 in.
0.75 in\.>/
B
SOLUTION
M = —4Xkip - in
Rectangular cross section: A =bh r, =3in. 1 =r,—h
7=l(r1+r2), R = h , e=r —R
2 In’2
4l
(@ h=2in. A=(0.75)2) =1.5in?
. 1 .
n=3-2=1in. r=5(3+1)=21n.
R= 113 =1.8205in. e=2-1.8205=0.17951n.
n7
1
At point 4: r=n=1in.

_ M(r—R) _ (-4)1-1.8205) _

Oy

Aer (1.5)(0.1795)(1)

12.19 ksi

o, =12.19ksi <4

() h=26in. 4=(0.75)2.6) = 1.95 in>

K =3-26=04in.

R= 2'63 =1.2904 in.
lnm
At point 4: r=n=04iIn
M@ —R) (-4)(0.4 —1.2904)
O-A = =

7= %(3 +0.4) =17 in.

e =1.7-1.2904 = 0.4906 in.

=11.15 ksi

Aer (1.95)(0.4096)(0.4)

o, =11.15ksi 4
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PROBLEM 4.162

4 kip - in.
\f-‘
4k'P'Q h " For the machine component and loading shown, determine the
stress at points 4 and B when 4 = 2.5 in.

0.75 in\.>/

SOLUTION
M = —-4kip - in

Rectangular cross section: h=25in. b=0.75in. 4=1875in?

r,=3in. n=r—-—h=0.5Iin

7= l(r1 +r) = L05+30)=175in.
2 2
R b 2.5

=1.3953 in.
In2 Indl

P 0.5
e=7r —R=175-1.3953 =0.3547 in.
At point 4: r=n=05in
- M(r — R) _ (-4 .klp . 1n).(0.5 in. — 1.'3953 1n..) o, =10.77 ksi 4
Aer (0.75 in.)(2.5 in.)(0.3547 in.)(0.5 in.)
At point B:

r=r =3I

_ME=-R) _

(-4 kip - in)(3 in. — 1.3953 in.)
Aer

X ; 5 5 op =-3.22ksi 4
(0.75 in.x 2.5 in.)(0.3547 in.)(3 in.)

B
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PROBLEM 4.163
r =20 mm
The curved portion of the bar shown has an inner radius of 20 mm.
Knowing that the allowable stress in the bar is 150 MPa, determine the
7 j largest permissible distance a from the line of action of the 3-kN force to
’ \2 the vertical plane containing the center of curvature of the bar.
25 mm

25 mm

SOLUTION

Reduce the internal forces transmitted across section 4B to a force-couple system at the centroid of the
section. The bending couple is

M = Pla+7)
For the rectangular section, the neutral axis for bending couple only lies at
i P
R =
ln% fe-a ‘d
Also e=7—-R
The maximum compressive stress occurs at point 4. It is given by Yy
o,=-L_Mu_ P _Patry, P
A Aen A Aer A v,
2 mAh
with y,=R-#n v l
en
Data: h=25mm, rn=20mm, r =45mm, 7 =32.5mm
R = 1225 =30.8288 mm, e =32.5-30.8288 =1.6712 mm
ni

20
b=25mm, A=bh=(25)(25)=625mm’=625x10°"m? R -7 =10.8288 mm
P=3x10°N-m, o,=-150x10°Pa
_ 044 (=150 x10°)(625x10°°)

K = = =31.25
P 3x10
oo (K=Deri _ (3025)(1L6712)(20) _ g oo
R-n 10.8288
a=9337-325 a =609 mm <«
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PROBLEM 4.164

The curved portion of the bar shown has an inner radius of 20 mm.
Knowing that the line of action of the 3-kN force is located at a distance
a = 60 mm from the vertical plane containing the center of curvature
of the bar, determine the largest compressive stress in the bar.

SOLUTION

Reduce the internal forces transmitted across section 4B to a force-couple system at the centroid of the
section. The bending couple is

M =Pla+r)
For the rectangular section, the neutral axis for bending couple only lies at

h

R = .
In2
n

Also e=7—-R

The maximum compressive stress occurs at point 4. It is given by

P My, P Pla+7r)y, P
O-A :————:————:—K—
A Aen A Aer A
with v, =R-n
Thus k=14 DR=1)
b e;ﬂl
Data: h=25mm, 4 =20mm, r =45mm, 7 =32.5mm
R= 1225 =30.8288 mm, e = 32.5-30.8288 =1.6712 mm
50

b=25mm, A =bh=(25)(25)=625mm> = 625x10"°m?
a=60mm, a+7 =925mm, R-7 =10.8288 mm
K = 14 92.5)(10.8288)
(1.6712)(20)

3
o, = K2 _ _COIBBXI0) _ _1456%10° pa o, = —148.6 MPa <

A 625 x107°

=30.968 P=30x10°N
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PROBLEM 4.165

The curved bar shown has a cross section of 40 X 60 mm and an
inner radius 7 =15 mm. For the loading shown, determine the
largest tensile and compressive stresses.

60 mm

SOLUTION

h=40mm, 5 =15mm, » = 55mm
A = (60)(40) = 2400 mm? = 2400 x 10~°m?

R=-"" 240 30786 mm
7 55
n= In—
K 40

7=%(r1+r2)=35mm

e=7—R=4214mm o=-—2

At r = 15mm, y =30.786 —15 =15.756 mm

(120)(15.786 x 1073)

— —6
- - -~ —=-1249x10° Pa
(2400 x 107%)(4.214 x 10)(15 x 107)

At r = 55mm, y =30.786 — 55 = -24.214 mm

_ -3
o=_ (120)(—24.214 x10™) —522%10° Pa

(2400 x 107°)(4.214 x 1073)(55 x 107%)

o =-12.49MPa 4

o =522 MPa 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 4.166

For the curved bar and loading shown, determine the percent
error introduced in the computation of the maximum stress by
assuming that the bar is straight. Consider the case when
(@) n =20mm, (b) r =200mm, (c) n =2 m.

60 mm

SOLUTION

h =40 mm, 4 = (60)(40) = 2400 mm? = 2400x10° m?, M =120N-m
1

I= Ebh3 = %(60)(40)3 =0.32x10°mm* = 032x10%mm*, ¢ = %h =20 mm

Assuming that the bar is straight

8
o, =M _(20Q0XI0) _ 55, 106pa = 7.5 MPa
I (0.32x107°)

(@ 7rn=20mm 7 =60mm

R=—" = 3 364096 mm i — R = —16.4096 mm
7 60
In= In—
K 20
7=l(r1+r2)=40mm e =7 — R =3.5904 mm
2
_ _ -3
o, = M@ —R) _ (12_(6))( 16'4096X_130 ) —— =-11.426 % 10°Pa = —11.426 MPa
Aer (2400 X 107°)(3.5904 x 10™)(20 x 107°)
% error = —426 = C79) 1600 = _34.4% <
—11.426
For parts () and (c), we get the values in the table below:
r, mm 75, mm R, mm ¥, mm e, mm o, MPa % error
(a) 20 60 36.4096 40 3.5904 -11.426 -34.4%
(b) 200 240 219.3926 220 0.6074 —7.982 6.0% <
(c) 2000 2040 2019.9340 2020 0.0660 —7.546 0.6% <
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5kN PROBLEM 4.167
| " The curved bar shown has a cross section of 30 x 30 mm. Knowing
i i mm that @ = 60 mm, determine the stress at (a) point 4, (b) point B.

e 20 mm
C iZO mm
iﬁiO mm

TS kN

SOLUTION

Reduce the internal forces transmitted across section 4B to a force-couple system at the centroid of the
section. The bending couple is
M =Pa+7)

P For the rectangular section, the neutral axis for bending couple only
lies at

fe—o0

R =

-
In2
n

Also e=7r —R

The maximum compressive stress occurs at point 4. It is given by

MM P My, P Pla+ny,
— \* oOy=———-"——=—-—"——-"——
P A Aen A Aer,
P
=-K— with =R-p
1 Ya 1
Thus, K =14 @FDR=1)
en
Data: h=30mm, s =20mm, » =50mm, 7 =35mm
30
R= 50 = 32.7407 mm, e = 35-32.7407 = 2.2593 mm
In—
20

b=30mm, A=bh=(30)30)=900mm? = 900 x 10 %m?
a=60mm, a+7 =95mm, R-r =12.7407 mm
_ 4 99027407) _
(2.2593)(20)
P=5x10°N

27.786
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PROBLEM 4.167 (Continued)

3
@ o,=-K2__@IT8OCXI0) _ 15445105 pa

A 900 x107°

o, = —154.4MPa <«

(b)  Atpoint B, yp =1 — R =50 — 32.7407 = 17.2953 mm

P M P 7
Op :—_+ﬁ:_|:_1+(a+r)y3i|
er,

A Ader, A

4

= KP where K’:M_l

g = OT2953) \sgs
(2.2593)(50)
3
, = B3390CXI0) _ 555,106 py
900 x 10"~

05 =752 MPa <
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5 kN PROBLEM 4.168

| % The curved bar shown has a cross section of 30 x 30 mm. Knowing
mm
' }20 that the allowable compressive stress is 175 MPa, determine the largest
1 mm
Be Ag g “}20mm allowable distance a.
i30 mm
TS kN

SOLUTION

Reduce the internal forces transmitted across section 4B to a force-couple system at the centroid of the
section. The bending couple is
M =Pa+7r)
h
In’2
Ul

For the rectangular section, the neutral axis for bending couple only lies at R =

Also e=7 —-R

The maximum compressive stress occurs at point 4 . It is given by

o, =L My, P _Pla+tr)y,
A A Aen A Aer

=—K§ with y, =R-n

Thus, K =1+ (a+7)R-1) (1)
en
— 30
Data: h=30mm, n=20mm, » =50mm, » =35mm, R= n0 32.7407 mm
n

2

e =35-327407 = 2.2593 mm, b =30mm, R-r =127407mm, a=?
0, =-175MPa = -175x10° Pa, P =5kN =5x10°N

Ao, _ (900 x107°)(=175x10°)

K=-—¢= 5 =315
P 5%x10
Solving (1) for a +7, a+7 = L&D
R-n
L = (305)2.2593)20) _ 0 17 mm
12.7407
a =108.17 mm — 35 mm a=732mm <
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Q3. PROBLEM 4.169

Steel links having the cross section shown are available with different
central angles . Knowing that the allowable stress is 12 ksi, determine
the largest force P that can be applied to a link for which S = 90°.

SOLUTION

Reduce section force to a force-couple system at G; the centroid of the cross section 4B.

a =7[1—cos ﬁj
2

The bending couple is M = —Pa.

M

For the rectangular section, the neutral axis for bending couple only lies at G
P’ -~ Y P
R="_ <~
TN DN
1 \ ﬁ
Also e=7—R N
At point A4 the tensile stress is o, = P My P Pay, Py avg)|_ P
A Aen A Aeny A er, A
where K=1+%24 and y,=R-pn
en
p= Ao,
K

Data: r=12in, rn=08in, » =16in, h=08in, b=03in

A = (0.3)(0.8) = 0.24 in® R = 0'186 =1.154156 in.

08

e =12-1.154156 = 0.045844 in., v, =1.154156 — 0.8 = 0.35416 in.

a =1.2(1 — cos 45°) = 0.35147 in.

K=14+ (0.35147)(0.35416) _ 43940

(0.045844)(0.8)
P = ©02402) _ 0.65544 kips P=6551b 4

4.3940
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PROBLEM 4.170
Solve Prob. 4.169, assuming that 5= 60°.

PROBLEM 4.169 Steel links having the cross section shown are
available with different central angles . Knowing that the allowable
stress is 12 ksi, determine the largest force P that can be applied to a
link for which B = 90°.

SOLUTION

Reduce section force to a force-couple system at G, the centroid of the cross section AB.

a= 7(1—005 Ej
2

The bending couple is M = —Pa. M
For the rectangular section, the neutral axis for bending couple only lies at , G P
h - o~ S8
R = - < 7< T
In-% 7\ o
n \ ‘é
_ A 2
Also e=7—-R N
At point 4, the tensile stress is oy = P My, _P + Pay, _ P 1+ 24 - KE
A Aen A Aeny A er A
where K=1+24 and v, =R-n
en
p= Ao,
K
Data: r=12in, n=08in, r =16in, h=08in, b=03in.
A = (0.3)(0.8) = 0.24 in’ _ 08 _ 1.154156 in.
Int8
e =12-1.154156 = 0.045844 in. v, =1.154156 — 0.8 = 0.35416 in.
a = (1.2)(1 = cos30°) = 0.160770 in.
K=14+ (0.160770)(0.35416) _ 25525
(0.045844)(0.8)
Pzwzl.uSkips P=11281b 4
2.5525
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PROBLEM 4.171

A machine component has a T-shaped cross section that is orientated
as shown. Knowing that M = 2500 N - m, determine the stress at
(a) point A4, (b) point B.

llA B 60
20

o _ ¥
|

"40 50 20

Dimensions in mm

SOLUTION
Properties of the cross section. R = ZlA = 2bky = 24 ¥ = 2 Al
S[-d4  Thin'#  $pin’H 24
r r 7
7
r, mm Part b, mm h, mm A, mm?> b, 111’7“, mm 7;, mm A7, mm®
40 1 20 50 1000 162186 65 65,000
1?0 2 60 20 1200 12.0402 100 120,000
0 D 2200 28.2588 185,000
R=-2290 _srgsomm 7=222900  c400imm, e=7-R=6239mm
28.2588 2200
Stresses.
(@) Point4: r =r, =40 mm
-, - M(@r—-R) _ (25 kI\_I3. m2)(0.040 m— O._O3778517 m) o, = 172.4MPa 4
Aer (2.2 %107 m2)(6.2392 x 107> m)(0.040 m)
(b) Point B: r =ry =110 mm
o, - M(r-R) _ (25 kl\;- m2)(0.110 m — 02778517 m) 5, = 532 MPa 4
Aer (2.2 %107 m?)(6.2392 x 10~ m)(0.110 m)
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PROBLEM 4.172

’4—100*»‘

M =
2.5 kN - m

Assuming that the couple shown is replaced by a vertical 10-kN force
attached at point D and acting downward, determine the stress at

C:FA (a) point 4, (b) point B.

|
et £
| -

"40 50 20

Dimensions in mm

SOLUTION
Properties of the cross section. R = ZIA = Lbhy = 24 7= 2 A
S[d4  Thin't SpnliE 24,
r i ;
7, mm Part b, mm h, mm A, mm? b lnh mm 7:, mm AT, mm?>
40 on
1 20 50 1000 162186 65 65,000
90 2 60 20 1200 12.0402 100 120,000
110 5 2200 28.2588 185,000
R=-2290 _ rgsomm 7 =129900  eh09imm, e=7-R=6239mm
28.2588 2200
Force-couple system at the centroid E.
D “"—_ﬂ_} P =10kN
A
oAy ¥ 1 M = (10 kN)(100 mm + 84.0909 mm) = 1840.9 N - m
/ ’ﬁ” ] /00 .} ?&/@
i TP

D101t 11S10005 10 Snr ey
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PROBLEM 4.172 (Continued)

Stresses.
(a) PointA4: r=r,=40mm

o - P M@E-R _  10KkN  (1840.9N-m)(0.040 m —0.0778517 m)

474 Aer 22x10° m?  (2.2x107° m?)(6.2392 x 10~ m)(0.040 m)
= —4.545 MPa — 126.913 MPa
o, =-131.5MPa <
() Point B: r =ry =110 mm
P  M(@r—-R) 10 kN (1840.9 N - m)(0.110 m — 0.0778517 m)
Op =——+ = - +

A Aer 22x107° m?  (22x107° m?)(6.2392 x 107> m)(0.110 m)
= —4.545 MPa + 39.196 MPa

0, = 34.7MPa 4
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2y PROBLEM 4.173

_____05in
05in—~{ = z*m Three plates are welded together to form the curved beam shown. For

e=r —R=026331in.

\- J osm. the given loading, determine the distance e between the neutral axis
|3 n.—] m' and the centroid of the cross section.
!
C
SOLUTION
X4 Zhh, 34 €
- 1 N . .
E[rdd syl sp i
7; 7;
— XAy
ryr =
pI|
Part | b h 4 b InL 7 A7
Ti
35 @ 3 0.5 1.5 0.462452 3.25 4.875
55 ® 0.5 2 1.0 0.225993 4.5 4.5
6 ® 2 0.5 1.0 0.174023 5.75 5.75
z 3.5 0.862468 15.125
35 405812 in., 7 = 15125 _ 4.32143 in.
0.862468 3.5

e =0.263in. 4
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M’ AN /7 M ’ i 3in.
\ ’
N ’
N, 7

rﬂ.' PROBLEM 4.174

¥ shown. For M = 8 kip - in., determine the stress at (a) point 4,

0.5 in.
15T e Three plates are welded together to form the curved beam

—05in (b) point B, (c) the centroid of the cross section.

|

C
SOLUTION
34 Shh 34 [ |
- 1 - . - .
I[1dA 5y intist wp i
z g
S '/ ©
ryr =
>4
L Q |
~ | Part b h A b Inli+L 3 Ar
4
3
. @ 3 05 | 15 | 0462452 | 3.25 4875
5
s @ 05 | 2 10 | 0225993 | 45 45
'6 ® 2 05 | 1.0 | 0174023 | 5.75 5.75
) 35 | 0.862468 15.125
R=—32 _405812in, 7=121% _432143in.
0.862468 35
e=7—R=026331in. M = -8 kip - in
(@ y,=R-1n=405812-3=1.058121in.
o, =M _ (105812 o, =3.06 ksi 4
der;  (3.5)(0.26331)(3)
()  ys=R—r, = 405812 -6 =—1.94188 in.
o, = M (HC194188) o, =281 ksi 4
der,  (3.5)(0.26331)(6)
(© ye=R-T=-e

My _Me M _ 8
Aer ~ Aer A7 (3.5)(4.32143)

o = 0.529 ksi 4
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PROBLEM 4.175

The split ring shown has an inner radius n = 20 mm and a
circular cross section of diameter d = 32 mm. For the loading
shown, determine the stress at (a) point 4, (b) point B.

SOLUTION

c=ld=16mm, rn=20mm, r =rn+d=>52mm

¥ =rnr+c=36mm
R =%[7+\/72 —cz} =%[36+\/362 —162]

= 34.1245 mm
e=7r — R =1.8755 mm

A= %dz - %(32)2 — 804.25 mm? = 804.25 x 10°m>

P=25x10°N M = Pr=25x10°)(36x107) =90 N-m

(@) PointA: y, =R -7 =34.1245-20 = 14.125 mm

o o P My, 25x10° (90)(14.1245 x107)
T4 Aen 804.25x107%  (804.25x107°)(1.8755 x 107°)(20 x 107)

= —452x10° Pa o, =-452 MPa «

(b)) PointB: yz =R -1 =34.1245-52 =-17.8755 mm

o o P My 25x10° (90)(~17.8755x107)
B4 Ader, 804.25x107%  (804.25x107°)(1.8755 x 107°)(52 x 107%)

=17.40x 10° Pa 0y = 17.40 MPa <«
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PROBLEM 4.176

The split ring shown has an inner radius n =16 mm and a
circular cross section of diameter d = 32 mm. For the loading
shown, determine the stress at (@) point 4, (b) point B.

SOLUTION

c=%d=l6mm, rn=16mm, n =r+d =48 mm

R =%[}’ + 72—02] =%[32+\/322—162]
= 29.8564 mm
e=r — R =2.1436 mm
T

= Zdz = %(32)2 = 804.25 mm? = 804.25 x 10~°m>

P=25x10°N M = Pr =(25x10*)(32x10°) =80 N -m

(@) Pointd: y, =R-r =29.8564 -16 =13.8564 mm

o o P My, 25x10° (80)(13.8564 x10)
T4 Aen 804.25x 1070 (804.25x107°)(2.1436 x 107°)(16 x 107>)

= -43.3x10°Pa o, =—43.3 MPa «

(b)) PointB: yp=R-r =29.8564—-48 = -18.1436 mm

o o P My 25x10° (80)(~18.1436 X 107)
B4 Ader, 804.25x 1070 (804.25x107°)(2.1436 x 107°)(48 X 107)

=14.43x10°Pa oy = 14.43 MPa <

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




“ PROBLEM 4.177
/

The curved bar shown has a circular cross section of 32-mm
diameter. Determine the largest couple M that can be applied to
' the bar about a horizontal axis if the maximum stress is not to
12 mm exceed 60 MPa.

16 mm

SOLUTION

¢ =16 mm ¥ =12+16 = 28 mm
R= %[74”/72 —CZ}
= %[28 ++/28% - 162} = 25.4891 mm

e=7r —R =28-25.4891 = 2.5109 mm

Omax Occurs at 4, which lies at the inner radius.

Aer |0,
Itis given by |0,,,| = M4l trom which M = M.
ern Y4
Also, A = wc? = 7(16)? = 804.25 mm”>
Data: vy, =R—-1n=254891-12 = 13.4891 mm

(804.25x107°)(2.5109 x 107)(12 x 107)(60 x 10°)

; M =1078N-m <
13.4891x 10”

M
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As01b PROBLEM 4.178

The bar shown has a circular cross section of 0.6 in. diameter.
. Knowing that ¢ = 1.2 in., determine the stress at (a) point A4,
| (b) point B.

=)
BN
Q

Y50 1b

0.5 1. 0.5 in.
SOLUTION
O Ab,
5““’ c= %d =03in. 7=05+03=08in
) R = %[7 N - cz] = %[0.8 +40.8% — 0.32}
= 0.77081 in.
M e=7-R=002919in.

A = rc* = 7(0.3)* = 0.28274 in?
P P=501b
M =—-Pa+7)=-5001.2+0.8) =—1001b - in
y, =R -1 =0.77081 — 0.5 = 0.27081 in.
yg =R —r, =0.77081 - 1.1 = —0.32919 in.

@ o= Mu_ 0 __(C100)02708D) (s o
A Aerp 028274  (0.28274)(0.02919)(0.5)
o, =674ksi 4
) o=l M 50 (C100)032919)  _ 4o 109 o

T A Ader, 028274 (0.28274)(0.02919)(.1)
oy = —3.45ksi <
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A501b PROBLEM 4.179

The bar shown has a circular cross section of 0.6 in. diameter.
B[ (A C Knowing that the allowable stress is 8 ksi, determine the largest
| permissible distance a from the line of action of the 50-1b forces
| to the plane containing the center of curvature of the bar.

Y50 1b

0.6 in.

0.51in.
SOLUTION
Sbff’ c= %d =03in, 7=0.5+03=0.8in.
R = %[7 N cz} = %[0.8 +4/0.8% - 0.32}
=0.77081in. e=7 — R =0.029191n.
M A = rc* = 7(0.3)* = 0.28274 in?

M =—P(a+7)
y4=R—r =077081 - 0.5 = 0.27081 in.

0A_£_@_£+P(a+r)yA :£{1+(a+r)yl4}

A Aer, A Aen A ern
er;
3
= Oud _ 8x10)(028274) _ o,
P 50
oo (K =Der _ (44.238)(0.02919)0.5) _ o,
v, 0.27081
a=2384-028 a=1584in. 4
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PROBLEM 4.180

Knowing that P = 10 kN, determine the stress at (a) point 4, (b) point B.

SOLUTION

30

|'N
'a)

—

N=90 mm | f=r/00wm

B

Ya= /50 man

CIENTROIARL
AxIs

Locate the centroid D of the cross section.

Force-couple system at D.
P=10kN

M = Pr = (10kN)(130 mm) = 1300N - m

Triangular cross section.

A= %bh = %(90 mm)(80 mm)

= 3600 mm? = 3600 x 107° m?

1 1
R= Eh _ 5(90) _ 45mm
By 190,190 0 0355025
h n 90 100
R =126.752 mm

e=7r —R=130mm - 126.752 mm = 3.248 mm

Oy

(a) Point 4: r, =100 mm = 0.100 m
o o P M@ -R) _ 10 kN (1300 N - m)(0.100 m — 0.126752 m)
47y Aer, 3600 x10°m? (3600 x 107 m?)(3248 x 10> m)(0.100 m)
= —2.778 MPa — 29.743 MPa
(b) Point B: rg =190 mm = 0.190 m
oo P Mep-R) _  10kN (1300 N - m)(0.190 m — 0.126752 m)
BTy Aery 3600 x10°m? (3600 x 10°m?)(3.248 x 107> m)(0.190 m)

= -2.778 MPa + 37.01 MPa

= -32.5MPa <«

Oy = +342 MPa <
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PROBLEM 4.181

Knowing that M = 5kip - in., determine the stress at (a) point A4,
() point B.

SOLUTION

A= %bh = %(2.5)(3) =3.751in>

¥ =2+1=3.00000 in.

bl =25 in., }"1 =2 in., b2 = O, }"2 =5 il’l.
Use formula for trapezoid with b, = 0.
S I by + by)

@e—@mm%—ma—@>
1

R =

_ (0.5)(3)*(2.5 + 0)
[(2.5)(5) = (0)(2)] In 5 - (3)(2.5 - 0)
e=7 —R =0.15452 in. M =5kip - in

= 2.84548 in.

(@ y,;=R-r=0.84548 in.

_ My, (5)(0.84548) o, =-3.65ksi 4

P17 der, T (375)0.15452)(2)

(b)  yg=R—-r,=-2.15452in.

o, = - Mp ___ON2.15452) oy =3.72ksi 4

Aer, (3.75)(0.15452)(5)
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PROBLEM 4.182

25in. Knowing that M =S5kip - in, determine the stress at (a) point 4,
(b) point B.
SOLUTION
A= %(2.5)(3) =3.75 in®
7 =2+ 2 =4.00000 in.
b=0 n=2in, b, =25in, » =5in.

Use formula for trapezoid with b, = 0.

(a)

()

SH b+ by)

R=

(byry — byr) 1n% — h(b, - by)

(0.5)(3)*(0 + 2.5)

06 - 5@ - ()0 - 2.9)

e=71r —

y,=R -7 =185466 in.
My, _ (5(1.85466)

O4T  der T (3.750.14534)(2)

yg = R—r, = —1.14534 in.
My, (5)(~1.14534)

= 3.85466 in.

R = 0.14534 in. M =5kip-in

o, =-8.51ksi 4

05 = 2.10 ksi 4

78T T her, | (3.75)(0.14534)(5)
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i 20 mm PROBLEM 4.183

— T For the curved beam and loading shown, determine the stress at
Q 30mm  (q) point 4, (b) point B.

\/ \/ A
250 N - m 250 N - m 35 mm

Section a-a

SOLUTION

Locate centroid.

A, mm? 7, mm Ar, mm?® @
@ 600 45 27 x10°
300 55 16.5x10°
) 900 43.5%10°
3
7o BIXI0T e 333 m

900
Lh (b + by)

R =
2
_ (0.5)(30)°(40 + 20) — 46.8608 mm
[(40)(65) — (20)(35)] ln% —(30)(40 — 20)
e=7—-R=14725mm M =-250N-m
(@ y,=R-1=118608 mm
- -3
o, = My, =- ( 150)(11.8608 Xﬁio ) == = 63.9 x10°Pa o, =639 MPa «
Aer, (900 x107°)(1.4725x1077)(35 x107)
b) yp=R-r,=-181392 mm
- - -3
op = My = (£250)(=18.1392 x 10°7) = -52.6x10°Pa oy = —52.6 MPa «

Aer, (900 x 10°)(1.4725 x 10°)(65 x 107)
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PROBLEM 4.184

For the crane hook shown, determine the largest tensile stress in

25 mm S5 section a-a.
4
1_
I T

60 mm

Section a-a

SOLUTION ke 251
Locate centroid.
A, mm? 7, mm Ar, mm? @
@ 1050 60 63x10°
750 80 60x10° @
) 1800 103x10°
3 L— 25—
7= 103x107 _ 00 333 mm
1800
Force-couple system at centroid: P=15x10°N

M =-Pr =—(15%10*)(68.333x107°) =—1.025x10°N-m
_ L (b +by)
(br _bz”l)ln% —h(by —b,)
(0.5)(60)* (35 + 25)

= =63.878 mm
[(35)(100) — (25)(40)]1n 1% — (60)(35 +25)
e=7r—R=4.452 mm
Maximum tensile stress occurs at point A.
y,=R—-r,=23.878 mm
c, :f_ My,
A Aer
_15x10° —(1.025x10%)(23.878x10°)
1800x107°  (1800x107)(4.452x107°)(40x107)
=84.7x10°Pa 0,=84.7 MPa «
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)w _ PROBLEM 4.185
¢ lp'lll.

B A lc Knowing that the machine component shown has a trapezoidal cross
section with a=3.5in. and b=2.5in., determine the stress at
_ (a) point 4, (b) point B.
) BQA E]
|t
6in. 4in.
SOLUTION

Locate centroid.

A, in* 7, in. A7, in® 2.5 2.5
@ 10.5 6 63
7.5 8 60
)y 18 123

123

¥ =——=16.8333in.
18

R

_ %hz(b1+b2)
(byr _bzli)ln%—h(lﬁ —by)

(0.5)(6)*(3.5+2.5)

= [(3 5)(10) _ (2 5)(4)]111&_ (6)(3 5_9 5) =6.3878 in.
. X ’ . .

e=r—-R=04452in. M =80kip-in

(@ y,=R-r=63878—4=23878in.

My, _ (80)(2.3878)

o, =

Cder;  (18)(0.4452)(4)

0,=-596ksi 4

(b)  yy=R-1,=63878-10=-3.6122 in.

My, (80)(-3.6122)

Oy = =

0, =3.61 ksi 4

Aer,  (18)(0.4452)(10)
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PROBLEM 4.186

) 80 kip - in.

B A lc Knowing that the machine component shown has a trapezoidal cross
section with a=2.5in. and b»=3.5in., determine the stress at
_ (a) point 4, (b) point B.
) B{jA E
|t
6in. 4in.
SOLUTION

Locate centroid.

A, in? 7, in. Ar, in’
® 7.5 6 45
10.5 8 84
T 18 129
7=%=7.1667 n
R 3 (b +by)

(b, —byn)In 2~ (b, ~ by)

~ (0.5)(6)*(2.5+3.5)

T [(2:5)(10)— (3.5)(4)]In 2 - (6)(2.5-3.5)
e=7—R=0.4499 in. M =80 kip-in

=6.7168 in.

(@ y,=R-r=27168in.
o, = My, _ (80)(2.7168)
Aer,  (18)(0.4499)(4)
(b)) yz=R-r,=-3.2832in.
Gy = My _ (80)(-3.2832)
Aer,  (18)(0.4499)(10)

0,=—671ksi 4

0, =324 ksi 4
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by
L

PROBLEM 4.187

Show that if the cross section of a curved beam consists of two or more
rectangles, the radius R of the neutral surface can be expressed as

_ A
" b b, by
- ) n 7y
i In|| = - =
le—— o ——

| h b) n
r3 T
4 i

where A4 is the total area of the cross section.

SOLUTION

Note that for each rectangle,

ZJLdA >h ln@
r P
A A
- b b Nb s b <
S In| Jitt In 153 n "
7 1 ) r
Ty
jldAz P
r 7 r
i r
:bi.[ 1@:@ In L
143 v 7
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PROBLEM 4.188

Using Eq. (4.66), derive the expression for R given in Fig. 4.73 for a circular cross section.

SOLUTION

Use polar coordinate S as shown. Let w be the width as a function of S

4 1 w=2csinf
l r=r—ccosf3
N 1 v dr=csin BdB
v dd=w dr=2¢"sin® Bd
N ey [ 2,
. —¥ r 07 —ccosf

jd_A:jﬂcz(l_COSZﬁ)dﬂ
r 0 7¥—ccosf
P2 _ 2. 2p (=2 2
:2J’r c_cosﬂ(r c)dﬂ
0 F—c cosf

T _ _ dr
=2 7+ df—2F - [ —
Io(r ccosB)dp -2(r C)IOF—ccosﬂ
_ |7 . z
=2rﬂ‘0+2csmﬂ‘o

) L N tan(%ﬂ)‘”

-2(72=¢?) tan

it = e? r+c 0
=27 (7 = 0) +2¢(0 — 0) — 47> — -[%—oj
=277 —27N7’ =
A=rc?
po 4 _ rc? 1 x7+\/72—02
R e R N
102(7+\/72—02) 102(7+\/72—c2) 1
-t ~ :—(7+ 72—02) <
2 7= =c) 2 c 2
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PROBLEM 4.189

Using Eq. (4.66), derive the expression for R given in Fig. 4.73 for a trapezoidal cross section.

SOLUTION

The section width w varies linearly with 7.
{‘ { w=c,+¢r

o w=b atr=r,andw=>b, at r=r
! l<___4|‘

|
b _)’ b =c,+cn
t ' b, =c,+qr,

b =by=¢,(n—n)=-¢h

4

V‘,_ c __bl_bz
=—1—2
h
nby —rb, =(r, —1)cy = hey
_hb —nb,
Cp=—""T"7=
\ h
dA nw ney+or
—=J- —drzj 0 g
r nor 7 r
n n
=cylnr| +¢r
7 i

»
=G ln—2+cl(r2 —1)

i
b —nb, ln”_z_ b —b,

= h
h i
Y\ :—rzbl — rlbz lnr—z— (bl _bz)
Ui
1
A=_(b+by)h
;__T re 4 _ L’ (b +by) <
are dTA (rzbl_”lbz)ln%_h(lﬁ_bz)

< W
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PROBLEM 4.190

Using Equation (4.66), derive the expression for R given in Fig. 4.73 for a triangular cross section.

SOLUTION
The section width w varies linearly with 7.
\ w=c, +¢r
w=batr=r and w=0atr=r
b=c,+¢cn
0=c, +cn,
v, b= )=
br.
q=-7 and ¢, =—cr=—"=
dA r ncy+or
, _:J' Zﬁdrzj' S Tar .
e r nor 7 r
n n
=cyInr| +¢r
a 4
-
=coln—2+cl(r2—r1)
Ul
by n b,
h 1 h
br, . n rh
=—=In=-b=bh =In=-1
h hn

A=Lph
2
] 1{ A Lph 1p
R= = 2 — B <
ii % dr [ b(3me-1) me-
W
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PROBLEM 4.191

For a curved bar of rectangular cross section subjected to a
bending couple M, show that the radial stress at the neutral

surface is
O'r :M l_r_l_lnﬁ
Ae R K

and compute the value of o, for the curved bar of Examples
4.10 and 4.11. (Hint: consider the free-body diagram of the
portion of the beam located above the neutral surface.)

SOLUTION

. _M@E-R) _M MR
" Aer Ae  Aer
For portion above the neutral axis, the resultant force is

At radial distance r,

H= j o,.dAd = j rRO',bdr
:@der_lMRb Rdr
Ae I

Ae i r
:%b(R_,,l)_MRblnﬁszR 1_ﬂ_1n£
Ae Ade 1 Ae R K
Resultant of o, F = J. o, cos B dA .
o bRd bR o J
= = )
J:e/zo-’ cos f(bRd ) =0, J:a/z cosfdfs ?_6 2
_ . o2 .6
=0,bR sin ﬂ‘ _gp =20, bR sin 5 H H
9 = £
For equilibrium: F, —2H sin 2 0
26 bRsin & 2 MR i RGO
2 T 4e U R i) 2 lF, = vesudtant oF
Cr
o, = My i R <
Ae R K

Using results of Examples 4.10 and 4.11 as data,

M =8kip-in, 4=3.75in?, R =59686in., e=00314in, 7 =525in.
8 5.25 5.9686
o, = 1- —In
(3.75)(0.0314) 5.9686 5.25

o, = —0.54ksi 4
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3in. 3in. 3in. PROBLEM 4.192

-
i Two vertical forces are applied to a beam of the cross section shown.
ii_“ Determine the maximum tensile and compressive stresses in portion BC
Tin. of the beam.
-
15 kips 15 kips
A BY cy D
[ |
O A
! 60 in. {
40 in. 40 in.
SOLUTION Yo
4 Vo | A7 O
O] 18 5 90
@ 18 1 18 @
T 36 108 Yo
Y
Y, = 108 _ 3in
5 Yo
Neutral axis lies 3 in. above the base.
2
Z
I = %blhf +Ad? = %(3)(6)3 +(18)(2)? =126 in* 3 2
1 3 2 1 3 2 . 4 - @ B
1, =Ebzh2 + 4,d; =E(9)(2) +(18)(2)° =78 in
P
I=1+1,=126+78=204 in* l M
Viop = 1. Yo =—3 10 B D
A
M—Pa=0 P = a, '*I

M = Pa = (15)(40) = 600 kip - in

M
_ Do __ (600)5) O\p =—14.71 ksi (compression) «

O,

T 204
Opot =~ Moo __(600(3) O =8.82 ksi (tension) <«
1 204
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PROBLEM 4.193

Straight rods of 6-mm diameter and 30-m length are stored by coiling the
rods inside a drum of 1.25-m inside diameter. Assuming that the yield
strength is not exceeded, determine (a) the maximum stress in a coiled rod,
(b) the corresponding bending moment in the rod. Use £ =200 GPa.

SOLUTION
Let D =inside diameter of the drum.
d = diameter of rod, c¢= %d,

p = radius of curvature of centerline of rods when bent.

11, 1 1 _3
=—D-——d=—(1.25)-—(6x10")=0.622 m
p=D=3 2( ) 2( )

I :%04 =%(0.003)4 =63.617x10"2m*

Ec _ (200x10”)(0.003)

(@) O = 060 =965x10°Pa 0 =965 MPa 4
P .
9 -12
by =L COOXIONE3OITXI0 ) _ o) 5.y M=205N-m <4

p 0.622
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| 241in. i PROBLEM 4.194

Knowing that for the beam shown the allowable stress is 12 ksi in
tension and 16 ksi in compression, determine the largest couple M that

can be applied.
«(
SOLUTION
@ = rectangle @ = semi-circular cutout

A4, = (2.4)(1.2) = 2.88 in?
4 = %(0.75)2 = 0.8836 in>

A =2.88 - 0.8836 = 1.9964 in*

¥y, = 0.61n.

3, =4 _ O _ 51834,
kY1 kY4

7 XAy _ (2.88)(0.6) — (0.8836)(0.3183) — 07247 in.
A4 1.9964

Neutral axis lies 0.7247 in. above the bottom.

Moment of inertia about the base:

L =ton — 7~ Lo aya.0p —Z(0.75) =125815 in'
3 8 3 8
Centroidal moment of inertia:
I =1,—AY? =1.25815—(1.9964)(0.7247)* =0.2097 in*
Viop =1.2-0.7247=0.4753 in.,
Voo =—0.7247 in.

1 y
Top: (tension side) = (12)(0.2097) =5.29 kip - in
0.4753
Bottom: (compression) = (16)(0.2097) =4.63 kip-in
0.7247
Choose the smaller value. M =4.63 kip-in 4
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PROBLEM 4.195

M =300N-m T . . . . .

- P4 26 mm In order to increase corrosion resistance, a 2-mm-thick cladding of

- ¥ 30mm aluminum has been added to a steel bar as shown. The modulus of
elasticity is 200 GPa for steel and 70 GPa for aluminum. For a

| | bending moment of 300 N - m, determine (a) the maximum stress
l 20 l in the steel, (b) the maximum stress in the aluminum, (¢) the radius
50 mm
of curvature of the bar.

SOLUTION

Use aluminum as the reference material.

n =1 in aluminum. n= E = & = 2.857 in steel.

E 70

a

Cross section geometry:
Steel: 4, = (46mm)(26mm) = 1196 mm* [, = é(46mm)(26mm)3 = 67,375 mm*
Aluminum: 4, = (50mm)(30mm) — 1196mm* = 304 mm?
I, = %(50mm)(30mm3) - 67,375mm* = 45,125mm*

Transformed section.

I =nd,+nd, =(1)(45125) + (2.857)(67,375) = 237,615 mm* = 237.615x 10 m*

Bending moment. M = 300N - m

(@) Maximum stress in steel: ng, = 2.857 yy =13mm = 0.013m
o, = M _ (2'857)(300)(0'0913) = 46.9x10°Pa o, = 46.9MPa <
I 237.615x 10"
(b)) Maximum stress in aluminum: n, =1, Y, =15mm = 0.015m
o, = ta _ DBOOOIS) _ ¢ o4 106p, o, = 18.94 MPa <«

a I 237.615x107°

El b= (70 x10%)(237.615 x 107°)

(¢)  Radius of curvative: p = — 300 p=554m 4
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y PROBLEM 4.196

A single vertical force P is applied to a short steel post as shown.
Gages located at 4, B, and C indicate the following strains:

€ =-500u ep=-1000  €,=-200u
Knowing that E = 29 x 10° psi, determine (a) the magnitude of

P, (b) the line of action of P, (c) the corresponding strain at the
hidden edge of the post, where x = —2.5in. and z = —1.5 in.

SOLUTION

I = %(5)(3)3 =1125in* I, = %(3)(5)3 =3125in* 4= (5@3) =15in?

M, =Pz M, =—-Px

X, =-2.5in.,, x5 =25in, xo =2.5in, xp =-2.5in
z,=15in, zz=15in, z,=-1.5in, z, =-1.5in.

o, = Ee, = (29x10%)(=500 x 107%) = —14,500 psi = —14.5 ksi
og = Egyz = (29 x10%)(=1000 x 107®) = 29,000 psi = —29 ksi

o = Eep = (29 x10°)(=200 x 10™%) = —5800 psi = 5.8 ksi

o, = —g - % + MXa - 0.06667P - 0.13333M, — 0.08 M, (1)
oy = —g - @ M5 .06667P - 0.13333M, + 0.08 M, )
op = —g - % + MoXe - _6.06667P + 0.13333M, + 0.08M. 3)

Substituting the values for 0 ,, 0, and o into (1), (2), and (3) and solving the simultaneous equations

gives
M_=87kip-in, M, =-90.625kip - in, (a) P =152.25kips 4
x= M. 79062 (h) x = 0.595in. 4
P 152.25
M, _ 87 z=0571in. 4
P 15225
op = —g - % + MY _ 0 06667P + 0.13333M, — 0.08M.
= —(0.06667)(152.25) + (0.13333)(87) — (0.08)(—90.625) = 8.70 ksi
3
(¢)  Strain at hidden edge: =90 - M e=300u 4
E 29x10
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rso() N PROBLEM 4.197

N

For the split ring shown, determine the stress at (a) point 4,

(b) point B.
’ 14 mm
SOLUTION
1 1
r1=540=20mm, r2=5(90)=45mm h=r,—r, =25 mm
2 h 25
A=(014)(25)=350 mm~ R= = =30.8288 mm
In2 In3>
B

7=%(r1 +7,)=32.5mm e=7-R=1.6712mm

Reduce the internal forces transmitted across section AB to a force-couple system at the centroid of the cross
section. The bending couple is P

M = Pa=P7 =(2500)(32.5x107)=81.25 N-m

(a) Point 4: r,=20mm y,=30.8288-20=10.8288 mm P
A _
o o P My, 250 (81.25)(10.8288x107) ™M J
474 AeR T 350%x107°  (350%x107°)(1.6712x107)(20x107) - a
=-82.4x10° Pa 0,=-82.4 MPa «

() Point B: rg=45mm y, =30.8288-45=-14.1712 mm

P My, 2500 (81.25)(~14.1712x107)
Op=—"/~ =" 5 6 3 3
A Aery  350x107°  (350x107°)(1.6712x107°)(45x107)
=36.6x10°Pa 05 =36.6 MPa <
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PROBLEM 4.198

W200 X 193 A A couple M of moment 8 kN - m acting in a vertical plane is
applied to a W200 X 19.3 rolled-steel beam as shown. Determine
(a) the angle that the neutral axis forms with the horizontal plane,
() the maximum stress in the beam.

SOLUTION vert
y
For W200 x 19.3 rolled steel sector, !
I, =16.6x10°mm* = 16.6 x 10° m* 17s°
_ 6 4 _ 6.4
I, =1.15x10°mm* =1.15x10°m P
203 7
=yp =-yp =—yp =— =101.5mm
Y4 = VB 1)) YE ) hor o
102
zy=—zp=-—zp =zp =—— = 51mm
M, = (8x10%)cos5° = 7.9696 x 10° N - m
M, =—~(8x10%)sin5° = —0.6972x 10°N - m \\g
I 16.6 X107
a tanp = =tan@ = ———  tan(-5°) = —1.2629
(@) ¢ ) 1.15%107° 5%
@ =-51.6°
o =51.6°-5° o = 46.6° 4

(b)  Maximum tensile stress occurs at point D.

M.yp | Myzp _ (7.9696 x10°)(=101.5 X 10) L (0.6972 10°)(-=51x107%)

I 1, 16.6x107° 1.15%107°

op =-—

=79.6x10°Pa o, =79.6 MPa <
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4001b PROBLEM 4.199

A 400 Ib
~o5 _ 400 1b

400 1b Determine the maximum stress in each of the two machine
elements shown.

r=03-"]

SOLUTION

For each case, M = (400)(2.5) =10001b - in

At the minimum section,

I= %(0.5)(1.5)3 = 0.140625 in*
c =0.75in.

(@) Dld=315=2
rld = 0.3/1.5 =02

From Fig 4.32, K =1.75
o = KMc _ (1.75)(1000)(0.75) _ 933 % 10° psi o = 933ksi 4
1 0.140625

(b) Did=315=2 r/d=0315=02

From Fig. 4.31, K =1.50
o = KMe _ (1.50)(1000)(0.75) _ $.00  10° psi o = 8.00ksi €
1 0.140625
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AT PROBLEM 4.200

el DS
',/ ¢ “\“ The shape shown was formed by bending a thin steel plate. Assuming that the
=0 4 thickness ¢ is small compared to the length a of a side of the shape, determine the

stress (a) at 4, (b) at B, (¢) at C.
ot
P4
B.\
A R
L
SOLUTION

B
Moment of inertia about centroid: ;t 1
= o}
3 - - =
Tz
zzi(z@)(ij 2t |

.

L A < A e 2kt

P Pec P P(zjf)(zji) __F

@ o=l fe P 3 S
A 1 2at im 2at
pore_p PlE)E) op

b)  op=—r= : y=—— 4
A 1 2at ﬁm at
P

) O-.=0 L 4
(c) c A ¢ 2at
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[+ 120 mm —~| ' PROBLEM 4.201
[ |

10 mm

Three 120 X 10-mm steel plates have been welded together to form the
beam shown. Assuming that the steel is elastoplastic with
4_(_. 120 mm E =200 GPa and o, = 300 MPa, determine (a) the bending moment
for which the plastic zones at the top and bottom of the beam are
40 mm thick, (b) the corresponding radius of curvature of the beam.

- <10 mm

| 10 mm

SOLUTION

r < ] R, =—
@/_\ Q}M ‘R.,_
(o]

@,\— . § Ra D —

3 f*_ J L — R,
@h ‘h:mm I— — R—;_
i Z. | JI | > R

A, = (120)(10) = 1200 mm*

R =0, 4, =(300x10%)(1200x107®) =360 x10° N

4, =(30)(10) =300 mm*

R, =0y 4, =(300x10°)(300x107°) =90x10°N

4; =(30)(10) = 300 mm”

R, =%0YA2 =%(300x106)(300><10‘6)=45><103N

$ =65mm=65x10"m y,=45mm=45x10"m  y, =20 mm=20x10"m

(@) M =2(Ry, +Ryy; + Ryy;) = 2{(360)(65) + (90)(45) + (45)(20);

=56.7x10° N-m M =567kN-m 4
9 -3
®) Yy _Oy _ Eyy _(200x10 )(306><10 ) p=20m 4
E Oy 300x10
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16 kips PROBLEM 4.202

4 2
P / A short column is made by nailing four 1x4-in. planks to a 4Xx4-in.
timber. Determine the largest compressive stress created in the column by a
16-kip load applied as shown in the center of the top section of the timber if
(a) the column is as described, (b) plank 1 is removed, (c) planks 1 and 2 are

\ removed, (d) planks 1, 2, and 3 are removed, (e) all planks are removed.

SOLUTION
(a)  Centric loading: M=0 o-z_g
77 .
A ¢ "/ Y A=A + @D)A) =32in”
[
“ / 3
é///é o =-1 ?210 o =500 psi 4
()  Eccentric loading: M = Pe G:—E—E
A T =77 —
2.5 MCoddY N-A
A= (4)(4)+(3)(1)(3) =28 in2 e= )_/ y s f/, . 1 \C
y yyyé 4
y= ij = (1)(42)22‘5) 035714 in, 4

I1=3( +A4d*) = 5(6)(4)3 +(6)(4)(0.35714)*
+ %(4)(1)3 +(4)(1)(2.14286)* =53.762 in*

_16x10°  (16x10°)(0.35714)(2.35714)

o= o=-822psi 4
28 53.762

. . P

(¢) Centric loading: M=0 O':—Z

& in. A=(6)(4)=24 in’

< N 6)(4)
. . 3

A o=_16X10 =667 psi 4

4 1.

NN\

0// 24
V4
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(d) Eccentric loading:

(e)  Centric

4,

loading:

4n.
=
V' /

7/

PROBLEM 4.202 (Continued)

M=pe o=-L_Te
4 1
A=(4)(1) = (1)(4)(1) = 20 in> e=%

x=25-2=051n.

I= %(4)(5)3 =41.667 in*

_16x10°  (16x10°)(0.5)(2.5)
20 41.667

A=(4)(4)=16 in’

_16x10°
16

NANNANY

-:- % 4in.

Z
x 2in
N-R-12.5 tn.
o =-1280 psi 4
o =-1000 psi 4
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PROBLEM 4.203

Two thin strips of the same material and same cross
M, M ﬁ% section are bent by couples of the same magnitude
and glued together. After the two surfaces of

M, ( 2 S 2\ » U%% o, contact have begn securely bondedz the couples are
! removed. Denoting by &, the maximum stress and

4.5 oy by p, the radius of curvature of each strip while

b the couples were applied, determine (a) the final

stresses at points 4, B, C, and D, (b) the final radius
of curvature.

SOLUTION

Let b = width and t = thickness of one strip.

Loading one strip, M = M,

I = ibﬁ, R
12 2
M oM,

O =——=—7

I bt

LM 12,

p, EIL  EP

After M is applied to each of the strips, the stresses are those given in the sketch above. They are
c,=-0,, Oz =0, Oc =-0,, Op =0,

The total bending couple is 2M.

After the strips are glued together, this couple is removed.
’ ’ 1 3 2 3
M =2M,, I'=—>b2t)y ==bt" c=t
12 3

The stresses removed are

MYy _2My _ 3M,y

O'/:— =
I 2 bt?
_3M, 1 _ B _3M, 1
U= pr % T =% =0 =5 =50
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(a) Final stresses:

(b)  Final radius:

PROBLEM 4.203 (Continued)

1
=-0,— (—50'1)
1
=0~ 50'1

L
4 p

1
O'A=—EO'1 |
oy =0, 4
o, =-0,4
1
Op =0 <
ngpl <
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CHAPTER S






P PROBLEM 5.1
A] L5 (f For the beam and loading shown, (a) draw the shear and bending-moment
v . =k diagrams, (b) determine the equations of the shear and bending-moment
’*a b curves.
. L
SOLUTION
Reactions:
(+IMy =0: LA—bP =0 A:PTZ’
\'s
M )IM, =0: LC—aP =0 c=ta
) am0 :
Pbe > From A4 to B: O<x<a
L e =0 P2y 2o
L
P
i y- P g
L
4 Pb
M, =0: M-—x=0
le O — b +‘> J
A pa— > c L
Pbx
A% M=— 4
v v
A 2 S From B to C: a<x<lL CK ke
Pa.
T B R NS | -x — Pa
y L L
M
p2 I V = —& 4
L L
Pa
. o =My = 0: M+ (L=x) =0
(o} a L
M= Pa(L — x) <
L
At section B: M = PL;’;b <4
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w PROBLEM 5.2

A l l l l l l l l l l l l l l l l l B For the beam and loading shown, (a) draw the shear and bending-moment
diagrams, (b) determine the equations of the shear and bending-moment
£ curves.
SOLUTION
Reactions:
iWL )M, = 0: —AL+wL-§=O A:WTL
i =M, = 0 BL—wLé:o B=W7L
A B
W
Free body diagram for determining reactions. “l U [H “ M
! D
Over whole beam, 0<x<L wl
3 N A

Place section at x.

wxX
Replace distributed load by equivalent concentrated load. A Jl 5
+T wL WL“ "'}I'"J
EFyZO: T—WX—VZO —2- "V
V=w —- x) <
v
wlL/2 M

. wl”
. 2
Iy \J_X
| ¥
-wWL/2 A 8

+‘>EMJ =0: —WTLx+wx§+M=0

M = %(Lx - x2)

. . L
Maximum bending moment occurs at x = E
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w PROBLEM 5.3

A C  For the beam and loading shown, (a) draw the shear and bending-
- moment diagrams, (b) determine the equations of the shear and
L ! bending-moment curves.
SOLUTION FromAtoB (0<x<a):
w
w
\II_H\) M
A vy y B A ———"‘"LI
<— >|
o H2F =0 —wx-V=0
~< L >
V =-wx 4
Y} L X
a XM, =0: (W)= +M =0
| % 2
\I wx®
M=-—4
-Wa 2
M FromBtoC (a<x<L):
. o a
K
o~ s
- wos :,-\j
2 »l‘- ->|
- -2 vy
wali9) !“ S
HEF =0 —wa-V =0 V= -wa 4
+‘>ZMJ=0: (wa)(x—%)+M=0 M=—wa[x—%]<
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wy PROBLEM 5.4

For the beam and loading shown, (a) draw the shear and bending-moment

A
‘| B & diagrams, (b) determine the equations of the shear and bending-moment
' curves.
I wW,X
SOLUTION 7 X

fn:EEﬂIE. JAx L
A'-'———x_-;D 3 y

Yv

Hsp o JImr Ly
Y 2 L
v B V:—_Woxz 4
A X 2L
D)EM, = 0; l% X-Z4M=
-Wl
2 M _wox3 <
6L
M 8 At x =1L,
A * L L
W, W,
-t Vi =4 4
—-‘YP—,-} w2 w2
g M:_OT |M|max = 06 4
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PROBLEM 5.5

For the beam and loading shown, (a) draw the shear and bending-moment
diagrams, (b) determine the equations of the shear and bending-moment

curves.
L
SOLUTION
v wa. Reactions: A=D=wa
\ From A4 to B: 0<x<a
Lta « w
e M WX
\\J o) LTDM
wa w ]
M Y wo vV
._-zlwo‘, +T XF,=0: wa-wx-V=
V=wa-x) 4
A B < o
+‘>ZMJ =0: —wax+(wx)§+M=0
1wu
2
7 j Mzw(ax——] <
-;2&_ 2
wa X VV From B to C: a<x<L-a
XF,=0: wa—wa-V =0
V=0 <4
\ Jku—l-'”
MC ]r +‘>ZMJ=0: —wax+wa[x—%j+M=O Mzéwazi
JL-X - FromCtoD: L-a<x<lL
v, b HEF =0 V-wl-x)+wa=0
-x)
M IW(L V=wlL-x-a) 4
CJf_.__ L-x
T XM, =0 —M —w(L - x) +wa(L —x) =0

M:ww@—m—%@—mﬁ<
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PROBLEM 5.6

For the beam and loading shown, (a) draw the shear and bending-moment

diagrams, (b) determine the equations of the shear and bending-moment
curves.

SOLUTION

Calculate reactions after replacing distributed load by an equivalent
concentrated load.

, M
Reactions are 4)

*

A=D=%W(L—2a) \%

{ -
From A4 to B: O<x<a EW(L a)

+Tsz =0: %W(L —2a)-V =0
1
V ==w( -2a) 4
2
1
+)IM = 0: — WL =2a)+ M =0

M = %W(L - 2a)x 4

From B to C: a<x<L-a
poX—d
2
i Al
l ,
j‘&‘—i"——’wv X {Ll
3 W(L-2a) Tw(L-20) Y

Place section cut at x. Replace distributed load by equivalent concentrated
load.

+T2Fy=0: %w(L—2a)—w(x—a)—V=0 V=w(§—x]<

M, =0: —%W(L —2a)x + w(x — a)(x ; “j +M =0

M = %w[(L - 2a)x — (x — a)*] 4
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PROBLEM 5.6 (Continued)

From Cto D: L—-a<x<L

+TZFy =0: V +%W(L —2a)=0

MC v V=—%(L—2a)4

1
.L.x%%w(,__zﬂ )M, = 0: M +—w(L = 2a)L = %) = 0

M = %W(L —2a)(L -x) 4

2 2
At x = =, M. =w -] <
§ 2
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300 Ib 2401b  3601b

P

PROBLEM 5.7

Draw the shear and bending-moment diagrams for the beam and

A :ﬁ‘%g loading shown, and determine the maximum absolute value (a) of the
| | | | shear, (b) of the bending moment.
4in. ' 3in. ' 4in. ' 5in.
SOLUTION 300/ zyolh | 2604
p & D YE£ B8
e 4 | 3 | tin o ]
g 165 )
Reactions: +‘>ZM c=0: (300)(4) - (240)(3) — (360)(7) +12B=0 B =1701b T
2000t +XF, =0: -300+C-240-360+170=0 € =7301b 7"
f ’_"_—_—_'_:olj M From 4 to C:
a
b= —- +HXF, =0: -300-¥=0 ¥ =-3000b
y)
P sl o ®'>M +‘>ZM1 =0: (BO0O)Yx)+M =0 M =-300x
--—ﬂ’—'—ngo/b y - From C to D:
*
H2F,=0: -300+730-V =0 ¥ =+4301b
360 Ib
v, 2 XM, =0 (300)x — (730)(x —4) + M =0
- __
P '|| o N ol M = -2920 + 430x
: 164, | From D to E:
HXF, =0 ¥-360+170=0 ¥ =+1901b
v B
(1 . +‘>ZM3 =0: (170)(16—-x)—(360)11—x)—-M =0
v -y Y0l
--- M = -1240 + 190x
e y/ 7
From E to B:
+H2F,=0: ¥+170=0 ¥ =-170b
XM, =0: (170)(16—x)—M =0
V1| vozom +190 Ib |V [: 430 /6 M = 2720 —170x
o N\ . o
P AN NN oot () V] . =4301b <
M % 141, 8 b in
o .

. W 0 . £
X =/200/b+In

lM"”"VI = /200 losinm
(b) |M|__=12001b-in <
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200N 200 N 500 N 200 N

A
A cY D E VB

300 225

300 225

Dimensions in mm

PROBLEM 5.8

Draw the shear and bending-moment diagrams for the beam and
loading shown, and determine the maximum absolute value (@) of the
shear, (b) of the bending moment.

SOLUTION
v.(\)
200
|00
c b E
A g "
YY) l
-300
M (N-m)
61 S
£ 37.5 -
e @

+H2F =0:

+‘>ZMC =0:

V

At B,

At ET,

+T XF,=0:
+‘>ZME =0:
At DY,

+T XF, =0

200 Soo

| 1

dsz 300 -l-,zz:-a

V<22S’l
V—200=0 ¥V = 200N

— M - (0.225)(200) = 0

M =-45N"-m
M S0 | 200
C Y
V k300 225

V +500—200 = 0
(@) V =-300N <«
— M + (0.3)(500) — (0.525)(200) = 0
M =45N-m

200

V =200+ 500-200=0 V =-100N

— M - (0.225)(200) + (0.525)(500) — (0.75)(200) = 0

(b) M =675N-m <
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PROBLEM 5.8 (Continued)
At A,
t 29 290 g,

O O
V‘* 300 228k 300 - 229

+T ZFy =0: V-200-200+500-200=0 FV =100N

+~>ZMA =0: —M —(0.3)(200) — (0.525)(200) + (0.825)(500) — (1.05)(200) = 0
M =37.5N -m
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12 kN/m 40 kN PROBLEM 5.9
P c Y B Draw the shear and bending-moment diagrams for the beam and loading
8 shown, and determine the maximum absolute value (a) of the shear,
(b) of the bending moment.
2m 1m 4’1
SOLUTION
Reactions:
+‘>ZMC =0: —-24+ D24 -1)40)=0
lZAsz\l lﬁrom A =-8kN =8kN |
Y +‘>ZMA =0: 2C-D24) -(3)40)=0
et ptm Jtm C = 72kN = 72kN T
< Ato C. 0<x<2m
N, kN
4o 12 KN/ l"z" M
T Lt 7)
\_3?_ HEF,=0: —8-12x-V =0 V=(8-12x)kN
™M, kN.m +‘>ZMJ=0: —8x—(l2x)£§)—M=O
A = B ‘ M = (-8x — 6x*)kN - m
} —
CtoB. 2m < x < 3m
Mo AORNl vy E -0 v -40=0
~40 V = 40kN

e (3-X) —>1

(x
v
XM =0: —M ~(3-x)40) =0

M = (40x —120) kKN - m
From the diagrams, (a) |V|max = 40.0kN <«

(b) M| =40.0kN-m <«
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PROBLEM 5.10

o 15 kips
2 kips/ft I
Draw the shear and bending-moment diagrams for the beam and loading
c DY B shown, and determine the maximum absolute value (a) of the shear, (b)
A of the bending moment.
~—4 ft 4 ft 4 ft—
SOLUTION At 2 kip 4 2%
0<x<4ft A M M
— D
x> K
\4Y; \s
V (kips) H¥F,=0: -V-2x=0 ¥ =-2xkips
h ¢ o =
X XM, =0: M+ (2x)(§] =0
3 M = —xkip - ft
-23 L o
At C, V =-8kips M =-16kip-ft
M (kip Ht) At D, Z'ig kips M
A c ° B v 5
o ——
-43
+HXF =0 8-V =0 ¥ =-8kips
DEIMp =0 (6)®)-M=0 M=-48kip-ft
- 140 At B, 2 ki?s IS k'\PS
| M
| ),
A4 XF =0: -8-15-V=0 v
V = -23 kips
+‘>ZMB =0: —-10®)-@#15-M =0
M = -140 kip - ft
From the diagrams: (a) |V|max = 23.0 kips 4

(b) |M|__ =140.0kip-ft «
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E PROBLEM 5.11

— O F
3 mL W
[© )B Draw the shear and bending-moment diagrams for the beam and
A lC D l loading shown, and determine the maximum absolute value (@) of
L 60 kips L 60 kips
8 in. —=

the shear, (b) of the bending moment.

8 in. —|

8in.—>l<—

SOLUTION
Reactions:
FEF
~—nF DEM,=0: 3F — (8)(60) — (24)(60) = 0
Ax A C ,] .
P& Fyp = 640 kips
Ayl g, k;‘,sl 4o k‘.‘,J FLYF . =0: A —640=0 A = 640 kips —
V(kips) +2F,=0: 4,-60-60=0 4, =120kips T
120 From 4 to C: (0 < x < 8in.)
6o M +T ZFy =0:
&40 kips A 3?
S y N X N 120-V =0
C
A \20 kips [€ % Ty ¥ =120 kips
M (kip-in.) " DEM, =0: M-120x=0 M =120xkip-in
[o]
960 From C to D: (8 in. < x < 16in.)
p__® HXF =0: 120-60-7 =0 ¥ = 60 kips
A c l//
- 480 XM, =0: M —120x +60(x —8) = 0
M = (60x + 480)kips - in
G40 kips A C M From D to B: (16in. < x < 241in.)
T >
] éOk?psl N 1 SF =0: ¥-60=0 ¥ =60kips
- 8 {n.->] XM, =0: —M —6024—x) =0
T X M = (60x — 1440) kip - in
\ A

(@ V| =120.0kips <«

( 3
™ l (b) M| =1440kip-in = 120.0kip - ft «
60 kI'V$

(24~ wm.
___.._.__)|

<
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i 250 mm i 250 mm i 250 mm_ PROBLEM 5_12
[

|
\B Draw the shear and bending-moment diagrams for the beam and loading

A
A c D =8 . .
shown, and determine the maximum absolute value (a) of the shear, (b) of
50 mm —§  —] |~ 50 mm the bending moment.
75N 75N

SOLUTION
Reaction at 4: +‘>MB =0: =0.750 R, + (0.550)(75) + (0.300)(75) =0 V.| N sc

R, =85NT
Also, Ry =65NT

10
Ato C: V =85N
CtoD: V' =10N
D to B: V =—65N
-65

At A and B, M =0 M New

Just to the left of C,
)Mo = 0: —(0.25)(85) + M =0
M =2125N-m

M
A C «M .
9 \
\ ~ /
25 % s v
S IR 7s
Just to the right of C, A () j ™M
DEMe = 0: —(0.25)(85) + (0.050)(75) + M = 0 / Ei v
M =1750N - m 25
Just to the left of D, »
DEMp =0: ~(0.50)(85) + (0.300)(75) + M =0 v o
M =20N-m MC B
Just to the right of D, |<—0 %
L, 43—
D)EMp, =0: —M +(0.25)(65) = 0 es
M =1625kN
(@) V],..= 85.0N <«

(b)  IM|,=2125N-m <«
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24 kips

PROBLEM 5.13

2 kips/ft 2 kips/ft
C D E Assuming that the reaction of the ground is uniformly distributed, draw
A B the shear and bending-moment diagrams for the beam 4B and determine
’ the maximum absolute value (a) of the shear, (b) of the bending
3ft  3ft  3ft | 3ft moment.
SOLUTION
24 ki
2 Vipa/ft l od 2 Wios/ft Over the whole beam,
I Ir_ b E B . _ _ .
A A A +T2Fy =0: 2w-3)12)-24-3)(2)=0 w = 3 kips/ft
PNV P —
38 36 3F 3Fc Ato C: 0<sx<3ft)
V, kips .
3 12 2 Wips /St
a v vy 77M
{ > ? & A 1 ‘J
A M N *x
-3 3 kips/t
YWV
-\2 ‘4——>|x
M) k‘\P -'H‘
=7 +TZFy =0: 3x-2x-V =0 V = (x) kips
+EM, =00 -BO)=+Q@0)=+M =0 M = (0.5 kip - ft
4.5 4.5 2 2
Y AtC, x=3ft
V =3kips, M =45kip-ft
CtoD: (@ft<x<6ft)
35t .
";;ﬁ/;ﬂ +¢2Fy =0: 3x-2)3) -V =0 V = (3x — 6) kips

[ M
MITTT11 9

3 kips /&t

i

)EMK = 0: —(3x)(§j + (2)(3)(x - %j +M =0
M = (1.5x% — 6x + 9) kip - ft
AtD7 x =6ft

V =12 kips, M =27kip - ft

Dto B: Use symmetry to evaluate.

(a) V] = 12.00 kips <

(b) M|, =27.0kip - ft 4

max
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L5 kN L5 kN PROBLEM 5.14

cyY Dl Assuming that the reaction of the ground is uniformly distributed, draw
Al B the shear and bending-moment diagrams for the beam 4B and determine
' ’ the maximum absolute value (a) of the shear, (b) of the bending
"0.3m 09m '0.3m moment.
SOLUTION
Over the whole beam,
.S bV L5 kN +¢2Fy =0: 1.5w—-15-15=0 w = 2 kN/m
A ¥ (5) A__JDM
Mg - ﬂ_”,]l
e— (Eaty
v (kN AtoC: 0<x<03m
09
0.6 T
HIZF, =00 2x-V =0 V = (2x) kN
l/ > +‘)ZM, =0: —(2x)(§] +M =0 M = (x*)kN -m
_.o.e
-0.9 AtC; x=03m
M (N-m) V' =0.6kN, M =0.090kN -m
9o 9o =90N -m
N CtoD: 03m<x<l2m
¥ f
HIEF, =0 2x—-15-V =0 V=02x-15kN
-H2.5 +‘>ZMJ =0: —(2x)(§]+(1.5)(x—0.3)+M=O

M =(x*-15x+045) kN - m
At the center of the beam: x = 0.75 m

V=0 M =—-0.1125kN - m
=-1125N -m

AtC; x =03m, V =-09kN

(@) Maximum |[V| = 0.9 kN = 900 N <«
(b) Maximum [M|=1125N -m 4
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3kN  3kN PROBLEM 5.15

1.8 kN/m
v v 80 mm

For the beam and loading shown, determine the maximum

l l 1 l l l l l l l l l l l l . _)He—F normal stress due to bending on a transverse section at C.

300 mm

b

1.5 m->t<1.5m-><1.5m >

SOLUTION
Reaction at 4:
DMy =0 —454+(3.0)3) + (1.5)3) + (1.8)(4.5)(2.25) = 0 A=705kN T
Use AC as free body.
D)IM = 0: Mc — (7.05)(1.5) + (1.8)(1.5)(0.75) = 0 1.8 N/
Mg =855kN -m=855x10°N-m YRR M,
[ =L = i(80)(300)3 =180 % 10° mm* A A D
12 12 < |.§ c
=180x 10 m* Vc
1 7.05k\N
c= 5(300) =150 mm = 0.150 m
3
- Me _ B35X10)O150) _ 5 155510 pa o =7.13 MPa <«

1 180 x107°
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2000 b i PROBLEM 5.16

200 Ib/ft
l C[ I I 1 I - For the beam and loading shown, determine the maximum normal
Al 5 D 8in. stress due to bending on a transverse section at C.
D
T4k U 4t T 6ft
SOLUTION
Use CB as free body. 200 J b I‘F't
6 M \
)M =0: —M — (200)(6) 5]=0
T B
M =-3600Ib - ft = Gc ¥t —>|
=-432x10’1b - in
For rectangular section, 1= éb}f = 5(4)(8)3 =170.667 in’
c= lh =4 in.
2

o= Mlc  (43.2x10%)(4)
I 170.667

=1.0125x 10’ psi o =1.013ksi 4
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8 kN PROBLEM 5.17

3 kN/m

CI 1 I 1 I I I  / For the beam and loading shown, determine the maximum
Al B I normal stress due to bending on a transverse section at C.
N e

‘ W310 X 60
1.5m | 2.1m

SOLUTION
Use portion CB as free body.
XMo=0: —-M+3)2.1)1.05 + (8)(2.1) =0
) M =23415kN -m =23.415%x10° N -m

3t /m 3 kN
MCHHHJ/v For W310x 60 : S = 844 x 10> mm>
S m— = 844 %100 m’
v e —— 2.1 ——l

M 3
| |:w=27'7x106 Pa

Normal stress: 0 = — —
S 844 %10

o =27.7MPa 4
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30kN 50 kN 50 kN 30 kN PROBLEM 5.18

l l la l l W310 X 52 For the beam and loading shown, determine the maximum normal
A) : | B tr to bending on section a-a.
s . ; " stress due to bending on section a-a

SOLUTION
Reactions: By symmetry, A=B8B
+XF, =0: A=B=80kN|

Using left half of beam as free body,

ng lso M +‘>ZMJ=0:

—(80)(2) + (30)(1.2) + (50)(0.4) + M =0
A I
J‘ J M =104kN -m =104 x10° N - m
B B Y=
%0 \AY
For W310x52: S =747 x10°mm’
=747 %x107°m’
3
Normal stress: o= M = &106 =139.2x10° Pa

S 747x10”

o =139.2 MPa <«
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5 5 2 2 2
kips kips kips kips kips

fehotatete T

Al i
N

ﬁ:
S8 X 184
LG@ 15in. = 90 in.

PROBLEM 5.19

For the beam and loading shown, determine the maximum normal
stress due to bending on a transverse section at C.

For S8 x18.4, S =144 in’

Normal stress: o=

M _ 1425
S 144

SOLUTION
5 5 2 2 2 Use entire beam as free body.
LI b e
A ] B 904 + (75)(5) + (60)(5) + (45)(2) + B0)2) + (15(2) =0
A) BA A =95kips |
Use portion AC as free body.
A 5"" DEMe = 0: M —(15)9.5) = 0 |
\ M =142.5kip - in
N
a.5 kips

0 =990ksi <
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150 kN 150 kN

PROBLEM 5.20
90 kN/m
1 l; I I 1 10 L2 lE For the beam and loading shown, determine the maximum
A 'B normal stress due to bending on a transverse section at C.
s

‘ ‘ ‘ W460 X 113

2.4m 1 |
0.8 m \f m

— 0.8 m

SOLUTION
Use entire beam as free body.
'216 kN XMy =0:
Qo k/w \} 150 &N 55 kn —4.84 + (3.6)(216) + (1.6)(150) + (0.8)(150) = 0
EREERR J.v Jv 4 =237kN]
A \
A B
Use portion AC as free body.
| .
| 216 kN XM =0:
Q0 kN fen ", M — (2.4)(237) + (1.2)(216) = 0
M =309.6kN -m
Y y y 4 M
£ 53 For W460x 113, S = 2390 x 10°mm’
2.4 Vv Normal stress:
237 kN

M 309.6x10°N - m

S 2390 x107°m?
=129.5x10° Pa

o =129.5 MPa 4
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PROBLEM 5.21

25 kips | 25 kips 125 kips
Yc yD E Draw the shear and bending-moment diagrams for the beam
4 A Igi I and loading shown and determine the maximum normal stress
‘ | s12x35  due to bending.
— | 6 ft | 1
1ft 2ft 2 ft
SOLUTION
V (kips)
f 2.5 +‘>ZMB =0:
2.5 B (1D(25) -10C + (8)(25) + (2)(25) =0 C =525 kipsT
Al s E
L 125 -225 +‘>ZMC =0:
M (K“P"ﬁ) D25) - (2)(25) - (8)(25) +10B =0 B = 22.5kips
-l Shear:
3o
Ato C: V =-25Kkips
X
\/ C'toD™: ¥V =27.5kips
-25
25 " D'toE: V =25kips
A e j E'toB:  V =-225kips
Ny Bending moments:
1%
AtC, +)2XM-=0:(D25h+M =0
s’ W JEMe =0:()23)

M = -25kip - ft
AtD, +)IM, =0:(3)25 - (2)(52.5+M =0

M =30kip - ft
AtE, )XMp=0: —M+(2)(225 =0 M =45kip - ft

max|M| = 45kip - ft = 540 kip - in

For S12 x 35 rolled steel section: S = 38.11in>
M
Normal stress: o = % = % =14.17 ksi o =14.17ksi 4
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PROBLEM 5.22

24 kN/m
64 kN - m
‘ # ¢ D Draw the shear and bending-moment diagrams for the beam
4 = B I and loading shown and determine the maximum normal stress
AN S B .
s250 x 52 due to bending.
L—Zm 2m~>L—2m—>
SOLUTION Reactions:
+)2XMy=0: 44-64—-(24)(2)(1) =0 A =28kN
24 Wfen )My 9 |
G4 kN AXF =0: —28+D-@4H2) =0 D=76kN|
1 4 4 Y
= B Ato C: 0<x<2m
\ C
AY DT p N IR =0 -v-28=0
l-<—2m—>+——2m—->|<—?_m_> ¥ NM V = -28 kN
28 kN
M 43 DEM,; =0: M +28x =0
M = (-28x) kN - m
% Cto D: 2m < x < 4m
o4 kN
n_ ‘“5 1 3F =0 -V -28=0
-28 “ V = -28kN
Y VV
S TOTON 28k DEM; =0: M+28x-64=0
M = (-28x +64)kN - m
EN x DtoB: 4m < x < 6m
24 kN -0 -
\/ /v +T SF,=0:
56 -48 M(J’ Y Ya V—-246-x)=0
V = (-24x + 144) kN
Vi (6-X)m

+‘>ZM‘,=O:

—M—24(6—x)(6_x] =0
2

M =-12(6 — x)> kN - m
max|M| =56 kN-m =56x10° N -m
For S250 x 52 section, S = 482 x 10° mm*

|M| 56 x10°N-m
482 x 10°m’

o =1162MPa 4

Normal Stress: o = =116.2x10° Pa
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{\% kN

Statics: Consider portion AB and BE separately.

80 kN/m 160 kN PROBLEM 5.23
By {C lD . Draw the shear and bending-moment diagrams for the beam
A /P’\ 3 | E E and loading shown and determine the maximum normal
Hingj W310 X 60 stress due to bending.
<—24m
/A 15m 15m
0.6 m
SOLUTION

hB kN j60kN Portion BE:
PORNfm T cé:ﬁTO\Sm
QHHM\JE L e 42 __F XM, =0:
L}: PR S e (96)(3.6) + (48)(3.3) — C(3) + (160)(1.5) = 0
96k PN TS r
- - C =248kN T
E =56kN T
M,=My=M;=0
At midpoint of 4B:
a
—{—'—é < SF,=0: V=0
a ) “) M YM =0: M =(96)1.2) - (96)(0.6) = 57.6 kN - m
GkN r I»LV“ Just to the left of C:
il SF,=0: V=-96-48 = —144kN
Gl SMgo=0: M =—(96)(0.6) — (48)(0.3) = ~72 kN
), &
B ¢5M Just to the left of D:
kN v v SF,=0: ¥V =160-56=+104kN
/5""‘"(! YMp=0: M =(56)15)=+84kN - m
' JE
Y ch'D 4
am | 5hkN
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PROBLEM 5.23 (Continued)

From the diagram:

V(kN) 0% M| =84kN-m=84x10°N-m
[ : I’ For W310 x 60 rolled steel shape,
S, = 844 x 10°mm’
= 844 x 10™°m’
PN |
M (kNewn) | - 14 Stress: 0, = %
576 | 84
~ .
l ) c, = _Sax10” 10_6 =99.5x10° Pa
£ A 844 x 10

0, =99.5MPa <
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25 kN/m

PROBLEM 5.24

40 kN - m l l l
C
Al l l l l 1 B I Draw the shear and bending-moment diagrams for the
A beam and loading shown and determine the maximum
L ‘ W200 X313 normal stress due to bending.
1.6 m—-| 3.2m
SOLUTION
25 1/ Reaction at A:
™
A0 kn\.va +‘>ZMB =0: —484+40+ (25)(3.2)1.6) =0
(A CVv ¥ Y v v ¥ ’B
y | A=35kN1
A 3
VL P A0 C: 0<x<l6m
V(kN)
35 40 kN ) H2F,=0:35-V=0 V=35kN
A J
4
. \ | <_x—4,VM SEM, =0: M +40-35c=0
R 35 kN
N M = (30x — 40)kN - m
1.4 -
= 45 Cto B: 1.6m < x < 4.8m
M (kN .w) 40.5

+ 2F, =0:35-25(x-1.6)-V =0

40 kN zi_“_l:'"g V = (-25x + 75) kN
( D) 0.
= 2 )My =0: M + 40— 35x
35 kN | ry _16
o + (25)(x—1.6)(x S j =0

M = (-12.5x% + 75x —= 72) kKN - m

Normal stress: For W200 x 31.3, S = 298 x 10* mm’®

o =
S

_ M| _405x10°N-m

08X 10 =1359x10°Pa 0 =1359MPa <
X m
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5 kips 10 kips PROBLEM 5.25
c VD Draw the shear and bending-moment diagrams for the beam
A B I and loading shown, and determine the maximum normal stress
s due to bending.
J W14 X 22
<5 ft—t 8 ft 5 ft
SOLUTION V, keps
5.764
Reaction at C: +‘>ZMB =0: (I18)(5) —13C +(5)(10) =0
C =10.769 kips
x
Reaction at B: +‘> M-=0: (5 -@®10)+13B=0
B =4.231kips
= —4.231
Shear diagram:
Ato C™ V = -5 kips M, kip-ft
2).15%8
C'toD™: V' =-5+10.769 = 5.769 kips
D" toB: V =5.769 —10 = —4.231 kips e
At A and B, M =0
AtC, )M = 0: (5)(5) + Mg =0 D1

5
JA

c

D)

k- st =

At D,

M|

max

For W14 x 22 rolled steel section,

Normal stress:

y

occurs at C.

M.

M. = -25kip - ft

My

D €

W s

DIMp = 0: -Mp, + (5)(4.231)
M, =21.155kip - fi

S =29.0 in’
M _ 300
S 290

V| . =5.77kips 4

M|, =25 kip - ft = 300 kip - in <

o =10.34 ksi 4
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PROBLEM 5.26

Knowing that W = 12kN, draw the shear and bending-moment
diagrams for beam AB and determine the maximum normal
stress due to bending.

8 kN 8 kN
C D E W310 X 23.8

Al
e
l*l m*L—l m->-=<1 m*Ll m*’

SOLUTION

V (kN)

-4

By symmetry, 4 = B
ALF =00 4-8+12-84B=0

A=B=2kN
Shear: AtoC™: V =2kN <
C"toD: V = -6 kN <
D" toE™: V =6kN <4
E* to B: V =-2kN <4

Bending moment:

AtC, DEMe =0: Mg~ (1)(2) =0

s ¢ &M
T

2th VY
AtD, +IMp, =0 My —2)2) +®1) =0

M. =2kN-m <

M, —4kN-m <
By symmetry, M =2kN-matFE. M;=2kN -m «
max|M| =4 kN - m occurs at E.

For W310x23.8, S =280x10°mm’ = 280 x10°m’

M|, 4x10°
Normal stress: Opax = = =
S, 280 x 10
=14.29x10°Pa Cpa = 14.29 MPa <
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o

&

A
w

PROBLEM 5.27

Determine (a) the magnitude of the counterweight W for which
the maximum absolute value of the bending moment in the beam
is as small as possible, (b) the corresponding maximum normal
stress due to bending. (Hint: Draw the bending-moment diagram

bending moments obtained.)

\ B

s -4
l*l m*L—l m->j=<1 1n+Ll m*’

BN 2 and equate the absolute values of the largest positive and negative
c D E W310 X 23.8

SOLUTION
By symmetry, A=B
+T2Fy =0: A-8+W -8+B=0
A=B=8-05W
Bending moment at C: +‘>ZMC =0: -@-05W)D+M,=0

M. =(@®-057)kN -m

Bending moment at D:

Equate:

(a)

()

DEMp = 0: =8~ 0.5W)(2) + 8)(1) + M,
M,=@8-W)kN-m

M, =M, W-8=8-05W

W =10.6667 kN
¢ = —2.6667kN - m

M, = 2.6667kN -m = 2.6667.10°N - m

|M| e = 2.6667 kN - m

For W310 x 23.8 rolled steel shape,
S, =280x10°mm® = 280 x 10°m’

3
o IM| ax _ 2.6667 x 10 —952%10°Pa

max S 280 % 107°

P

L

- FIM"le

g-0.5W W

W =10.67 kN <«

Opax = 952 MPa <
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4 kips/ft PROBLEM 5.28

A l}il l 1 l l 1 C E Determine (a) the distance a for which the absolute value
] Hinge Wrrr P of the bending moment ir} the beam is as small as possible,
(b) the corresponding maximum normal stress due to bending.
! 18 ft (See hint of Prob. 5.27.)
SOLUTION
4‘ k'\Ps/-F\-
For W14 x 68, S, =103in’ 1]
' Bx [C 4kips/Fr
Let b= (18— a) ft Vg [— b ——¢ & ] ‘5’1
3
Segment BC: M M= Fotvepalbr e x o
By symmetry, V; =C 1 J Yy
i B
+12Fy=0: Vp+C—-4b=0 B I c
o= T
=
+‘>ZMJ =0: FVzx+ (4x)(§] -M=0 4\lps/Fr
i)
- Y 4
M =Vyx—2x% = 2bx - 22 Ib- fi M, ‘j{“i"’(i‘ (%
aM i Cf vl
—=2b-x,=0 X, =—=b l—— a. —> v,
dx 2 Va Y 8
V,
M —p lbz _ lbz ™M 2

max 2 2 A 7‘ 8
Segment AB: M = -36a

(a)

()

DIMy = 0: —4(a - x)(“—;x)
—Vya—x)-M =0
M = -2(a — x)* + 2b(a - x)
IM o
M | = —2a* = 2ab = —2a* — 2a(18 — a) = 36a

|occurs at x = 0.

Equate the two values of |M

max |

C 36a=—p = l(18 —a)* =162 - 18a L
2 2 2

1
Ea2 —54a+162=0 a=54% \/(54)2 - @($)a62)

a =54£509118 = 3.0883 ft a=3.09ft <4

M|, =36a=111.179 kip - ft = 1334.15 kip - in

max

M|, 133415
S 103

X

c = 12.95 kips/in* o, =12.95ksi 4
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PROBLEM 5.29

2 kips
0.8 kips 2 s 1.2 kips . . .
l Determine (a) the distance a for which the absolute value of the
A" ¢ U L 22 B I bending moment in the beam is as small as possible, (b) the
A . corresponding maximum normal stress due to bending. (See hint of
| ’ ’ $3X5T  Prob. 5.27.)
T |

a  15ft  12ft 09ft

SOLUTION

D)X Me=0:08a—(1.5(12) - 2712 +(3.60B=0 B=14-022222a"
XMy =0:(0.8)(3.6 + a) —3.6C + (2.1)(1.2) + (0.9)(12) =0 € =1.8+0.22222a T

0.8 Bending moment at C: +‘>ZMC =0: M-+ (0.8)a)=0

R 5\ M¢ = ~08a
v

l<-a~->i ‘4—(1-*“

Bending momentatD: XM, =0:

0-3 %o M, + (0.8)(a +1.5) = 1.5C = 0
M, =1.5-0.46667a
L—MH.S—v‘ b
c v Bending moment at £ +‘>ZME =0:-M;+09B8=0
My My =126 024
C Assume -M. =M, : 0.8a=126-0.2a a=126ft 4
A [ §
V-0, Mg =-1.008kip-ft M, =1.008 kip-ft M, = 0.912 kip - ft

Note that [M | < 1.008 kip - ft ~ max |M| = 1.008 kip - ft = 12.096 kip - in

For rolled steel section S3x 5.7 : S =1.67in>
M . .
Normal stress: o= U = 12.096 o = 7.24ksi 4
S 1.67
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P Q PROBLEM 5.30

12 mm
’- 500 mm—={<—500 mm — |<—>'
cV D | T Knowing that P = Q = 480 N, determine (@) the distance a
Afe B D 18mm  for which the absolute value of the bending moment in the
beam is as small as possible, (b) the corresponding maximum
. ‘ normal stress due to bending. (See hint of Prob. 5.27.)
SOLUTION
P=480N  Q=480N ML\“"“‘M\
Reaction at A4: +‘>ZMD =0: —Aa+ 480(a —0.5)
-4801—a)=0
A=(960—E)N t\ D B x
a A C
Bending moment at C: +‘>2Mc =0: =054+ M,=0
MC=0.5A=(480—@)N~m -
a
M

Al CI D c

]\6 0.5 ™
A Vv

= O
Bending moment at D: +‘>ZMD =0: -M;,-480(1-a)=0 \4 Q‘ 4zo N

My =-480(1-a)N-m MDC T

360 B
a) Equate: M, =M 480(1 — @) = 480 — 2
(@) q D C ( ) p L\—&.a‘
a = 0.86603 m a =866 mm <«
A=12862N M, =6431N-m M, =—6431N-m

(b)  For rectangular section, S = ébh2

S = %(12)(13)2 = 648 mm® = 648 x 10~°m?

o =M _ 6431 o0 106pa G, =99.2 MPa «

max S 6.48 x107°
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l)
500 mm —

<— 500 mm —|

y \

s
o o
]

c\

PROBLEM 5.31
Solve Prob. 5.30, assuming that P = 480 N and Q = 320 N.

PROBLEM 5.30 Knowing that P = Q = 480 N, determine
(a) the distance a for which the absolute value of the bending
moment in the beam is as small as possible, (b) the
corresponding maximum normal stress due to bending. (See
hint of Prob. 5.27.)

SOLUTION
P=480N  0=320N M (kN-m)
Reaction at 4: +‘>ZMD =0: Aa+480(a—-0.5)-3200-a)=0
A=(800—@]N t\ O %X
a A cC
Bending moment at C: +‘>ZMC =0: -054+M-=0
M-=054= (400—@j N -m
a
A c Mc
—9
0.5 ~—*L
A Vv 4 Q =320M
g
Bending moment at D: +‘>EMD =0: -Mp-3200-a)=0 C 2
Mp =(-320+320a) N-m lel—o.-‘\
280
(¢) Equate: -Mp =M. 320 — 320a = 400 - —
a
3204 + 80a — 280 = 0 a = 0.81873 m, — 1.06873 m
Reject negative root. a=2819mm 4
A=116.014N My =58.007N-m Mp =-58.006 N -m
(b)  For rectangular section, S = %bh2

s=1
6

O, =

max

(12)(18)* = 648 mm’ = 648 x 10~ m’
X
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PROBLEM 5.32

A C
[

g
lf Djh A solid steel bar has a square cross section of side » and is

D
e supported as shown. Knowing that for steel p = 7860 kg/m?,
determine the dimension b for which the maximum normal stress
1am 1 Fu—relin due to bending is (a) 10 MPa, (b) 50 MPa.

SOLUTION \% W
W 3
Weight density: y = pg & |\
X
Let L = total length of beam. \l -w
W 3
W = AL pg = b*L pg z2
W M
Reactions at C and D: C=D-= > %
w
3 M Bending moment at C:
A c j I
Neme =0 (LX) e m =0 — WL
6 /L3 18
_m
18

Bending moment at center of beam:

s 22130 -

WL _ L
18 18

max|M| =

For a square section, S = " b’

272 2
Normal stress: o= M = b’L ;og/lS = L'pg
S b’/6 3b

2
Solve for b: b= Lﬂ
30

Data: L =3.6m p=780kg/m® g=98Im/s> (a)c=10x10°Pa (b) 0 =50x10°Pa

_ (3.6)°(7860)(9.81)

- =333%x107m b=333mm 4
(3)(10 x 10%)

(a)

_ (3.6)°(7860)(9.81)

. = 6.66x10> m b =6.66 mm <«
(3)(50 x 10%)

()
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PROBLEM 5.33

|

e

A B ri)'
@

A solid steel rod of diameter d is supported as shown. Knowing that for
steel 7 = 490 Ib/ft’, determine the smallest diameter d that can be
L— L =10 ft —>‘ used if the normal stress due to bending is not to exceed 4 ksi.

SOLUTION

Let W = total weight.

Reaction at 4:

N
I
| —
<
>
t\-\s
| O
X

2 2

Bending moment at center of beam: ‘I: L
'i' -2
WAL WAL
F)EM-=0: —|— = |+|=||=|+M=0
me=o (555 W
2

M = E = ldszy/
8 32

For circular cross section, (c = %d )

Normal stress:

ARy
S Zd d
2
Solving for d, d = Ly
o
Data: L =10 ft = (12)(10) = 120 in.
¥ = 490 Ib/ft’ =-?§g-=(128356lbﬁn3

o = 4 ksi = 4000 Ib/in?

4 _ (120)%(0.28356)
4000

d=1.021in. 4
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PROBLEM 5.34

bending-moment curves.

| Using the method of Sec. 5.3, solve Prob. 5.1a.

PROBLEM 5.1 For the beam and loading shown, (a) draw the shear and
bending-moment diagrams, (b) determine the equations of the shear and

SOLUTION

At AT

AtoB:

)IMe =0: LA-bP =0 A:PTb
Pa
V=M, =0: LC—aP =0 C=—
v=4=2 M=o
L
0<x<a
w=0 Jowdx=0
V-V,=0
My =M, = [Vdx = [ L0 gy = 222
V_A—P:P_b_ __&
L
a<x<lL
w=0 J:wdx=0
Ve -V =0

L Pa
MM, =|Vdx =—-—(L—-a) =—=
C B Ja X L( a) 7

Pab _ Pba  Pab _

Pab

0

L L

L

Pb/L
z//(fn_ )
7
(- %Y -Pa/L
M Pab
L
i Pd
A 8 c
r= <
L
v, - P
L
S P
L
My = 22 4
L
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PROBLEM 5.35

Using the method of Sec. 5.3, solve Prob. 5.2a.

PROBLEM 5.2 For the beam and loading shown, (a) draw the shear and
bending-moment diagrams, (b) determine the equations of the shear and
bending-moment curves.

SOLUTION DEM, = 0: —AL+wL-§=0 Az%L
DEM,=0: BL-wL-Z=0 p=2E
2 2
dv
a@ro_
dx
wlL/2 V-V,= —jgwdx = —wx
wl?
(2 ) V=V,—wx=A4—wx V=W—L—wx4
1) 2
A a _ .,
(...“LL. dx
8
M—MA=j.ngx=j.g(——wx)dx
M _wLx_wx2
_wl 2 2
g . 5
M=M,+222 2 M =2 (Lx - x*) <
2 2 2
A Maximum M occurs at x = %, where
2
Vzdﬂzo Ml = wiL <
dx 8
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PROBLEM 5.36

Using the method of Sec. 5.3, solve Prob. 5.3a.

PROBLEM 5.3 For the beam and loading shown,
! bending-moment diagrams, (b) determine the equations of the shear and

(a) draw the shear and

L
bending-moment curves.
SOLUTION
Over 4B: Vy=0 M,=0
w V= —jxwdx = —Wwx
0
y 1 I 1 ]5 cy
A % am
v _— = V = —WX
— A ——>| dx
) L > x wa?|" wx?
M = [“vax = -2 M=-"2 4
\'% 0 2
A L 0
t T ,
| At B: x=a Vy=-wa Mgz—&i
- Wa
M Over BC: w=0
a L
I !
l X YV 0 V= constant = Vg V=-wa 4
Py dx
- Wwa.
2
—wall- %) M _y
dx

M-M;= I: Vix = —wax|z = —wa(x — a)

2
M=—wa(x—a)—%

M = —wa[x—ﬁj |
2
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PROBLEM 5.37

W

m Using the method of Sec. 5.3, solve Prob. 5.4a.

Al B PROBLEM 5.4 For the beam and loading shown, (a) draw the shear and
I L bending-moment diagrams, (b) determine the equations of the shear and
bending-moment curves.

SOLUTION
v x
WZWO_
- L
V, =0, M,=0
WL d_V o Wx
2 dx L
M V—V __XM__WOxZ
4 0 7 2L
w,L% 14 _ v |
- 21
am o, wx
dx 2L
MM, = [V dv = [
- A_J.O x__J.O 2L X
WX3
M=-""_4
6L
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PROBLEM 5.38

w w

A 1 1 I lB Cl 1 I 1 p Using the method of Sec. 5.3, Solve Prob. 5.5a.
4_09] LaJ PROBLEM 5.5 For the beam and loading shown, (a) draw the shear and
| bending-moment diagrams, (b) determine the equations of the shear and
= ' bending-moment curves.
SOLUTION
Reactions: A4 =D = wa
Ato B: O<x<a w=w
V,=A4=wa, M,=0
v V—VA——J.(’;wdxz—wx
. V=wa-x) 4
(kwa)
- _ V =wa—wx
% dx
(—-&w&') M-M, =Ingx=j'§(wa—wx)dx
-Wa, |
M = wax — P <
1
M -&wa.‘ Vg =0 MB_Ewaz
Bto C: a<x<L-a V=0 <
) ey
dx

M =M, M = —wa* 4
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PROBLEM 5.38 (Continued)

CtoD: V—Ve=-[_ wdx=-uwx-(L-a)
V=-wx-(L-a)] 4

M-Mc=[ Vdx=[_—w—(L-a)dx

—a

.2
=—w_%—(L—a)x I-a

(.2 2
=—w %—(L—a)x—u+(L—a)2

:2 2
=—wx——(L—a)x+u

| 2

2 2

M=—wa2—w——(L—a)x+( 2) <
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PROBLEM 5.39

Using the method of Sec. 5.3, solve Prob. 5.6a.

PROBLEM 5.6 For the beam and loading shown, (@) draw the shear and
bending-moment diagrams, (b) determine the equations of the shear and
bending-moment curves.

Reactions.
At A.
AtoB.
v W
] ?(L"ZG)
\ |
-#(L-2a)

Bto C.

A=D=%W(L—2a)

VA=A=%W(L—2a), M,=0
O<x<a w=20

VB—VAz—J.:wdx=0

My—-M, =I:V dxzjoa%w(L—Za)dx

My =%W(L—2a)a
a<x<L-a w=w

V=V =—J-xwdx=—w(x—a)

= L —2a) — W —a) = Ll -
V = 2W(L 2a) - w(x — a) 2W(L 2x)

a
dx

1
V=—wl - 2x
5 ( )
M- Mg =J.:de=%w(Lx—x2)x
=%W(Lx—x2 - La +d%)
1 1 2 2
M=EW(L—2a)a+EW(Lx—x —La+a’)

= %W(Lx -x*—d%
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PROBLEM 5.39 (Continued)

At C. x=L-a Ve = —%W(L—Q,a) M =%(L—2a)a
CtoD. V=V.= —%W(L—Za)
M, =0
2 2
Atx=£, MmaX:W L__a_ 4
2 )
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PROBLEM 5.40

300 Ib 2401b  3601b

l l Using the method of Sec. 5.3 solve Prob. 5.7.
C D E

| | =t PROBLEM 5.7 Draw the shear and bending-moment diagrams for the
! ! beam and loading shown, and determine the maximum absolute value (a)

din. - 3in. - din 5in of the shear, (b) of the bending moment.
SOLUTION
Reaction at C:
300 \b 24016 360lb +‘>ZMB =0: (16)(300) —12C + (9)(240) + (5)(360) = 0
Yy c yb yE C=730b 7T
A - B
T 5 Shear diagram: Ato C: V =-3001b
c B
CtoD: V = -300+ 730 = 430 1b
l<-
Ata, 3in, 4. Sin. Dt E: V =430-240=1901b
V(l\o} EtoB: V' =190 — 360 = —-170 1b
430 Areas of shear diagram:
190 Ato C: Ay = (=300)(4) = —1200 Ib - in
oS ' = ® CtoD A (430)(3) =1290 1b - i
| oD: = = -in
D I R cD
-170 . - = -1
300 DtoE: App = (190)(4) = 7601b - in
. Eto B: App = (=170)(5) = —8501b - i
M(lb-m) 0 s = ( )(S) n
850 Bending moments:
M,=0
old$ a“/.\B ’
| 1 ! =0- =— -1
5 e X Mg =0-1200 1200 1b - in
M, =-1200 +1290 = 901b - in
-1200 Mg =90+760 =8501b - in

M, =850 — 850 = 0
(a) Maximum |V'| = 4301b <«

(b) Maximum [M| = 12001b - in <
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200N 200 N 500 N 200 N

A
A cY D E

/B

300

225 ' 300

Dimensions in mm

225

PROBLEM 5.41
Using the method of Sec. 5.3, Solve Prob. 5.8
PROBLEM 5.8 Draw the shear and bending-moment diagram for the

beam and loading shown, and determine the maximum absolute value
(a) of the shear, () of the bending moment.

SOLUTION
ACY
200
) @9
—22.5); X
~bo | (-90)
-300
M (N-m)
67‘5
3.5 A=

Bending moments:
M,=375N" -m

+‘>ZMA =0: - M, - (0.3)(200) — (0.525)(200)
+ (0.825)(500) — (1.05)(200) = 0

M,=375N-m

+T XF,=0: V,—200-200+500-200=0

V,=100N

Shear:

AtoC:  V =100N

CtoD: V =100-200=-100N

DtoE: V =-100-200=-300N

EtoB: V =-300+ 500 = 200N

Areas under shear diagram:

Ato C: [Vdx = (100)(0.3) = 30N - m
CtoD: [Vdx = (-100)(0.225) = -22.5N - m
Dto E: [Vdx = (-300)(0.3) = -90N - m
Eto B: [Vdx = (200)(0.225) = 45N - m

Mc =M, +[Vdxr=375+30=675N m

Mp =M+ [ Vdy=615-225=45N"m

My =Mp+ [, Vdx=45-90 = -45N -m

My = Mg+ [, Vdx=—45+45=0

(a) Maximum |[V'| = 300N <«

(b) Maximum [M|= 675N -m <
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12 kN/m PROBLEM 5.42

c v Using the method of Sec. 5.3, Solve Prob. 5.9

PROBLEM 5.9 Draw the shear and bending-moment diagrams for the
. 4,1 beam and loading shown, and determine the maximum absolute value
=m tm (a) of the shear, (b) of the bending moment.

SOLUTION
Reactions:
40 kN
2 kN
! foa XM =0: 24+ (12)2)(1) - (40)(1) = 0
AV Vv N ¥ v v vC ’B A=8kN~L
AV CT DEM, =0:2C - (12)2)(1) - (40)3) = 0
2w \VV\
R —— e R C=72kNT

Shear diagram: V, = -8 kN

V (kN At0C: 0<x<2m w=12Nm
40
2 2
V.-V, =—j0 wdx:—jo 12dx =24 kN
C
A V.=-24-8=-32kN
-8 8 X
\ CtoB: V,=-32+72=40kN
-32 .
Areas of shear diagram:
M (kN w) Ato C: Idez%(—8—32)(2)=—40kN-m
A < B CtoB: [Vdx=(1)(40)=40kN-m
X Bending moments:
Z40 Mg =M, +[Vdx =040 = 40 kN - m

My =M+ [Vdx = —40 + 40 = 0
(@) Maximum |V| =40.0kN <«

(b) Maximum |M| =40.0kN-m <«
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PROBLEM 5.43

2 kips/ft 15 kips Using the method of Sec. 5.3, solve Prob. 5.10
R ¢ DY B PROBLEM 5.10 Draw the shear and bending-moment diagrams for the
beam and loading shown, and determine the maximum absolute value
e 4f 4ft 4 f] (a) of the shear, (b) of the bending moment.
SOLUTION
v (kipal(_,@ /(, 32) Shear:
'S 7 x
\i_—_——. VA — 0
-8 -92) 5
— 2 Vg =V, — [, wdx =0-(4)(2) = -8kips
( ) CtoD: V = -8kips
M (kip-#
f % DtoB: V =-8-15=-23kips
Tl Areas under shear diagram:
-4g 1 .
Ato C: [Vdx = (Ej (4)(-8) = —16 kip - ft
— 4o Cto D: [Vdx = (4)(-8) = =32 kip - ft

D to B: [Vadx = (4)(=23) = 92 kip - ft
Bending moments:
My=0
My =M, +[Vdx=0-16 = —16kip - ft
My = Mg+ [Vdx = —16 — 32 = —48kip - ft
My = My + [Vdx = 48 — 92 = —140 kip - ft
(a) Maximum [V'| = 23 kips <

(b) Maximum |M| = 140 kip - ft <
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35 kN/m PROBLEM 5.44

4 B Draw the shear and bending-moment diagrams for the beam and loading
E ¢ shown, and determine the maximum absolute value (@) of the shear, (b) of
D the bending moment.
3 kN
1.5m {<—0.9 m—
.Om
SOLUTION

Reaction at 4:

+‘>ZMB =0: -3.04+(1.53.003.5+1.53) =0

A=675kN T

Reaction at B: B=675kN T 3.5kN-m .
Beam ACB and loading: (See sketch.) JOLLLVITTVILTT a
Areas of load diagram: A \-v} .75 kW
Ato C: (2.4)(3.5) = 8.4 kN c.75 kN 3N
Cto B: (0.6)(3.5) = 2.1 kN (0-9Y2) = 2.7 kN-m
Shear diagram:

V,=6.75kN

V.. =675-84=-165kN

o+ = —1.65-3 =-4.65kN

Vy =—4.65-2.1=-6.75kN -
Over 4 to C, V =6.75-3.5x
At G, V=675-35x;=0 x;=19286m

Areas of shear diagram:

Ato G: %(1.9286)(6.75) = 6.5089 kN - m
Gto C: %(0.4714)(—1.65) = —0.3889 kN - m
Cto B: %(0.6)(—4.65 ~6.75) = -342kN - m
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PROBLEM 5.44 (Continued)

Bending moments: M,=0
Mg =0+ 6.5089 = 6.5089 kN - m
= 6.5089 — 0.3889 = 6.12kN - m

M, =612-27=342kN-m
My =342-342 =0

(@) V| =675kN «

max

()  M|_.=651kN-m <«

max
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14 i PROBLEM 5.45

FF Draw the shear and bending-moment diagrams for the beam and loading
Al c D B shown, and determine the maximum absolute value (@) of the shear, (b) of
A ~&- the bending moment.
E
4kN
1m 1m-— i |
0.5m 0.5 m
SOLUTION
kN
N XMy =0
F =34+ + 054 =0
c D
A & A=2kNT
A l A
A DE % XM, = 0:3B - (2)4) - (2.5)(4) = 0
4—l<Ni« B=6kNT
l ; .
< Im A A Shear diagram:
Ato C: V =2kN
4 CtoD: V =2-4=-2kN
A kNew Dl?‘k“l"“‘ D to B: V=-2-4=-6kN
A N
A - = ;2 ‘,/' \E’ Areas of shear diagram:
2l 4w o Ato C: [Vdx = (1)2) = 2kN - m
|<_,m_,|<_,m .m_,] CtoD: [Vdx = (1)(-2) = 2kN - m
DtoE: [Vdx = (1)(-6) = =6 kN - m
V (kn) Bending moments:
2 M,=0
e A M. =0+2=2kN-m
-2 M. =2+4=6kN-m
-6 MD,=6—2=4kN-m
MCKN =) MD+=4+2=6kN-m
& 6
Mp=6-6=0
/2‘\4’_\
° % (@) V], =6.00kN <
(b) |[M|_ =600kN-m <«

ma
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BN 3kN PROBLEM 5.46

1.8 kN/m 80 mm
‘HH HH‘ Hi” »I ’« Using the method of Sec. 5.3, solve Prob. 5.15
‘ B &m PROBLEM 5.15 For the beam and loading shown, determine the
¢ b maximum normal stress due to bending on a transverse section at C.
1.5 m 1.5 m 1.5 m—

SOLUTION
By symmetry, 4= B.

+T2Fy =0: A+B-3-3-(4.5)(1.8)=0

A=B=7.05kN
Shear diagram: V,=705kN
AtoC™: w=1.8 kKN/m
V (kM

AtC, v =7.05—(1.8)(1.5)=4.35 kN 2,05
AtC*, V=435-3=135kN H.35
C*toD: w=1.8 KN/m NET .
AtD", V =1.35—(1.5)(1.8) =135 kN el
AtD", V =—135-3=—435kN s |
D*to B: w=1.8 kN mhes
AtB, V =—435-(1.5)(1.8) =-7.05 kN M (kN-m)  oses
Draw the shear diagram: 8.55 A )

V' =0 at point £, the midpoint of CD. i :
Areas of the shear diagram: ! :
Ato C: %(7.05+4.35)(1.5) =8.55kN-m T 5
CtoE: %(1.35)(0.75) =0.50625 kN -m
EtoD: %(—1.35)(0.75)=—0.50625 kN -m
D to B: %(—4.35 ~7.05)(1.5)=—8.55 kN-m
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PROBLEM 5.46 (Continued)

Bending moments:
M, =0
M. =0+855=855kN - m
M =8.55+0.50625=9.05625 kN -m
M =9.05625-0.50625=8.55 kN -m
My =8.55-8.55=0
M, =8.55x10° N-m

For a rectangular section,

1, (1 )
S =bh (6j(80)(300)

=1.2%x10°mm’ =1.2x10"m?

Maximum normal stress at C:

M. 855x10°

S 12x107°
=7.125%10°Pa

o=7.13MPa <«
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2000 Ib PROBLEM 5.47

200 bt 4
| c | — Using the method of Sec. 5.3, solve Prob. 5.16.
A 8 in.
D e B _ Y PROBLEM 5.16 For the beam and loading shown, determine the
A maximum normal stress due to bending on a transverse section at C.
U4t 4ft 6 ft
C
SOLUTION
+‘> M- =0: -84+ (4)(2000)—-(3)(6)(200) =0
A=5501T
+‘> M, =0: 8C—(4)(2000)—(11)(6)(200)=0
C=26501bT
Check: +¢2Fy =550—-2000+2650—(6)(200)=0
Shear diagram: V] (2b)
\ 200
AtoD: V=550 1b 550
DtoC™: V' =550-2000=-1450Ib
®
AtC”, V =-1450+2650=1200 Ib poo ¢ B
C"to B: w=200 Ib/ft
14
jg 200 dx =1200 Ib o
At B, V =0 as expected. M (fbPt)
Areas of shear diagram: 2200
AtoD: Ay =(550)(4) =2200 Ib- fi ‘ c e
; x
DtoC: Ape = (~1450)(4) = —5800 Ib - ft poPo\
i
1 |
Cto B: Ag = 5(1200)(6) =3600 Ib - ft 300
Bending moments: M,=0
M, =0+2200=2200 Ib- ft
M =2200+(-5800) =-3600 1b - ft
M, =-3600+3600=0 as expected
IM|,..x =36001b-ft =43200Ib-in
For a rectangular section, S= %bh2 = (%j (4)(8)* =42.667 in®
=%=w=1012.5 psi Opax =1013 psi 4

e S 42.667
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30 kN 50 kN 50 kN 30 kN PROBLEM 5.48

l | 1 1, WB310 X 52 .
na L Using the method of Sec. 5.3, solve Prob. 5.18.
N o | QE g

ia bi ‘x%. . .
PROBLEM 5.18 For the beam and loading shown, determine
2m the maximum normal stress due to bending on section a-a.

SOLUTION
v ( k N} Reactions: By symmetry, A4 =25.
+{XF, =0: 4= B= 80k~ 1T
Ro
Shear diagram:
So AtoC: ¥ =80kN
(e4) 1' °
1(40) CtoD: ¥ =80-30 =50 kN
1 Y Dto E: V=50-50=0
M (k” . M) Areas of shear diagram:
o4 AtoC: [Vdx = (80)(0.8) = 64 kN - m
Cto D: [Vdx = (50)(0.8) = 40kN - m
G4
Dt E: [Vax =0
Bending moments:
X M,=0

M. =0+64=64kN-m
M, =64+40 = 104kN - m
M, =104 +0=104kN - m

M| =104kN-m =104x10°N - m
For W310x52, S =747x10°mm’® = 747 x10° m?

M 3
[M] _ 104x10° a0 106 pa

Normal stress: oc=— c
S 747 x 10~

o =139.2MPa <«
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PROBLEM 5.49

5 5 2 2 2
kips kips kips kips kips
Using the method of Sec. 5.3, solve Prob.5.19.
C YD VE VF VG

Y \B I PROBLEM 5.19 For the beam and loading shown, determine the
_A_ ﬁi . . .

S8 x 184  maximum normal stress due to bending on a transverse section at C.
L6@15in. = 90in,J

SOLUTION

f

Use entire beam as free body.

2
l +‘>ZMB=0:
G A

J|e—Wn
m —— N
TN

AA l‘5 904 + (75)(5) + (60)(5) + (45)(2) + (30)(2)
A B +(15)(2) =0
A=95kips T
Shear 4 to C: V = 9.5 kips
Area under shear curve 4 to C: [Vdx = (15)(9.5)
=142.5 kip - in

M, =0
M. =0+142.5 = 142.5kip - in

For S8 x 18.4, S = 14.4in>

= o =9.90ksi 4

Normal stress: o= M _ 1425
S 14.4
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“ PROBLEM 5.50

Wy

For the beam and loading shown, determine the equations of the shear
and bending-moment curves, and the maximum absolute value of the
* bending moment in the beam, knowing that (a) k=1, (b) k= 0.5.

—kwy

L
SOLUTION
wa X BREZD) g WXy,
L L L
dav Wy X
—=—w=kw, - (1+k)—=
e o~ ( )L
2
WX
V =kwyx—(1+k)——+C
0X—( )2L !
V=0 at x=0 C =0
My =14+ k)2
dx 2L
2 3
M =P M
6L
M=0 at x=0 C,=0
M:kwoxz_(1+k)w0x3
2 6L
2
@ k=1 Vzwox—WOLx <
_WOX2 WO)C3
2 3L
2
Maximum M occurs at x=L. | max WO6L |
(b) =1 V:M_3W0x2
2 2 4L
wpx® WX
M =20 WY g
4 4L
V=0 at ngL
3
2 WO(lL)2 WO(lL)3 woL?
At x==1, =2 23 1 =0 —0.03704 w, [
3 4 4L 27
At x:L’ M:O
M| :w0L2 <
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N PROBLEM 5.51
L
Determine (@) the equations of the shear and bending-moment curves for
Al B_ . the beam and loading shown, (b) the maximum absolute value of the
bending moment in the beam.
L
SOLUTION
v X
W= —wy =
dx L
2
V:_lwox_+cl :dﬂ
2 "L dx
1 X
M :_EWOT+CIX+C2
M=0 at x=0 C(C,=
1 5 1
M=0 at x=L O=—ngL +C\L CIZEWOL
1 )Cz 1 2 1 2 2
(@) V__EWO_+ wyL Vzgwo(L -3x7)/L 4
1 X 1 3
M__gwo +—wyLx Mzgwo(Lx—x/L) <
() M,,, occurs when M _ V=0 [I’-3x.=0
X
2 2
X, _ L M, = Ly | L M, =0.0642w,L* <4

oL L
6 (V3 33
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w w = wy sin ﬂ]l PROBLEM 5.52
m Determine (a) the equations of the shear and bending-moment curves for
A IB— . the beam and loading shown, (b) the maximum absolute value of the
~4.  bending moment in the beam.
. |
SOLUTION
av . X
— =—w=—w, sin —
dx L
V:_WOL COSﬂ+C1 :dﬂ
/4 L dx
2
M =2 G0 Ty cr g,
V3
M=0at x=0 C,=0
M=0at x=L 0=0+CL+0
C =0
(@ - wyL X 4
V4
2
_wyL X
M = = —
a _ V=0 at x=—
dx
L. r
() My ="05sin My = =05~ 4
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PROBLEM 5.53

S = s e T
T

Determine (a) the equations

of the shear and bending-moment curves for

the beam and loading shown, (b) the maximum absolute value of the
bending moment in the beam.

SOLUTION

dv

X
—W = —W), COsS—
dx

2L
2Lw,
o
41w,
Ji)

V=0 at x=0. Hence,

sin 2% + C =
2L

V=

M =

cos X + Cx+C,
2L

M =0 at x =0. Hence,

a
dx

C] = 0
41%w,
T 2
(@) V =—(2Lw, / m)sin(zx / 2L) <4
M = —(4Lwy/m*)[1 - cos(rx/2L)] 4

) M| =d4wl/n* 4

C2:_
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2 kips/f 6 laps PROBLEM 5.54

I l I 1 1 l ¢ p_Y Draw the shear and bending-moment diagrams for the beam and
A 2 B I loading shown and determine the maximum normal stress due to
‘ W8 x 31  bending.
6 ft ‘ 6 ft .
2 ft
SOLUTION
+‘> M, =0: =124+ 9)(6)(2)-(2)(6)=0
A =8 kips
)M, =0: —(3)(6)+12D — (14)(6) =0 V (kips)
D =10 kips g
6
Shear: V, =8 kips -4) )
12
V. =8—(6)(2) =—4 kips (16 \ ¢ ) - ol le
C to D: V =—4 kips A \ C29)
D to B: V' =—4+10=06 kips ) -y
Locate point E where V =0. Z ? 6,7 }‘
€_07¢ 1re-s8
8 4
e=41ft 6-—e=2ft
Areas of the shear diagram: e
1 12
Ato E: dex:(Ejm)(g):m kip - ft
EtoC: dex = &j (2)(—4) = —4 kip - ft
CtoD: I Vdx = (6)(—4) =24 kip - ft
-12
D to B: dex=(2)(6)=12 kip - ft
Bending moments: M, =0
M;=0+16=16kip-ft
M,=16-4=12kip-ft
M,=12-24=-12kip-ft
My=-12+12=0
Maximum |[M|=16 kip-ft =192 kip - in
For W8x 31 rolled steel section, S§=27.5in’
Normal stress: o= M _ 192 0=6.98 ksi 4
S 275
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2 kN PROBLEM 5.55

140
3 kN/m o

 / Cl l l l l l l l l l l l l @ Draw the shear and bending-moment diagrams for the beam and
A B

loading shown and determine the maximum normal stress due to

IAT: ‘ bending.
1m. 4m 160 mm
SOLUTION
DM =0: 2)1) - B)4)2) + 4B = 0
B =55kN
XM =0: (5)2) +B)4)2) - 4C =0
C =8.5kN

Shear:
Ato C: V = -2kN V OCN)
c*: V=-2+85=65kN 6.5
B: V =6.5-(3)4) = -55kN
Locate point D where V = 0. A c

d 4-d

S =27% 12d=26 -

65 55 2.0

d=21667Tm 4—d =3.8333m
Areas of the shear diagram: e d
Ato C: [Vdx = (<2.0)(1) = —2.0kN - m

1 M (68w
C to D: [Vdx = 2(216667)(6.5) = 7.0417 kN - m 5.0417
D to B: [Vdx = l(3.83333)(—5.5) = -5.0417kN - m
2 ' -

Bending moments: M, =0 I-2.6

M-=0-20=-20kN-m
Mp =-2.0+7.0417 = 5.0417kN - m

My =5.0417 - 5.0417 = 0

Maximum |[M| = 5.0417kN - m = 5.0417x10°N - m
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PROBLEM 5.55 (Continued)

. 1 1 1 1
For pipe: =—d, =—(160) =80 mm, ¢; =—d; =—(140) = 70 mm
pip Co =5 d, =7 (160) G =7 5 (140)

1=7(c} <) = 2[00 ~ (0] = 133125 %10 mm
6
s =L B325XT07 66 406 x 10° mm® = 166.406 x 107 m?
Cy 80
M 5.0417x10°
Normal stress: o="—=

=30.3x10°Pa

e b b o =303MPa 4
S 166.406x107°
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1600 b PROBLEM 5.56

80 Ib /ft
L5in.
v l l l l l l l l l l l —-| |~ Draw the shear and bending-moment diagrams for the beam
Al : B _11 y and loading shown, and determine the maximum normal
. ‘ o 4 ™ stress due to bending.
! 1 9 ft !
1.5 ft
SOLUTION
Koo s sonm DIM, =0: (1600 Ib)(1.5 ft) + [ (80 Ib/ft) (9 ft) (7.5 ft) — 12B = 0
ﬂi TITIIIITT] 5 B = +650 1b B=6501b T
st |1 (il
8 [y 2 + TF, =0:4-16001b (80 1b/ft) (9 ft) ] + 650 Ib = 0
A =+16701b A=16701b T
+ /4706
dreoa - »304) Y _O9TX  _0875ft  26411b-ft= M,
(+ 4 x4S038.125 = 3264 ) 70 1b 650 b

x

(+05 \/]Lb: Fesoaay 1
=2 . :
%2085 55 (r-m)=snsp " 850% ’ c= E(l 1.5in.) = 5.751in.

I= %(1.5111.)(11.5 in.)* =190.1in*

M ' _——— 8% oAt s Moy,

M, =26411b-ft =31,6901b - in

IS, . .
@I o, = M, .C _ (31,690 1b 1r.1)(45.75 in.) G =959 psi 4
b 1.57. 1 190.1in
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250 kN 150 kN PROBLEM 5.57

A cY D VB Draw the shear and bending-moment diagrams for the beam
| E and loading shown and determine the maximum normal stress
e .
W410 X 114 due to bending.
L 2 m——<—2 m‘LZ m—>|
SOLUTION
w=0
— 4R, + (2)(250) — (2)(150) = 0
R, =50kN T
250 150
l ! XM, =0:

X I 4R, — (2)(250) — (6)(150) = 0

TR. TQD R, =350kN T
v (kW) Shear: V,=50kN

1so
5o (300) Ato C: V =50kN
100Y | Cyoo) CtoD:  V =50-250 = 200 kN
~200 D to B: V = -200+ 350 = 150 kN
M (kM- m) Areas of shear diagram:
%o 8 AtoC: [Vax = (50)(2) = 100kN - m
A
¢ Cto D: [Vdx = (=200)(2) = —400 kN - m
- 300 D to B: [Vdx = (150)(2) = 300 kN - m

Bending moments: M, =0
My =M, + [Vdx = 0+100 = 100 kN - m
M, = M + [Vdx =100 — 400 = =300 kN - m
My = Mp + [Vdx = =300 + 300 = 0
Maximum [M| = 300kN - m = 300X 10°N - m
For W410 x 114 rolled steel section, S, =2200x10°mm’ = 2200 x 10~° m*

M 3
o o Ml _ 300x10° o e o, =1364MPa <«

" S 2200 x107°

X

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




80 kN/m PROBLEM 5.58

(v()l\N m 12 kN - m
l \l Draw the shear and bending-moment diagrams for the

beam and loading shown and determine the maximum
’«—1 Zmalil 6m~—L—l 2 m >

W250 X 80 normal stress due to bending.

SOLUTION
80 ¥/ Reaction:
G0 kN ew l | | | I 12 kN
( < D —> +‘>ZMB =0:-44+ 60+ (80)(1.6)(2)—-12=0
AA B4
A . | A=76kN T
)
2] 1w | 2w,
' ' ' Shear: Vv, = 76kN
V(knN)
Ato C: V =76 kN <«
76
V, =176 —(80)(1.6) = =52 kN
. \E ©® 8
A ! < X Dto C: V = -52kN
, X Locate point where V' =0:
V(x)=-80x+76=0 x=0.95m
M(kN-m)
ér3 S0.4 Areas of shear diagram:
3.2 7\ Ato C: [Vdx = (1.2)(76) = 91.2kN - m
A X
¢ &0 _\fz CtoE: [Vdx = %(0.95)(76) =36.1kN-m
“60 1
EtoD: [Vdx = 5(0.65)(—52) =-16.9kN - m
Dto B: [Vdx = (1.2)(=52) = =62.4kN - m
Bending moments: M, = —60kN - m
M,=-60+912=312kN-m
Mg =312+36.1=673kN -m |
M, =673-169 =504kN-m
My =504-624=-12kN -m
For W250 x 80, § = 983 % 10°mm’
M N
Normal stress: Coax = U = W = 68.5x10°Pa o, = 68.5MPa 4
S 98310 m
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800 Tb/in. 1|i T'« PROBLEM 5.59
l l l l l l l l l c 3_ Draw the shear and bending-moment diagrams for the beam and
v °{" loading shown, and determine the maximum normal stress due to
‘ [ bending.
20 in Bl : 21 in.
8in =
SOLUTION

Locate point D where

Areas of the shear diagram:

AtoD:

D to B:

Bto C:

Bending moments:

V=

+‘) IM, =0: —204+(6)(28)(800) =0
A=6.72x10° b

+‘) M, =0: 20B-(14)(28)(800)=0
B=15.68x101b

V,=6.72x10°1b
V. (10* M)
V,- =6.72x10° - (20)(800) = -9.28x10°Ib Q N
D
V,. =-9.28x10° +(15.68x10°) = 6.4x10°Ib A 2 c
V. =6.4x10° - (8)(800)=0
c (8)(800) a2
0. < d > 20-d =l
4 _20-d 1344 M (10® fb-1n)
6.72  9.28 28.224
d=84in. 20-d=11.6in.
x
dex = (%] (8.4)(6.72x10%) = 28.224x10°Ib - in _25_6\/

J'de = (%j(l 1.6)(—9.28x10*) = —53.824x10°Ib - in

dex - (%j(S)(6.4x103) =25.6x10°Ib-in

M,=0

M = 0+28.224x10° =28.224x10° Ib-in

M, =28.224x10° —53.824x10° = - 25.6x10° Ib-in
M, =-25.6x10" +25.6x10° =0

Maximum |M|=28.224x10’Ib-in
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PROBLEM 5.59 (Continued)

Locate centroid of cross section. See table below.

For each triangle,

Moment of inertia:

Normal stress:

o=

?=£=1.3333 in. from bottom.
5.625

T=Lpp
36
I1=3I +34d*

=1.25+2.8125=4.0625 in*

Me _ (28.224x10°)(1.6667)

=11.58x10’psi

le1.25 4

1

3

)
fe— 25 —

o=11.58ksi 4

I 4.0625
Part A, in? v, in. Ay, in® d, in. Ad* in* I in*
® 1.875 2 3.75 0.6667 0.8333 0.9375
3.75 1 3.75 0.3333 0.4167 1.875
)y 5.625 7.5 1.25 2.8125
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wo PROBLEM 5.60

a Beam 4B, of length L and square cross section of side a, is supported
> |j_ by a pivot at C and loaded as shown. (@) Check that the beam is in
1 C_{E_ B D—f” equilibrium. (b) Show that the maximum stress due to bending occurs
‘ at C and is equal to wOLz/ (1.5a)°.
, 2L l— L
3 3
SOLUTION

(a) Replace distributed load by equivalent concentrated load at the centroid of the area of the load diagram.

2L 1

For the triangular distribution, the centroid lies at x = PR w = EWOL
@ +HXF=0:R,-W=0 R,= %WOL SEMe=0:0=0 equilibrium <
V=0 M=0,at x=0 w
I |
0<x<2_L’ d_V:_W:_M A C 2
3 dx L Ry
am Wyx* wpx? v
_— = V = — =+ 1 = — §‘WnL
dx 2L 2L s \
3 3 A < 2
WX WX
M - 6L + Cz - - 6L \—%WDL
2 M
Just to the left of C, V= _ (LT3 —EWOL A & g
2L 9 \/
Just to the right of C, V= —%wOL + Ry = %WOL —gwl’

3
Note sign change. Maximum |M | occurs at C. M. = _%(26% = —% wOL2

Maximum |M | = %WOLZ

For square cross section, I = ia4 c= l(Jt
12 2
M| e 4w 8 wr  (2) w2
(b) O'm = X = 3 = — 3 = — 3
1 81 a 27 a 3 a
2
o = wyL
" (1.5a)°
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400 kN/m PROBLEM 5.61

ClllllD B I

Knowing that beam AB is in equilibrium under the loading

shown, draw the shear and bending-moment diagrams and

I T I T w, W200 X 22.5

determine the maximum normal stress due to bending.

|<70.3 m~>l<70.4 m—>|<—03 m~>l

SOLUTION

400 kN/m +T 2F, = 0: (1)(w) — (0.4)(400) = 0

A c D ] w, =160 kN/m
= I
i g W00 X225 Shear diagram: V,=0

IA-D.'&«\—»L— o.-h..—-.L-o.an—q-I Ve =0+ (0.3)(160) = 48kN

v, = 48 — (0.3)(400) + (0.3)(160) = —48kN
Vy = —48 + (0.3)(160) = 0

Locate point £ where V' = 0.

By symmetry, E is the midpoint of CD.

Areas of shear diagram:

Wo Ato C: %(0.3)(48) = 72kN-m

Cto E: %(0.2)(48) =48kN - m

E to D: %(0.2)(—48) = 48kN-m

A } |
D to B: —(0.3)(—48) = —7.2kN -
lo.?.ml T4 o O m

M,kN-m Bending moments: M, =0

7.2 7.2 M,=0+72=172kN
Mg =72+48=12.0kN
A ] 1 1 B
c E D Mp=120-48 =7.2kN
My=72-72=0

M|  =120kN-m=120x10°N-m
| |max

For W200 x 22.5 rolled steel shape, S, = 193 x 10> mm® =193 x10°m’

[M] _ 12.0x10°

S = Tosx10° " 62.2%10°Pa o =622MPa <
X

Normal stress: o=
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l)
soi 1° PROBLEM 5.62
l Y l 1 l l l l Y l The beam 4B supports a uniformly distributed load of 480 Ib/ft and two
A 4 5 B I concentrated loads P and Q. The normal stress due to bending on the
¢ |pELF W8 x 31 bottom edge of the lower flange is +14.85 ksi at D and +10.65 ksi at E.
(a) Draw the shear and bending-moment diagrams for the beam. (b)
I I Lt - Determine the maximum normal stress due to bending that occurs in the
beam.
1.5t 1.5t
8 ft
SOLUTION
V ) k\Fs . .3
| (a) For W8 x 31 rolled steel section, S = 27.5in
24.54%
23.32 M = So
At D, M, = (27.5)(14.85) = 408.375 kip - in
At E, My = (27.5)(10.65) = 292.875kip - in
; »% My =3403kip-ft M, =2441kip - ft
- 2.0l
— 13,14 0_48k;p/~Pt
-12.86 24.03 u;',.ﬁu ll l,” D’M.‘H k.p-ft
- CD y g8
M) k'r’ .Ft “_ S_F.t,_"v
26,26 Vo Ve
20.25 Use free body DE:
+‘>ZME =0:-34.03+ 2441 + (1.5)(3)(0.48) -3V, =0
Vp = —2.487 kips
+‘> M, =0:-34.03+24.41 - (1.5)(3)(0.48) = 3V; =0
Vy = —-3.927 kips
s Use free body ACD:
LLLY) 348
A L 'D +‘>ZMA =0:-1.5P - (1.25)(2.5)(0.48) + (2.5)(2.487) + 34.03 =0
. S i P = 25.83kips 4
A S =2.487

+ SF,=0:A4-(2.5)(048)+2.487 -2583 =0
A =2454kips T
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PROBLEM 5.62 (Continued)

Use free body EFB:
‘ Q )My = 0:1.50 + (1.25)(2.5)(0.48) + (2.5)(3.927) — 24.41 = 0
7““"C 1T O = 8.728 kips
y ' + SF,=0:B-3927-(25)048)-8.7=0
3.927 ® B = 13.855 kips

Areas of load diagram:

Ato C: (1.5)(0.48) = 0.72 kip - ft
CtoF: (5)(0.48) = 2.4 kip - ft
Fto B: (1.5)(0.48) = 0.72 kip - ft
Shear diagram: V, = 24.54 kips

Vo =24.54 -0.72 = 23.82 kips
Ve =23.82 —25.83 = =2.01 kips
Vip =-2.01-2.4 = 4.41kips

Vi =-4.41-8.728 = —13.14 kips

Vy =-13.14 - 0.72 = —13.86 kips

Areas of shear diagram:

Ato C: %(1.5)(24.52 +23.82) = 36.23 kip - ft
CtoF: %(5)(—2.01 —4.41) = -16.05kip - ft
Fto B: %(1.5)(—13.14 —13.86) = 20.25kip - ft
Bending moments: M,=0

M, =0+3626=36.26kip - ft
Mp =36.26-16.05=20.21kip - ft
My =2021-2025=0

Maximum |M| occurs at C: |M|max =36.26 kip - ft = 435.1kip - in

(b) Maximum stress: o= % _ 4351 o =15.82ksi 4

S 27.5
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PROBLEM 5.63*

P Q
18 mm
2 kNim gl Beam 4B supports a uniformly distributed load of 2kN/m and two
l l l l l l l l l" \ ) concentrated loads P and Q. It has been experimentally determined that
A D B D ﬁmm the normal stress due to bending in bottom edge of the beam is
| ‘ —56.9 MPa at 4 and —29.9 MPa at C. Draw the shear and bending-
moment diagrams for the beam and determine the magnitudes of the

"01m . 01lm  0125m
loads P and Q.

SOLUTION

I= %(1 8)(36)° = 69.984x10° mm*

c=ld=18mm

S =£=3.888><103mm3 =3.888%x10°m?

g N 1/ c
1A CZODND B Atd, M, =S0,=(3.888x10°)(-56.9)=-22125N-m
Z22| 23 Y Q P
AtC, M, =S50, =(3.888x10°)(-29.9)=-116.25 N -m
M, =0: 221.23—(0.1)(400)—0.2P —0.3250 =
. TC > = )IM, =0 3—(0.1)(400) — 0.2P - 0.3250 = 0
0.2P+0.3250 =181.25 (1)
)IM =0: 116.25—(0.05)(200)—0.1P —0.2250 = 0
vV (N 0.1P+0.2250 =106.25 )
K Solving (1) and (2) simultaneously, P=500N <«
o 0=250N <
Reaction force at 4: R,—400-500-250=0 R,=1150N-m
' |25° 7,=1150N ¥, =250
A € D ? M,=-22125N-m M,.=-11625N-m M, =-3125N-m
Wl =1150N <

max

M|, =221N-m <«

max

-221.25 N-m
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0.2m PROBLEM 5.64*

<—~‘~ 0.5 mj« 0.5 m—|
p 0 24 mm The beam AB supports two concentrated loads P and Q. The normal
l l ] I‘l stress due to bending on the bottom edge of the beam is +55MPa at
A C 13 E ‘j B D comm D and +37.5MPa at F. (a) Draw the shear and bending-moment
s — diagrams for the beam. (b) Determine the maximum normal stress
due to bending that occurs in the beam.
0.4 m 0.3 m
SOLUTION
V, N |
%6” () I= E(24)(60)3 =432x10°mm* ¢ =30 mm
//~ (720) /
I S=12144x10°mm’ =144x10°m’ M =So
Z % y Y C
(@\ {'{7501_‘\_ AtD, M, =(14.4x10"°)(55x10°)=792 N -m
- I806 -6 6
AtF, M;=(144x107)37.5x10")=540 N-m
M ) N’ m 5’[40
900 Using free body FB, )EM, =0: ~540+0.3B=0 C -2
e B=>2_1500N Vialills
0.3 B
- Using free body DEFB, +‘> XM, =0: =792-30+(0.8)(1800)=0
=2160 N
a Q
™. p jg e . .
C Using entire beam, +‘> M, =0: —=0.2P—(0.7)(2160)+(1.2)(1800) =0

P=3240N

A
V D.S-“‘ 0.5 — |800

P 21¢0
A
A—fo_’). [e.— 0.5 —-l‘- 0.5 =

A5F =00 4-3240-2160+1800=0

1300 A=3600 N
Shear diagram and its areas:
Ato C: V' =3600 N A, =(0.2)(3600)=720 N-m
C'toE™: V' =3600-3240=360 N A =(0.5)(360)=180 N-m
E"to B: V'=360-2160=-1800 N  A4,; =(0.5)(-1800)=-900 N-m
Bending moments:
M,=0
M =0+720=720N-m

M|, =900 N-m
M =720+180=900 N-m

Mgz =900-900= 0

(b) Normal stress. o =|M|max = 900

=g =T 10_6=62.5><106Pa
4aXx

G = 62.5 MPa 4
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A
T

0.8m

PROBLEM 5.65

For the beam and loading shown, design the cross section of the
beam, knowing that the grade of timber used has an allowable normal
stress of 12 MPa.

SOLUTION

Reactions:

M|

max

_ M|

max

=M, =0:

=M, =0:

=12x10° Pa
_24x10°

~2.44+(1.6)(1.8)+(0.8)(3.6) =0 A=24kN

—(0.8)(1.8)— (1.6)(3.6)+2.4D =0 D=3kN

Construct shear and bending moment diagrams:

=24kN-m=24x10°N-m

V (k)
2.4

(1.a2) 0.6

min
Ol

a;

=200x10°

h2
40

12x10°
=200%10°m?
=200x10°> mm®

s=Lpp? =l(40)h2
6 6

_ (6)(200x10%)

=30%10° mm

4
(0.48)

M (kN-m)
t.92

2 h=173.2 mm <«
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125mm  PROBLEM 5.66

18 kN/m _>| ’4—

A 3 1 I I I I 1 _]f— For the beam and loading shown, design the cross section of the beam,
. knowing that the grade of timber used has an allowable normal stress

| C
_t
of 12 MPa.
1.2m 1.2m

SOLUTION
Reactions: +] £F, =0: A —(1.2)(18) = 0
W
M, J's N/ A=216kN T
A BY | ,
¢ i 3 DIM,=0: —M,—(18)12)18) =0
A M, =-3888kN - m
L, bZz2w | 2w
= T ~ Shear diagram: Vy=Vz =216 kN
V{kn) o1t Ve =21.6-(1.2)(18) = 0
: Areas of shear diagram:
! AtoB : (1.2)(21.6) = 25.92kN - m
A B c * |
BtoC :5(1.2)(21.6) =12.96kN - m
M(kN+ )
" Bending moments: M , = -38.88kN - m
My = -38.88+ 2592 = —12.96 kN - m
Mg =-12.96 +12.96 = 0
|M|  =38.88kN-m=388x10°N-m
O. — | |max
max S
M 3N
S = Ml _ 388 106N = =3240x10°m’ = 3240 x 10° mm’
O 12 x10° Pa

. 1
For a rectangular section, S = —bh*

6
3
b 65 _ 6(3240 x 10°)  394mm
b 125

h =394 mm <«
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1.5 kips/ft PROBLEM 5.67

5in.

/4/( H‘HHH \h\\»l = For the beam and loading shown, design the cross section of the
A D Ih beam, knowing that the grade of timber used has an allowable
A B C e normal stress of 1750 psi.

L.’}ft 6 ft 3 ft —»‘

SOLUTION
Reactions: By symmetry, 4 =D.
+T XF,=0:4- %(3)(1.5) - (6)(1.5) — %(3)(1.5) -D=0
A=D=6.75kips T
1.5 kips/f+ Shear diagram: V, = 6.75kips
Vg =6.75 - l(3)(1.5) = 4.5 kips
y N b y y 2
A D
A B ) Ve = 4.5 - (6)(1.5) = —4.5 kips
re > T~ > Vp =-45- 5(3)(1.5) = —6.75 kips
N{kips) Locate point £ where V' =0 :
615 45 By symmetry, E is the midpoint of BC.
) Areas of the shear diagram:
! c >
A & E ! X AtoB : (3)(4.5) + %(3)(2.25) = 18kip - ft
—4'05
-6.
i BioE :%(3)(4.5) — 6.75kip - ft
M(kip- )
¢ 2415 | _
18 1 \8 EtoC :5(3)(—4.5) =-6.75kip - ft
| |
|
: | : % C to D : Byantisymmetry, — 18 kip - ft
A B 1S C D
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PROBLEM 5.67 (Continued)

Bending moments: M, =0
Mg =0+18=18 kip - ft
My =18+ 6.75 = 24.75 kip - ft
My =2475-6.75 =18 kip - ft

M, =18-18 =0

M M in - i
o - (Ml g _ M _ 475Kkip A2 _ oo aind
S O ax 1.750 ksi
For a rectangular section, S = lbh2

6
h= /% _ /@ = 1427 in. h=1427in. 4
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B PROBLEM 5.68

a —_—
|<—)| ’ For the beam and loading shown, design the cross section of the beam,
I“ 6 ft knowing that the grade of timber used has an allowable normal stress of 1750
psi.
A —
\ 1.2 kips/ft
SOLUTION
Equivalent concentrated load:
P P = (%)(6)(1.2) = 3.6 kips
<y
vV 'f Bending moment at A:
A
M, L M, = (2)(3.6) = 7.2kip - ft=86.4 kip - in
M
Somin = My, _ 864 _ 49.37 in’
O 1.75
. 1 ;
For a square section, S = ga

a=36S
dpin = 3/(6)(49.37) a,;, = 6.67in. 4
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0.5 kN 2.5 kN PROBLEM 5.69

knowing that the grade of timber used has an allowable normal stress of
12 MPa.

3m |

6 kN/m 100 mm
g . . .
B C I For the beam and loading shown, design the cross section of the beam,
D h
0

SOLUTION
By symmetry, B=C
+72Fy=0: B+C+25+2.5-(3)(6)=0 B=C=65kN
Shear:
AtoB: V =2.5kN
v, =25+65=9kN
V. =9-(3)6)=-9 kN V (kN
CtoD: V=-9465=-25kN *
Areas of the shear diagram:
Ato B: [rar=06)25)=15kN-m 2.5 | c o
1 N
. )
BtoE: j dez(EJ(I.S)@) ~6.75kN -m \ 1, o
\ A
Eto C: J.de=—6.75 KN -m
-9
Cto D: J.de=—1.5kN~m
M (kN-wm)
Bending moments: M,=0 Nt

M,=0+15=15kN-m
M, =15+6.75=825kN-m
M. =825-6.75=15kN-m 1.5 15

M, =15-15=0 h
Maximum |M|=8.25kN-m=825x10’N-m
0, =12 MPa=12x10°Pa
M . ? B
S . _ Ml _ 8 25X12 =687.5x107° m® = 687.5x10° mm’
O 12x10
For a rectangular section, S= ébh2
687.5x10° =(éj(100)h2
3
2 = OO8TSXN0D) _ 4y 55010° mm? h=203 mm <«

100
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3 kN/m

T
[T 1£u J

PROBLEM 5.70

A 150 mm For the beam and loading shown, design the cross section of the
L o Y beam, knowing that the grade of timber used has an allowable
94m ! 1.9 me normal stress of 12 MPa.
SOLUTION
+‘>MB =0: -244+(0.6)(3.6)3)=0 A=2.7kN
+‘>MA =0: —(1.8)(3.6)(3)+2.4B=0 B=8.1kN
Shear: V,=2.7kN V (kM)

_ _ EXA
V, =27-(24)3)=-45kN

2.1
V, =-4.5+8.1=3.6 kN \
V.=3.6-(12)3)=0 A o c

)
Locate point D where V' =0. 4 _24-d 7.2d =648
27 45
d=09m 24-d=15m
-4.5
Areas of the shear diagram: e d 2.4-d >
AtoD: J' dez(l](og)(zﬂ):l.zls KN -m M (1w)-w)
2 L \.RIS
Dto B: J' dez(%](l.sx—4.5)=—3.375 KN -m
|

Bto C: J'de - (%)(1.2)(3.6) -2.16 kN-m \
Bending moments: M,=0 2.1¢

M, =0+1215=1215kN-m I

My =1215-3375=-2.16kN-m

Mg =-2.16+2.16=0
Maximum |[M]=2.16 kN-m=2.16x10° N -m 0, =12 MPa=12x10° Pa

3
M 21607 e, 106 m® =180 10° mm
oy 12x10°
For rectangular section, S = %bh2 =%b(150)2 =180x10°
3
p = (©)A80X107) b=48.0 mm <«

1502
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G-kips PROBLEM 5.71
 / B 9
A D Knowing that the allowable stress for the steel used is 24 ksi, select the
e A A most economical wide-flange beam to support the loading shown.
‘ ’ | 62 kips
s 2Rt
SOLUTION

)IM =0: (17)(62)~12B+(5)(62) = 0
)ZM; =0: (5)(62)+12C +(17)(62) =0

Shear diagram:

Ato B™: V =-62 kips

B'to C™: V =-62+113.667 =51.667 kips
C"to D: V =51.667—113.667 = —62 kips.
Areas of shear diagram:

A to B: (5)(—62) =-310 kip - ft

Bto C: (12)(51.667) = 620 kip - ft

CtoD: (5)(—62) =-310 kip - ft

Bending moments: M,=0
Mg=0-310=-310 kip-ft
M, =-310+620=310 kip - ft

Mp,=310-310=0

|M|max: 310 klp ft= 372)(103 klp -1n
. M ' 3 .
Required S : S . = M | _ 3.72X10° _ 155 in?
O 24
Shape S(in%)
W27 x 84 213
W21x101 227
W18 x 106 204
W14 x 232 232

B =113.667 kips T

C =-113.667 kips or C =113.667 kips {

V, kips
51.667
-2 —c2
M, kip-+t
3lo
%
-3lo

Use W27 x 84 <«
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24 kips PROBLEM 5.72

| .

75 kips/ft Knowing that the allowable stress for the steel used is 24 ksi, select the
1 l l l l l l 1 l l 1 most economical wide-flange beam to support the loading shown.
A c
‘B
—09 ft 1 15 ft

SOLUTION

+‘> M- =0 -244+(12)(24)(2.75)+ (15)(24)=0 A =48 kips

+‘> M, =0: 24C—-(12)(24)(2.75)-(9)(24)=0 C =42 kips
Shear: V,=48

V, =48—(9)(2.75)=23.25 kips
V,. =23.25-24=-0.75 kips

Ve ==0.75— (15)(2.75) = —42 kips N (k;§s>
Areas of the shear diagram:
1 23.25
Ato B: j Vex = (—) (9)(48 +23.25) = 320.6 kip - ft
2 A e
$x
1 . -0.75
Bto C: Ide = (5]05)(_0'75 —42)=-320.6 kip - ft
Bending moments: M,=0
M, =0+320.6=320.6 kip- ft M (lp-Ft 42
M, =320.6-320.6=0 1 220.6
Maximum |M|=320.6 kip - ft =3848 kip-in
0, =24 ksi A % X
Siin = IM] _ 3848 _ 1603 in’
o, 24
Shape S, (in*)
W30x99 | 269
W27x84 | 213« Lightest wide flange beam: W27x84 @ 84 1b/ft 4

W24x104 | 258
W21x101 | 227
WI18x106 | 204
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ISkN/'m - PROBLEM 5.73

Knowing that the allowable stress for the steel used is 160 MPa, select the

e most economical wide-flange beam to support the loading shown.
A
B
I 6 m
SOLUTION
w=le+ 826, = (6 + 2x) kN/m
V (kM) 6
B
A ¥ W= -2
dx
V=—6x-x*+C
P=T72
V=0 at x=0, ¢, =0
M(k\)-h\) d_M:V:—6x—x2
a dx
A 1
M =-3x" - gx +C,
M=0 at x=0, C,=0
-I80 1
M =-3x —=x°
3
|M|mx occurs at x = 6 m.
M| =|-3)©6)* - (%)(6)3 =80kN -m =180x10°N -m
0, = 160 MPa = 160 x 10° Pa
M 3
Sipin = M| _ M =1.125x107 m’ = 1125 x 10° mm*
o, 160x10
Shape S, (10°mm?)
W530 % 66 1340 «
W460 x 74 1460 Lightest acceptable wide flange beam: W530 x 66 4
W410 x 85 1510
W360 x 79 1270
W310 x 107 1600
W250 %101 1240
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5 kN/m

bbbl

Bl Cl
70 kN 70 kN

<—3m—>l<—5 m—»l«—

PROBLEM 5.74

D Knowing that the allowable stress for the steel used is 160 MPa, select the most
economical wide-flange beam to support the loading shown.

3 m >
SOLUTION
S hN oy D=2 (St )+ 204N
apd b L LTI Sonewy
8= 42, B <m °| 32 }
FASkYy " ¥ 1 D= goSkN
% 70 kN 20 Ly
Vonar™ i
T~ 485N
G285k (-15.42)
G270) 4106 LK /
P sIT—_ fe D %
iy s (an
=82, 8kN
/V) - T8N
P Mlmy: 288 EN.m
A e g ¢ D 7‘
. Shape S, (10°mm®)
Section modulus W610x101 2520
) W530 x 92 2080 « |
S Mipax _ 286kN-m _ 1787 x 1075 m3
o 160 MPa
3 3 W460 x 113 2390
=1787 x 10° mm
W410x 114 2200
W360 %122 2020
W310 x 143 2150

Use W530x92 4
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60 k 40 kN

)

PROBLEM 5.75

Knowing that the allowable stress for the steel used is 160 MPa, select the

f D" most economical S-shape beam to support the loading shown.

LQ 5 m»LZ 5 mJi 5 m

SOLUTION
Reaction: +‘>ZM p=0:-104+ (7.5)(60) + (5)(40) =
&0 ml \140 kN A=65kNT
D Shear diagram:
3 \
A l l D] 4B vV =65KkN
N Cto D: V =5-40= -35kN
&5 Areas of shear diagram:
Ato B: (2.5)(65) = 162.5kN - m
A D BtoC: (2.5)(5)=12.5kN - m
X
e Cto D: (5)(-35) = —175kN - m
=35 Bending moments: M, =0
M (ko)
162.5 ’I’ My =0+162.5=162.5kN -m
)
| : Me =1625+125=175kN - m
A || ] X
B c D M, =175-175=0
M| =175kN-m =175x10°N-m
0, = 160 MPa = 160 x 10° Pa
Shape 3.3 M 3
So, (107 mm”) Sminzuzm_m%%xm o m?
S610x 119 2870 Our 160x10°
=1093.75 x 10° mm’
S510 x 98.2 1950
Lightest S-section: ~ S460 x 81.4 <«
S460 x 81.4 1460 «
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70 kN

PROBLEM 5.76

T

3m

Knowing that the allowable stress for the steel used is 160 MPa, select the
most economical S-shape beam to support the loading shown.

SOLUTION

Shear:

v (kN)
202.5

—202S

\

Reactions:

v, =-

BtoE:

Eto C:

CtoD:

By symmetry, B=C.

+H XF, =0:-70+ B - (9)@45)+C-70=0

B=C=2725kNT
V,=-10kN

70 + 0 = =70 kN

= —70 +272.5 = 202.5kN

- =1202.5 - (9)(45) = —202.5kN
= -202.5 +272.5 = 70kN

Vy = 70kN

Draw shear diagram. Locate point £ where V' = 0.
E is the midpoint of BC.
Areas of the shear diagram:

Ato B:

[Vdx = (3)(-70) = —210kN - m
[vax = %(4.5)(202.5) = 455.625kN - m

[vax = %(4.5)(—202.5) = —455.625kN - m

[Vdx = (3)(70) = 210kN - m
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PROBLEM 5.76 (Continued)

Bending moments: M, =0

Mg =0-210=-2105kN -m

My = -210 + 455.625 = 245.625 kN
M = 245625 — 455.625 = =210 kN
Mp=-210+210=0

|M| = 245.625kN - m = 245.625x10°N - m

0, = 160MPa = 160 x 10° Pa

Ll
S

M 3
g2 Ml _ 25623x10° _ 5350 %10 m?
o} 160 x 10

=1535.2x 10> mm’>

Shape S(10*mm?)
S610 x 119 2870
S510 x 98.2 1950
S460 x 104 1690

Lightest S-shape S510x 98.2 «
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48kips 48 kips #kps  PROBLEM 5.77

Y B Vo D Knowing that the allowable stress for the steel used is 24 ksi, select the
A |[E most economical S-shape beam to support the loading shown.
T T
2ft | 2ft o8 Toft
SOLUTION

)My =0:(12)(48) — 108 + (8)(48) + (2)48) =0 B =105.6 kips T

D)X My = 0:(2)(48) — (2)(48) — (8)48) + 10E =0  E = 38.4kips T

V (kips) o Shear: AtoB: V =—-48Kkips
.¢
i BtoC: V =-48+4+105.6 = 57.6 kips
a.¢ c CtoD: V =57.6—-48 =9.6kips
MR e »_J DtoE:  V =9.6— 48 = —38.4 kips
L_ -y48 -38.4 Areas: AtoB:  (2)(—48) = -96 kip - ft
BtoC:  (2)(57.6) =115.2kip - ft
7¢.8 CtoD: (6)(9.6) =57.6kip - ft
9.2 DtoE: (2)(-38.4) = 76.8kip - ft
A\ ® /e D € Bending moments: M, =0
T Mg =0-96=-96kip - ft
My =-96+1152=192kip - ft
M, =192+572 ="768kip - ft
Mgp=768-768=0
Maximum |M| = 96 kip - ft = 1152 kip - in
O-all 224 kSl
M
Spmin = M| 1152 _ 48 in’
Oan 2
Shape S(in?)
S15x 42.9 59.4 Lightest S-shaped beam: SI15x 42.9 4
S12 x50
50.6
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18 kips

PROBLEM 5.78

3 kips/ft
I l I I I l ], B C 'p  Knowing that the allowable stress for the steel used is 24 ksi, select the
A most economical S-shape beam to support the loading shown.
‘ o
~6 ft I 6 ft | 3 ft
SOLUTION
+‘>ZMC =0:-124+ 9)(©6)3) - 3)(18) =0 A =9kips
+‘>ZMA =0:12C-(3)6)(3) - (15)(18) =0 C = 27kips
Vv PSW Shear: V, =9 kips
13 Bto C: V =9 —(6)(3) = -9 kips
d CtoD: V =-9+27 =18 kips
E @ c o
A l N\ . " Areas:
1
L ‘ At E:  (0.5(3)9) =13.5kip - ft
M (k:P-‘H') EtoB:  (0.5(3)(-9) =-13.5kip - ft
3.5 Bto C: (6)(-9) = —54 kip - ft
C DX
A E ' CtoD: (3)(18) = 54 kip - ft
Bending moments: M, =0
-84 Mgp=0+135=13.5kip - ft
Mg, =135-135=0
M,=0+54=54kip- ft
Mp=54-54=0
Maximum |M| = 54 kip - ft = 648 kip -in 0, =24 ksi
648 .
min — 2— =27 1n3
Shape S(in3)
S12x31.8 36.2 Lightest S-shaped beam: S12 x 31.8 «
S10 % 35 29.4
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9kN PROBLEM 5.79

4.5 kN/m
152 mm
v el Two L102 x 76 rolled-steel angles are bolted together and used to
c Wl support the loading shown. Knowing that the allowable normal
B 102 mm  Stress for the steel used is 140 MPa, determine the maximum angle
of thickness that can be used.
1m 1m
SOLUTION
Reactions: By symmetry, 4A=C
+¢2Fy =0: 4-(2)(4.5-9+C=0
A=C=9kNT V (k)
q
Shear: V,=9kN 4.5
Ve =9-(D(4.5)=45kN e c
=45-9=— A
Ve =45-9=-45kN —4.5 L\l
Ve=-45-1)(4.5)=-9kN -q
Areas of shear diagram: M(kn-wm)
i .15
A to B: desz(l)(9+4.5)=6.75 kN-m
Bto C: dex:%(l)(—9—4.5):—6.75 KN -m ‘
A e c
Bending moments: M,=0

M, =0+675=675kN-m
M. =675-6.75=0

Maximum |[M|=6.75 kN-m=6.75x10* N-m
0, =140 MPa =140x10°Pa

3
For the section of two angles, S, ;. = M _ w =48.21x10°m’
o, 140x10
=48.21x10° mm’
For each angle, S .= %(48.21) =24.105x10° mm’
Shape S(10°mm?*)
L102x76x12.7 | 31.1 —

L102x76x9.5 | 24.0
L102x76x6.4 | 16.6

Lightest angle is L102x76x12.7 <«
=12.7 mm <

ZLmin
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20 kips

PROBLEM 5.80

2.25 kips/ft
v i Two rolled-steel channels are to be welded back to back and used to
Al B ¢ - 5 EE support the loading shown. Knowing that the allowable normal stress
for the steel used is 30 ksi, determine the most economical channels that
6t can be used.
3ft
12 ft
SOLUTION
20 kips 2,25 kips/ft Reaction: +)IM, = 0: —124+9(20) + (6)(2.25)(3) = 0
N 8 cy 5 A=18375kips T
A h . .
A | 2 |‘3ﬁ\4 o B N Shear diagram:
' ' AtoB: V¥V =18.375kips
ki .
vl "578 s BtoC:  V =18.375— 20 = —1.625 kips
Vp =—-1.625 - (6)(2.25) = —15.125 kips
A A < ad ~ Areas of shear diagram:
-1.625
_’é—z_\l AtoB:  (3)(18.375) = 55.125 kip - ft
~15.025 .
BtoC: (3)(-1.625) = —4.875 kip - ft
M(kip-5)
55:125 5455 CtoD: 0.5(6)(-1.625 —15.125) = —50.25 kip - ft
Bending moments: M, =0
A  — H M, =0+ 55.125 = 55.125 kip - ft
M, =55.125-4.875 = 50.25 kip - ft
Shape S(in)? Mp =5025-5025=0
Clox 153 13.5 IM |, .x =55.125kip - ft = 661.5kip - in
CIx15 11.3 « o, = 30ksi
C8x18.7 11.0
For double channel, S,;, = M} _ 6615 _ 22.05 in®
O 30

For single channel, S, = 0.5(22.05) = 11.025 in’

Lightest channel section: C9 x15 <
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8 kips 32 kips
B C VD

32 kips | | il -

PROBLEM 5.81

Three steel plates are welded together to form the beam

‘_L\A_ I&L: Jin— |~ 19/in- shown. Knowing that the allowable normal stress for the
| ‘ ‘ | o steel used is 22 ksi, determine the minimum flange
e Rl e 1™ width b that can be used.

SOLUTION
Reactions: +‘>2ME =0: —424+(37.5)(8)+(23.5)(32)-(9.5)(32)=0
A=32.2857 kips T
+‘>EMA =0: 42FE—-(4.5)8)—(18.5)(32)—(32.5)(32)=0
E =39.7143 kips T
Blkips 32 kips 32 k:?_s
Shear:
e [ 40
A to B: 32.2857 kips : £
’ 3
B toC: 32.2857 —8=24.2857 kips A E
C toD: 24.2857 —32=—7.7143 kips lL_! 14 “,!“4“ Al
DtE: —7.7143 - 32 =-39.7143 kips 4.5%
Areas: V, kips
2857
4 to B: (4.5)(32.2857) = 145.286 kip - ft 32285 2857
B to C: (14)(24.2857) = 340 kip - ft A b < > _E
C to D: (14)(~7.7143) = 108 kip- ft ® T
D toE: (9.5)(-39.7143) = -377.286 kip - ft ~39.7143
_ M, kip-T+
Bending moments: M,=0 485.29
377.29
M, =0+145.286 =145.286 kip - ft 145.28¢
M. =145.286+340 =485.29 kip - ft
1 ] 1
M, =485.29-108=377.29 kip- ft A B c D E
M, =371729-377.286=0
Maximum |M| = 485.29 kip - ft = 5.2834 10’ kip - in o, =22 ksi
3
S = L 3 2838X10°_ 564 70 in?
O 22
1(3 3 1 3 2
I=—| =119 +2| —®) Q) +(B)(D(0)" | =428.69 +200.17b
12\ 4 12
c=9.5+1=10.5in.
S in =£=40.828+19.063b=264.70 b=11.74 in. 4
c
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15kN 1L5kN 15kN PROBLEM 5.82

¢
) ) y A steel pipe of 100-mm diameter is to support the loading shown.
A = C L Knowing that the stock of pipes available has thicknesses varying
from 6 mm to 24 mm in 3-mm increments, and that the allowable
14 ! ! normal stress for the steel used is 150 MPa, determine the minimum
0:5m 0.5 m 100mm" wall thickness ¢ that can be used.
SOLUTION
1.5 kN
M4 z.smi \L Skl Cp = 50 mm
\
¢
A
\a t
lm 0. SYQ 0.5m
< > >
+‘> XM, =0: —-M,-OD{1.5 - 15015 -2)1.5 =0 M, =-675kN - m

=|M,|=675kN -m

| | max

M 3N
Smin — | |max _ 6.75%x 10 6N m :45X10—6m3 =45X103mm3
Ol 150 x 10° Pa
Smin = Imin Imin =0 Smin = (50)(45 X 103) =2.25x% 106 mm4
%)
_ (4 4
Imin - 4 (02 clmax)
Clmax = ©3 — iImm = (50)* - i(2.25 x10%) = 3.3852 x 10° mm*
T /4
Crmax = 42.894 mm
toin = €y — Cimax = 00 —42.894 = 7.106 mm

t=9mm <
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200 kips 200 kips PROBLEM 5.83

Bl c Assuming the upward reaction of the ground to be uniformly distributed and
Al 'p  knowing that the allowable normal stress for the steel used is 24 ksi, select
J the most economical wide-flange beam to support the loading shown.
‘«—4 ft —>l<—4 ft —»‘«—4 ft
SOLUTION
400 AQ0 oo
Distributed reaction: q = — = 33.333 kip/ft
12 A B8 cy ©
Shear: Vi=0 IBENEBRERERE
V, =0+ (4)(33.333) = 133.33 kips 32388 kip /Ft
V. =133.33-200 = —66.67 kips V (kips)
B
. 133.33
V. =—66.67 + 4(33.333) = 66.67 kips ce.c7
V.. = 66.67 — 200 = ~133.33 kips A BVE/'C »
V, = —133.33 + (4)(33.333) = 0 kips ~6647
A —133.33
reas:
vp-
| . M Geip-fH) 266.67
Ato B: (5)(4)(133.33) = 266.67 kip - ft
BtoE: (%) (2)(-66.67) = —66.67 kip - ft
X
1 . A B C D
EtoC: 5 (2)(66.67) = 66.67 kip - ft
CtoD: (%j(4)(—133.33) = -266.67 kip - ft
Bending moments: M,=0

Mg =0+266.67 = 266.67 kip - ft
Mg =266.67 —66.67 = 200 kip - ft
M- =200+ 66.67 = 266.67 kip - ft

M, =266.67 —266.67 =0
Maximum |M| = 266.67 kip - ft = 3200 kip - in.

O-all = 24 k51
Spin = M _ 3200 _ 133 34
(o 24
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PROBLEM 5.83 (Continued)

Shape S(in?)

W27 x84 213

W24 x 68 154 «— Lightest W-shaped section: W 24 x 68 <
W21x101 227

W18 x 76 146

W16 x 77 134

W14 x 145 232
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Total load = 2 MN PROBLEM 5.84

B C
Al 'p  Assuming the upward reaction of the ground to be uniformly distributed and
knowing that the allowable normal stress for the steel used is 170 MPa,
| 1m | select the most economical wide-flange beam to support the loading shown.
0.75m 0.75 m
SOLUTION
Downward distributed load: w= % =2 MN/m
Upward distributed reaction: q = 2—25 = 0.8 MN/m
Net distributed load over BC: 1.2 MN/m
Shear: V,=0 VvV (M N)
Vy =0+ (0.75)(0.8) = 0.6 MN 0.6

Ve =0.6 - (1.0)1.2) = -0.6 MN
Vp =—0.6+(0.75)(0.8) = 0

Areas: . E C D
1 A B
Ato B: [5](0.75)(0.6) =0.225MN - m
BtoE: (%)(0.5)(0.6) =0.150 MN - m —-0.6
1
Eto C: —1(0.5)(-0.6) = —0.150MN -
i [5Jo9c0s " M (MN-w)
1 0. 37§
Cto D: [Zj(0.75)(—0.6) =-0.225MN - m
Bending moments: M,=0
Mg =0+0225=0225MN - m
X
My =0225+0.150 = 0.375 MN - m A E D

M =0375-0.150 = 0.225 MN - m
M, =0225-0225=0
Maximum [M| = 0.375 MN - m = 375 x10°N - m

0, =170 MPa = 170 x 10° Pa

M| 375x10°

== = =2.206x107 m’ = 2206 x 10’ mm’
o, 170x10

min —
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PROBLEM 5.84 (Continued)

Shape S (10° mm?®)
W 690 x 125 3510
W610x101 2530 «— Lightest wide flange section: W610x101 <«

W530x150 3720
W460x113 2400
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P P | 4in | PROBLEM 5.85
Y c V —__05in
Af D 2in Determine the largest permissible value of P for the beam
= B Vi | l«— and loading shown, knowing that the allowable normal stress
03 ‘ _0’5 " is 46 ksi in tension and —18 ksi in compression.
) m I .0 1n.
10 in. 6in
SOLUTION
|<___ 4 fn.—> 7= 2. VA _ (1)(0.5)(2) + (2.25)(4)(0.5)
2 A (0.5%x2)+ (4x0.5)
. 'Sm I///f// 6‘7%6]7-" 25in,
=1.83333in.
1 _ x!
i Y L= 3| Low + 4d?
Y 12
0.5 in. {E(O 5)(2) + (0.5)(2)(1.83333 - 1) }
P P
Bl c V) [%(4)(0 5) + (4)(0.5)(2.25 — 1.83333) }
_ 4
A Lo 1o 20 in, CLTJG i, = 1.416671n
1{ < Ll
o D)EMe =0: =304+ (20)P — (6)P = 0
vV | 0-46667P
(4.66671P) (6P A =0.46667P T
(-10.6606 X
-0.53323P 10 +T2Fy =0: 0.46667P-2P+C =0
M Mg= 4.6667F C =153333P7
X
\/ Oy = +6 ksi
M= -6P o, = —18 ksi
b
feo=0.66667 .
A xl
At section B: For o, = 18 ksi (compression): y Ca= 1.83333 .
c a
b oy, =M Bl_b
 Mg= 4.666TP x
@
§ ), 18 = (466677 %597 b _ g0 ki
! 1.41667

a
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PROBLEM 5.85 (Continued)

For o, = 6 ksi (tension), o, =Mz~
6= (4.6667P)w P = 0.994 kips
1.41667
At section C: For 0, = 6ksi (tension),
b o, = Mqb 6 = (6P) 25967 b _ 5 13 kips
3 MC:GP Ix’ 141667
D For o, = 18 ksi (Compression),
o
o, = MoSe 18 = 6P) =333 p 230 kips
1’ 1.41667
Choose smallest value of P: P = 0.994 kips 4
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lP lP B’TF_ PROBLEM 5.86
Al D 2in Determine the largest permissible value of P for the beam and
=8 |B cl A —05in. loading shown, knowing that the allowable normal stress is
| ‘ _ ‘ | L_.| +6 ksi in tension and —18 ksi in compression.
™~ 16 in S 4in.
SOLUTION
= 2y4 _ (1.5)0.5)(2) + (0.25)(4)(0.5)
"'Sl l“ 0.5 in Y= -
e 2 A (0.5)(2) + (4)(0.5)
T = 0.66667 in.

=

1

83233 in,

XI

[, 1 Jfu=0.bt6Tn.

b T, = 41667 W
P P
J \
P o 8\.\/\ "‘.l‘ \& \a. nl‘ 8\;\-:~P

RSO 2
I = Z(lzbh + Ad j
= %(0.5)(2)3 + (0.5)(2)(1.5 — 0.66667)>
+ %(4)(0.5)3 + (4)(0.5)(0.66667 — 0.25)*
=1.41667 in*

For o, = 18 ksi (compression),

O-Ll = Mmax ca
I,
18 = 8P)=83333 b1 730 kips
1.41667

For o, =6ksi (tension),

C,
Op = Mmax]_j:/
6 = (8P) 066667 1 _ | 594 kips
1.41667

Choose smallest value of P: P = 1.594 kips
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60 mm

PROBLEM 5.87

w 1 4
T\ZO mm - Determine the largest permissible distributed load w for the
A D 60 i“m beam shown, knowing that the allowable normal stress is
=& p c A E— +80 MPa in tension and —130 MPa in compression.
| ~>| |<—20 mm
| 0.5m |
0.2m 0.2m
SOLUTION
\ Reactions. By symmetry, B=C
0.25w
l\ K + YF,=0:B+C-09w=0
A E e .
€ \I B=C=045wT
ToAw oSy Shear: V,=0
M
001w V. =0-02w=-02w
A B /\ cC_© VB+ =—-02w+ 045w = 0.25w
E
\/ VC, = 0.25w - 0.5w = —-0.25w
—o.02w —ootw VC+ =-025w+ 0.45w = 0.2w
le—Gomm—3) Vp =02w—-02w=0
° @ 340mm 1
Areas: Ato B. —(0.2)(-0.2w) =-0.02w
.__.__%. 2
70 mm
T 1° SO mm 1
3omm |(D © BtoE 5(0.25)(0.25w) =0.03125w
L Y

—)’?O An\k

Bending moments:

Centroid and moment of inertia:

M, =0
My =0-0.02w=-0.02w
M, =—0.02w+0.03125w=0.01125w

Part| A, mm? y,mm |Ap(10° mm®) d,mm. |Ad*(10° mm*)7(10° mm*)
©) 1200 70 84 20 480 40
1200 30 36 20 480 360
) 2400 120 960 400
3
g 120x10° o
2400

I =Y Ad* + 31 =1360x10° mm*
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PROBLEM 5.87 (Continued)

Top: Ily = (1360 x 10°)/30 = 45.333 x 10’ mm® = 45.333x107%m?

Bottom:  I/y =(1360x10%)/(=50) =—27.2x10° mm® = —27.2x107°

Bending moment limits (M =—o1/y) and load limits w.

Tension at B and C: —0.02w=—(80x10°)(45.333x107°)
Compressionat Band C:  —0.02w=—(—130x10°)(27.2x107%)
Tension at E: 0.01125w=—(80x10°)(27.2x107%)
Compression at E: 0.01125w = —(—=130x10)(45.333 x 1076)

The smallest allowable load controls:

m3

w=181.3x10* N/m
w=176.8x10° N/m
w=193.4x10° N/m
w=1523.8x10° N/m

w=176.8x10> N/m

w=176.8 kN/m <«
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60 PROBLEM 5.88
Solve Prob. 5.87, assuming that the cross section of the beam is
20mm  reversed, with the flange of the beam resting on the supports at
BandC.

J

b

:[J
34} i

| *I - 20:aten PROBLEM 5.87 Determine the largest permissible distributed
0.2m ' T02m load w for the beam shown, knowing that the allowable normal
stress is +80 MPa in tension and —130 MPa in compression.

SOLUTION

v 257
0.25w
Reactions: By symmetry, B=C [\ 2
i)
H2r =0 Brc-09w=0 A
B=C=045wT oqw  =0.250
Shear: V,=0 M 0.01125 w
v, =0-02w=—02w e/ Ne o
E
Ve ==02w+045w=025w
V.. =025w-05w=-025w
-0.02w -0.0lw
Ve ==025w+045w=02w
V,=02w—-02w=0
s w w o gor
Areas: 1___0 -
Ato B L 0.2)(<02w)=-0.02 e |7
to B: — (V. —VU.2W)=-—U. w 30mm
2 T @] 4
#
Bto E: l(0.25)(0.25 w)=0.03125w o NI:_ comn—
2
Bending moments: M, =0
My=0-0.02w=-0.02w
M, =-0.02w+0.03125w=0.01125w
Centroid and moment of inertia:
Part A, mm? ¥, mm Ay, (10° mm*) d, mm Ad*(10°> mm*) I, 10° mm*)
O 1200 50 60 20 480 360
@) 1200 10 12 20 480 40
2 2400 72 960 400
3
7=729% _30mm  1=%4d% + 3T =1360x10° mm?
2400
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PROBLEM 5.88 (Continued)

Top: Ily=(1360x10*)/(50)=27.2x10> mm® =27.2x107° m’
Bottom:  I/y =(1360x10%)/(=30) = —45.333x10° mm® = -45.333x10° m’

Bending moment limits (M =—o1/y) and load limits w.

Tension at B and C: —0.02w=—(80x10°)(27.2x107%) w=108.8x10° N/m

Compression at Band C:~ —0.02w=—(—130x10°)(—45.333x10°) w=294.7x10° N/m

Tension at E: 0.01125w=—(80x10°)(—45.333x107%) w=322.4%10° N/m
Compression at E: 0.01125w=—(-130x10°)(27.2x107%) w=314.3x10° N/m
The smallest allowable load controls: w=108.8x10> N/m

w=108.8 kN/m <«
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54 kips PROBLEM 589

’4_ ¥ 2_:,4_” 23‘ WIZX50 0 o 54-kip is load is to be supported at the center of the 16-ft span shown.
9 = / Knowing that the allowable normal stress for the steel used is 24 ksi,
= ‘ determine (@) the smallest allowable length / of beam CD if the

W12 x50 beam AB is not to be overstressed, (b) the most economical

Al 'B
P
E—16E W shape that can be used for beam CD. Neglect the weight of both

beams.

SOLUTION
(a) i54 kips
l
c 1> af=8ft—E [ =16ft - 2d (1)
A — e Beam 4B (Portion AC):
A=Td | 2 4 /2 d] c :
27 kipsl® > > e A rjM,;:(z‘l kips)d
e— /e & ———){ A d / = 27d
PRI |
21 kips
For W12x 50, S, =642in’ o, = 24ksi
My = 0,S, = (24)(64.2) = 1540.8 kip - in = 128.4 kip - ft
My =27d =1284kip - ft d = 4.7556 ft
Using (1), [=16-2d =16 — 2(4.7556) = 6.4888 ft [=649ft 4
54 kips (b)
i Beam CD: [ =6.4888ft o, = 24ksi
c = — 1D o = Mue _ (87.599x12)kip - in
) ™ o 24 ksi
21 k\'PS {*_ [ .3
L 3.2444 % | 32444 B = 43.800 in
V(kips) 27 Shape S(in’)
W18 x 35 57.6
W16 x 31 472 «—
X W14 x 38 54.6
23 W12 x 35 45.6
™M (kg &) W10 x 45 49.1
87.549
W16 x31. 4
*
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66 kN/m 66 kN/m PROBLEM 5.90
( \ WA460 X 74 . o .

1 l l 1 1 l l l l l 1 l 8 A uniformly distributed load of 66 kN/m is to be supported over

l 1 l l v 1 l 1 l / the 6-m span shown. Knowing that the allowable normal stress for

A B the steel used is 140 MPa, determine (a) the smallest allowable

¢ B length [ of beam CD if the W460x74 beam 4B is not to be

! overstressed, (b) the most economical W shape that can be used

L=6m for beam CD. Neglect the weight of both beams.

SOLUTION

For W460x 74,

S =1460x10° mm® =1460x107° m’
0, =140MPa =140x10° Pa
M, =So,, = (1460x107°)(140x10°%)
=204.4x10° N-m =204.4 kN-m

Reactions: By symmetry, A=B,

A=B=198 kN =198x10° N

C=D M(k“'”‘) 2044

+T2F, =0: A+B—(6)(66) =0 / \
A c © 23

f

+XF, =0: C+D—-66/=0 6 £N/m
C=D=(3]) kN (1)
Shear and bending moment in beam 4B: e 2.36m —
O<x<a, V=198-66xkN lo.ss kv Hoscky
ACUA]
M =198x-33x*kN-m 112.56  geam €D
c D
AtC, x=a. M=M,,
M =198a-33a>kN-m -fe-s8
M (RN )
Set M =M. 198a —33a* =204.4 92, ¢o2
33a” —198a+204.4=0
a=4 m, 1.32487 m c E D
(@) Bygeometry, [=6-2a=3.35m [=335m<d

From (1), C=D=110.56 kN

Draw shear and bending moment diagrams for beam CD. V' =0 at point £, the midpoint of CD.
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Area from A to E':

PROBLEM 5.90 (Continued)

J'de =%(1 10.560)61) ~92.602 kN -m

My =92.602 kN-m =92.602x10° N-m

g Mg _ 92.602x10°
™oy 140x10°

=661.44x10° mm’®

=661.44x10°m’

Shape S(10° mm®)
W410x46.1 774

W360x 44 693 -
W310x52 748

W250%58 693

W200% 71 709

(b) Use W360x44. 4
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PROBLEM 5.91

Each of the three rolled-steel beams
shown (numbered 1, 2, and 3) is to
carry a 64-kip load uniformly
distributed over the beam. Each of
these beams has a 12-ft span and is to
be supported by the two 24-ft rolled-
steel girders AC and BD. Knowing
that the allowable normal stress for
the steel used is 24 ksi, select (a) the
most economical S shape for the
three beams, (b) the most economical
W shape for the two girders.

SOLUTION

Beams 1,2, and 3

5.33 Kips /A
VL]
32. )
well, 12 #t ——
' (kfps)
32
R
M (k\'P-'H') ac

For beams 1, 2, and 3

Maximum M = ( j(6)(32) =96kip - ft =1152kip -in

L
2

M| 1152
s Il __-2
min i 24

31,1(-'(”

- 32

= 481in’

Shape ‘ S(in®)
SI15x 42.9 59.4
S12 % 50 50.6

(a) Use SI5x42.9. 4
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PROBLEM 5.91 (Continued)

For beams AC and BC
Areas under shear digram:
(4)(48) =192 kip - ft

Maximum M =192 +128 = 320 kip - ft = 3840 kip - in

32 32 32 k-'rs |M| 3840
\\ l l Smin =—_— = =160 i1’13
f O 2
uefeu g L g hu Jus Shape S(in’)
v, Lkips) W30 x 99 269 (b) Use W27 x 84. 4
“e W27 x 84 213
(92)| 1o W24 x 104 258
(128) W21x101 227
5 W18 x 106 204
-1¢
-43
M(K{f-‘H\ 320
192 192
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12

w '«—200 mm—»‘ i

PROBLEM 5.92
.5 mm
Beams 4B, BC, and CD have the cross section
shown and are pin-connected at B and C. Knowing
that the allowable normal stress is +110 MPa in

1

" ’QB C& D 150mm " tension and —150 MPa in compression, determine (a)
| ‘ 4{ the largest permissible value of w if beam BC is not
~ ¢ 72m T a _>| |<_ to be overstressed, (b) the corresponding maximum
12.5 mm distance a for which the cantilever beams AB and
CD are not overstressed.
SOLUTION
My=M.=0 M
1
V==V, = (E)(7.2)W =3.6w
c D 2
Area B to E of shear diagram: A e' E
1
(—] (3.6)(3.6w)=6.48w
2 M .43 w
M;=0+648w=06.48w /'\
c D
W ™
Centroid and moment of inertia: / e w
Part | A(mm?) y (mm) Ay (mm?*) d (mm) Ad*(mm*) I (mm*)
@) 2500 156.25 390625 34.82 3.031x10° 0.0326 x 10°
@) 1875 75 140625 46.43 4.042x10° 3.516 x 10°
by 4375 531250 7.073x10° 3.548 x 10°
?:531250:121.43 mm 5 200 ~
4375 o " ¥ .
I=34d* +3I =10.621x10° mm* .67 a -l o I
T _ ,,r__,r 10 156.28
Location | y(mm) ‘ I/y(10° mm®) « also (10°m?) 12143 @ 15
Top 41.07 258.6 l: ) A5
Bottom ~121.43 —87.47 s L
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PROBLEM 5.92 (Continued)

Bending moment limits: M =-olly

Tension at E: —(110x10°%)(—87.47x107%)=9.622x10° N-m
Compression at E: —(-150 x 107°)(258.6 x107%) = 38.8 x 10° N - m
Tension at 4 and D: —(110x10%)(258.6x10™°) =-28.45x10° N-m

Compression at 4 and D: —(=150x10°)(—87.47x107°) =—-13.121x10° N-m

(@) Allowable load w:  6.48w=9.622x10’ w=1.485x10° N/m w=1.485kN/m <«

Shear at 4: V,=(a+3.6)w

Area A4 to B of shear diagram: %a YV, +Vy)= %a(a +7.2)w

Bending moment at 4 (also D): M , = —%a(a +7.2)w

—%a(a+7.2)(4.485><103) =-13.121x10?

() Distance a: %a2+3.6a—8.837=0 a=1935m <«
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PROBLEM 5.93

12.5 mm
P p +—200 mmn— Beams 4B, BC, and CD have the cross section shown
y — and are pin-connected at B and C. Knowing that the
4 ? ? L allowable normal stress is +110 MPa in tension and
X - 150mm - _150 MPa in compression, determine (a) the largest
| ‘ | permissible value of P if beam BC is not to be
T A 2dm 2Am e overstressed, (b) the corresponding maximum
12.5 mm distance a for which the cantilever beams 4B and CD
are not overstressed.
SOLUTION
My=M,=0 v
Vy=—Vo.=P P
Area B to E of shear diagram: 2.4 P . o < o %
A8 E F
Mp,=0+24P=24P=M,
-P
M
Centroid and moment of inertia: 24P
B \C D
A ?
/ E F \]
Part A(mm?) y (mm) Ay (mm”) d (mm) Ad*(mm*) I (mm*)
©) 2500 156.25 390625 34.82 3.031x10° 0.0326 x 10°
1875 75 140625 46.43 4.042 x10° 3.516x10°
h) 4375 531250 7.073 % 10° 3.548 x10°
= 531250
Y = =121.43 mm p—200 ———
T - + 1
[=34d> + 3T =10.621x10° mm* 4T 1] s
T 156.1§
121,43 ®/ —F %P
Location y(mm) I/y(10° mm?*) «—also (10°m?) l ’If l
Top 41.07 258.6
Bottom —-121.43 —87.47
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PROBLEM 5.93 (Continued)

Bending moment limits: M =-olly
Tension at £ and F:  —(110x10%)(-87.47x107%)=9.622x10° N-m
Compression at E and F:  —(—150x10°)(258.6x107°) =38.8x10° N-m
Tension at 4 and D:  —(110x10°)(258.6x107°) =-28.45x10° N-m

Compression at 4 and D:  —(=150x10°)(—-87.47x107°) = —13.121x10° N-m

(@) Allowableload P:  24P=9.622x10° P=4.01x10°N P=4.01kN <
Shear at 4: V,=P
Area A to B of shear diagram: aV,=aP
Bending moment at 4: M, =-aP = -4.01x10°a

(b) Distance a: —4.01x10°a =-13.121x10° a=327m <«
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PROBLEM 5.94"

A bridge of length L =48 ft is to be built on a secondary road whose
access to trucks is limited to two-axle vehicles of medium weight. It will
consist of a concrete slab and of simply supported steel beams with an
ultimate strength of o, =60 ksi. The combined weight of the slab and
beams can be approximated by a uniformly distributed load
w=20.75 kips/ft on each beam. For the purpose of the design, it is
assumed that a truck with axles located at a distance a =14 ft from each
other will be driven across the bridge and that the resulting concentrated
loads P, and P, exerted on each beam could be as large as 24 kips and
6 kips, respectively. Determine the most economical wide-flange shape
for the beams, using LRFD with the load factors y, =1.25, y, =1.75
and the resistance factor ¢=0.9. [Hint: It can be shown that the
maximum value of [M,| occurs under the larger load when that load is
located to the left of the center of the beam at a distance equal
to aP,/2(F +PR).]

SOLUTION

Dead load:

L=48ft a=14 1t

P, =6 kips

W =0.75 kip/ft

B, =24 kips
0.75 k\'P /‘Ff

L1y Ll )

A 2

Area A4 to E of shear diagram:

(%)(8)(18)=216 kip - ft

M. =216kip-ft =2592 kip-in at point E.

we—9b _AHO) 4y
2(R+PR) (2)30)

x=§—u=24—1.4=22.6 ft

Live load:

x+a=22.6+14=36.6 ft
L—-x—a=48-36.6=114ft

R,=R, = G] (48)(0.75) = 18 kips ug

12k ps

I3

8 k.":g

)

o —"l\l

216 kp"ﬂ'

N

T)EM,; =0:-48 R, +(25.4)(24) + (11.4)(6) =0

R, =14.125 kips
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Shear:
Ato C:

Cto D:
D to B:

Area:

Ato C:

Bending moment:

PROBLEM 5.94* (Continued)

V' =14.125 kips
V =14.125-24 =-9.875 kips
V' =—-15.875 kips

(22.6)(14.125)=319.225 kip - ft

M =319.225 kip- ft =3831kip-in

Design:
YoMp+y M, =M, =908,
§ = YoMp+yiM,
min ¢O_U
_ (1.25)(2592) +(1.75)(3831)
(0.9)(60)
=184.2 in’
Shape S(in’)
W30x99 269
W27x84 213 «—
W 24x104 258
W21x101 227
W18x106 204

24 kigs .
ckte

S

A h
k0o —=c |14 14 -
1.125 kips 1585 kips

14125

(-138.25)

(-180.975)
/oo

- 15,8725
319.225 k:P.H

(319.127)

180.975

Use W27x84. 4
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PROBLEM 5.95

Assuming that the front and rear axle loads remain in the same ratio as
for the truck of Prob. 5.94, determine how much heavier a truck could
safely cross the bridge designed in that problem.

PROBLEM 5.94° A bridge of length L =48 ft is to be built on a
secondary road whose access to trucks is limited to two-axle vehicles of
medium weight. It will consist of a concrete slab and of simply
supported steel beams with an ultimate strength of o, =60 ksi. The
combined weight of the slab and beams can be approximated by a
uniformly distributed load w=0.75 kips/ft on each beam. For the
purpose of the design, it is assumed that a truck with axles located at a
distance a =14 ft from each other will be driven across the bridge and
that the resulting concentrated loads P, and P, exerted on each beam
could be as large as 24 kips and 6 kips, respectively. Determine the
most economical wide-flange shape for the beams, using LRFD with
the load factors y,, =1.25, ¥, =1.75 and the resistance factor ¢ =0.9.
[Hint: It can be shown that the maximum value of [M | occurs under
the larger load when that load is located to the left of the center of the
beam at a distance equal to aP,/2(R + P,) ]

||
- N
NI

SOLUTION

L=48ft a=141ft B =24kips
P, =6kips W =0.75 kip/ft

See solution to Prob. 5.94 for calculation of the following:

Mp=2592kip-in M, =3831kip-in
For rolled steel section W27 x 84, S =213 in’
Allowable live load moment M :

YoMp + 7LM2 =M = oS
M = PouS —ypMp

YL
_(0.9)(60)(213) — (1.25)(2592)
1.75
=4721kip-in
Ratio: ﬁ=@=1.232=1+O.Z32
M, 3831

Increase 23.2%. 4
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wp + wy,

PROBLEM 5.96

A roof structure consists of plywood and roofing material
supported by several timber beams of length L =16 m. The

b dead load carried by each beam, including the estimated weight
l l l l l l l 1 l l l l l 1 l l | = of the beam, can be represented by a uniformly distributed load
A B lh wp =350 N/m. The live load consists of a snow load,
— 9 = represented by a uniformly distributed load w, = 600 N/m, and
! 1r 1y ! a 6-kN concentrated load P applied at the midpoint C of each
) \j ? beam. Knowing that the ultimate strength for the timber used is
F 0y =50 MPa and that the width of the beam is b =75 mm,
determine the minimum allowable depth / of the beams, using
LRFD with the load factors y,=12, y, =1.6 and the
resistance factor ¢ =0.9.
SOLUTION
L=16m, wp =350 N/m=0.35kN/m
w, =600 N/m=0.6 kN/m, P=6kN
0.35 kN/m 1
J11 110 T Dead load: R, =(E](16)(O.35)=2.8 kN
[e————— 1+ —_— |
2.8k 2.8 kv Area A4 to C of shear diagram: (—j ®)(2.8)=11.2 kN -m
V NZ2-8 kv 2
m g . 3
i c_\]‘ Bending moment at C: 112 kN-m=11.2%x10"N-m
—gn Y ive load: R, =L1(16)(0.6)+ 6]=7.8 kKN
M 1.2 kN-m tve load. A_E[( )(0.6) +6]="7.
Shear at C™: V' =7.8—(8)(0.6) =3 kN
0.ckN/m |GV Area A4 to C of shear diagram: (%) 8)(7.843)=43.2kN-m
ViiJJe b1l ]
5 3 ¥ Bending moment at C: 432 kN-m=432x10°N-m
fe—3 m m
1.3kv 7.8kN .
Design: YoMp+y M, =pM, =@o,S
V K 7.3k s X
h‘g o o ToMp+y M, _(1L2)112X10°) +(1.6)(43.2x10%)
6
—3w‘\l P0y L (06.9)(5(3)><10 )
Ry =1.8347x10" m” =1.8347x10° mm
M 43.2 (Newn For a rectangular section, § = %bh2
6
h= /% =\/(6)(l'837457xm ) =383 mm <

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 5.97*

Solve Prob. 5.96, assuming that the 6-kN concentrated load P
applied to each beam is replaced by 3-kN concentrated loads P,
and P, applied at a distance of 4 m from each end of the beams.

vp +w
R b PROBLEM 5.96° A roof structure consists of plywood and
l 1 l l l i l l l l l i i 1 l l = = roofing material supported by several timber beams of length
A B lh L =16 m. The dead load carried by each beam, including the
— 9 e estimated weight of the beam, can be represented by a uniformly
! ip 1y, ! distributed load wj, =350 N/m. The live load consists of a snow
’ \/ ? load, represented by a uniformly distributed load w, =600 N/m,

P and a 6-kN concentrated load P applied at the midpoint C of each
beam. Knowing that the ultimate strength for the timber used is
oy =50 MPa and that the width of the beam is b =75 mm,
determine the minimum allowable depth /4 of the beams, using
LRFD with the load factors ¥, =1.2, 7, =1.6 and the resistance
factor ¢=0.9.

SOLUTION
L=16m, a=4m,  wp=350 N/m=035kN/m
w, =600 N/m=0.6 KN/m, P=3kN
0.25 kN/wm
Ml eb iy Dead load: RAze)(lé)(o.%):z.s KN
r A
e oM ——

2.2 kv 2.8 kN Area A4 to C of shear diagram: (%] ®)(2.8)=11.2 kN -m

|

2.3 kN
\ | Bending moment at C: 11.2kN-m=11.2x10°N-m
g 1
A C\I Live load: R, =1(16)(0.6)+3+3]=7.8 kN
-28kN

M - 1l.2 We-wm  Shearat D: 7.8—(4)(0.6)=5.4 kN
Shear at D™: 54-3=24KkN
Area A to D:
A c B
0.6 kN /m 1
L l l 1 I 1 .[ 1 ) (4)(7.84+5.4)=26.4 kN -m
A o ¢ E_AB :
<lm >fe Ym we Ym [T Area D to C: [E](4)(2.4) =4.8 kN -m
13kv 3 3k 7.8kw
Bending moment at C: 264+48=312kN-m
=31.2x10°N-m
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PROBLEM 5.97* (Continued)

Design: VoMp+y, M, =M, = oS

g ToMp+y M, _ (1.2)(11.2x10%) +(1.6)(31.2x10%)
9o, (0.9)(50x10°)
=1.408x10m* =1.408 x10° mm’

For a rectangular section,

s=Lop
6
he [0S _ (6)(1.408%10°)
v 3.2 kN-m N 75

h=336 mm <

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,

reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited

distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it
without permission.



PROBLEM 5.98

Wo

(a) Using singularity functions, write the equations defining the shear

N B c and bending moment for the beam and loading shown. (b) Use the
equation obtained for M to determine the bending moment at point C
| u | " and check your answer by drawing the free-body diagram of the entire
beam.
SOLUTION
w=w, — WoX +ﬁ(x a)1
a a
__av
dx
2
@ V=—wpxt 20 Yo g2 oM <
dx
Wt wxt
M=-"21 0 _0ix—q)y <
2 6a 6a
At point C, x=2a
wy(2a)*  wy(2a)®  wyd® 5,
by M, =--"2 +-2 -2 M. =—"w,a" 4
) ¢ 2 6a 6a 6
5 1
Check: )IM =0: (Ea](awoa]—i-Mc =0
M. = —%woa2
Wo
c 2
x 5 f DEw.a
W0
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PROBLEM 5.99

o

B c (a) Using singularity functions, write the equations defining the shear and
bending moment for the beam and loading shown. (b) Use the equation
obtained for M to determine the bending moment at point C and check
your answer by drawing the free-body diagram of the entire beam.

SOLUTION

w=w, —wy(x —a)’

__ar
dx
(@) V =-wx+wyx—a) = a <
dx
Mz—lw x? +lw (x—a)* 4
277 2
At point C, x=2a
1 2 1 2 3 2
() M,=——w,(2a)" +—wya Mq,=-=w,a" 4
2 2 2
Check: =M =0: (%“)(WHMC =
My =—=w,a’
2 wo
XX L ¢
) X
A ) 2
i
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PROBLEM 5.100

Wy

(a) Using singularity functions, write the equations defining the shear
A B c and bending moment for the beam and loading shown. (b) Use the
' equation obtained for M to determine the bending moment at point C
! a , a and check your answer by drawing the free-body diagram of the entire
beam.
SOLUTION
wzm—%(x—a)o —ﬁ<x—a)1
a a
_ar
dx
2
(a) p =2t +w0<x—a>1+ﬁ<x—a>2=d—M <
2a dx
3
M=-200 T Mgy <
6a 2 6a
At point C, x=2a
wy(2a)®  wya®  wya’ 2
by M, =--"2 +2+ 2 M, =-Zw,a* 4
) ¢ 6a 2 6a c 3
Wo
Check: )IM =0: (%“JG woa)+Mc =0
c
l) Zw,a"
M, =—2wyad A B8 T
3 AWo0
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PROBLEM 5.101

Wy

B (a) Using singularity functions, write the equations defining the shear

A . D and bending moment for the beam and loading shown. (b) Use the

AN e C |E equation obtained for M to determine the bending moment at point £ and

L " “ [ I SN check your answer by drawing the free-body diagram of the portion of
the beam to the right of E.

SOLUTION

+‘>ZMC=O: —2aA—(§)+(3aw0)=0 A:—%Woa

)ZM, =0: 2aC—(57aj+(3aw0)=0 C=$w0a
Y S
w=wy(x—a) e
(@) V=-wyx—a) —iwoa +1—5w0a<x—2a>0 _a |
4 4 dx

M =—lw0(x—a)2 —éwoax+Ewoa<x—2a)1 +0 <
2 4 4
At point £, x=3a

b M= —%wo (2a)* - %woa(?aa) + %woa(a)

Check: D)EM, =0: -M, —%(woa) =0

1
ME = _EWOaZ

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




v v PROBLEM 5.102
BY <cV¥ E D ) ) . . . . .

A 5 \ (a) Using singularity functions, write the equations defining the shear
== and bending moment for the beam and loading shown. (b) Use the
Lfa a a— a~»] equation obtained for M to determine the bending moment at point £ and
check your answer by drawing the free-body diagram of the portion of

the beam to the right of E.

SOLUTION

)EM, =0: —4ad+3aP+2aP=0 A=125P
(@) V=125P-P{x—a)’ —P{x—2a)° <
M =1.25Px — P{x — a)' — P(x — 2a)' <
(b) AtpointE, x=3a
M, =125P(3a) - P(2a)— P(a)=0.750 Pa <
Reaction: +¢2Fy =0: A-P-P+D=0 D=0.750P T
)EM, =0: ~M, +0.750 Pa=0

2 M, =0.750 Pa
[»)

CE(::\
e a—
0,750 P

Mg
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PROBLEM 5.103

2w
lw(l f"i (a) Using singularity functions, write the equations defining the shear and
A p bending moment for the beam and loading shown. (b) Use the equation
B c E obtained for M to determine the bending moment at point £ and check your
btained for M to d ine the bendi int £ and check
La " " H‘J answer by drawing the free-body diagram of the portion of the beam to the
right of E.
SOLUTION
_ 0 0
20, w—w0+w0<x—a> —w0<x—3a>
Wo W,
\LI (a) V =3wya - jwdx
) IYNYVYYYY YYyvy
A‘K ® < € kb —3wa—wx—w<x—a>l+w<x—3a>l <
4— a.ali- &—)l(- A —>— A —> 0 0 0 0
3w, 3w,a

M= J.de = 3wyax — wyx*/2 — w, <x - a>2 12
+W, <x—3a>2 /2 <
(b) Atpoint E, x =3a
M, =3w,a(3a)—w,(3a)’/2—w,(2a)’ /2

Wo M, =5wa’/2 4

Me

Y.¥ Y VY

Ve H—a = 3(4)0&

DEM, =0: 3wa(a)-(wa)($)—M, =0

M, =5w,a’/2 (checks)

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




v PROBLEM 5.104

(a) Using singularity functions, write the equations for the shear and
bending moment for beam 4BC under the loading shown. (b) Use the
equation obtained for M to determine the bending moment just to the

Al . right of point B.
| B C
SOLUTION
(@) V =—P(x—a)° <4
am 0
A o _Plx—
T (x—a)
M =-P(x-a) - Pa(x—a)’ <
Just to the right of B, x=a'.
() M=-0-Pa M=-Pa 4
P
Z
i l\; e
A 2 cl
Pa 4
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Pl ll’ PROBLEM 5.105

1 (a) Using singularity functions, write the equations for the shear and
| ’ B bending moment for beam ABC under the loading shown. (o) Use the
A equation obtained for M to determine the bending moment just to the

C D . .
right of point D.
L—L/S *»L- L/3 —»L— L/34>‘

SOLUTION P =
L pL
Ve Rl 3 K}\ 'D
A © 8 o
e 2L ]
3 8
20\’ dm
(a) V=—P—P<x——> =— <
3 dx
1 0
M:—Px+E—P<x—£> —ﬂ<x—£> <
3 3 3 3
Just to the right of D, x= 2TL
o p[(2L), PL_ o PL
bh) Mj}= P(3)+3 P(0) 3
M5=—%4
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1500 N/m PROBLEM 5.106

(a) Using singularity functions, write the equations for the shear and
A C D == bending moment for the beam and loading shown. (») Determine the
maximum value of the bending moment in the beam.

08m z4m 0.8 m
SOLUTION
w=1.5 kN/m
By statics,
C=D=3kNT
(@) V=-15x+3(x—0.8)"+3(x-3.2)° kN |

M =-0.75x" +3(x—0.8)' +3(x—-3.2)' KkN-m «
Locate point £ where V' =0. Assume x. <x; <X
0=-1.5x; +3(x; -0.8)+0 x,=2.0m
M. =—(0.75)(0.8)* +0+0 =—-0.480 kN - m
M =—(0.75)(2.0)* + (3)(1.2) + 0 = 0.600 kN - m
M, =—(0.75)(3.2)* + (3)(2.4) + 0 = —0.480 kN -m

(b) M|, =0.600 kN -m M| =600N-m <

max
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48 kN 60 kN

A 60 kN
D

PROBLEM 5.107

B C
Al y 't (@) Using singularity functions, write the equations for the shear and
' =8 bending moment for the beam and loading shown. (b) Determine the
‘ maximum value of the bending moment in the beam.
1.5 mr 1.5m .
06m 09m
SOLUTION
+‘> XM =0: —4.5R, +(3.0)(48)+ (1.5)(60)—(0.9)(60) =0
R, =40 kN
(@)  V=40-48(x—1.5)° —60(x—3.0)" + 60(x —3.6)° kN |
M =40x - 48(x —1.5)' —60(x —3.0)' +60(x —3.6)' kN-m <
Pt. x(m) M (KN -m)
A 0 0
B 1.5 (40)(1.5) =60 kN - m
C 3.0 (40)(3.0) — (48)(1.5) =48 kKN -m
D 3.6 (40)(3.6) — (48)(2.1) — (60)(0.6) =7.2 kKN -m
E 4.5 (40)(4.5) — (48)(3.0) — (60)(1.5) + (60)(0.9) =0
(b) M., =60kN-m <
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3 kips/ft

8 kips

3 kips/ft

PROBLEM 5.108

' 1 ] C D _E J I l (a) Using singularity functions, write the equations for the shear and
A B bending moment for the beam and loading shown. (b) Determine the
’ ‘ maximum value of the bending moment in the beam.
R A Y.
SOLUTION

D)EM,=0: —144+(12.53)3) +(N®) +(1.5(3)3) =0

w=3-3x-3)"+3(x-11)" =—
dx

A=13kips T

a

(@) V=13-3x+3(x=3)' =8(x=7)° =3(x—11) kips

M =13x-1.5x" +1.5(x = 3)* = 8(x = 7' —1.5(x —11)? kip - ft

(b) Note that V' changes sign at D.

M|

max

V. =13—(3)(3) = 4 kips
V,. =13=(3)(7)+(3)(4) = 4 kips
V,. =13=(3)(7)+(3)(4) — 8 = —4 kips
V, =13=(3)(11) + (3)(8) — 8 = —4 kips
V, =13—(3)(14) + (3)(11) =8 — (3)(3) = —13 kips

=M, =(13)(7) - (1.5)(7)* +(1.5)(4)* —0-0

M| =41.5kip-ft <
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3 kips 6 kips l 6 kips PROBLEM 5.109
/ C D

A 'z (a) Using singularity functions, write the equations for the shear and

= 4 bending moment for the beam and loading shown. (b) Determine the
‘I maximum value of the bending moment in the beam.
S 4 ft 4 ft 4 ft

SOLUTION

F)IM =0: (15)(3)—12C + (8)(6)C +(4)(6) =0
C=9.75kips T

(@) ¥V =-3+9.75(x=3)" —6(x=7)" = 6(x—11)° kips

M = 3x+9.75(x = 3! —6(x — 7)! —6(x —11)! kip - ft

Pt. x(ft) M (kip - ft)
A 0 0
C 3 -3)3)=-9
D 7 ~B3)(7)+(9.75)(4) =18
E 11 ~B)ID)+(9.75)®) - (6)(4) =21  « maximum
B 15 —(3)(15)+(9.75)(12) - (6)(8) — (6)(4) =0
(b) M|, =21.0 kip-ft <

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




50 kN 125 kN 50 kN PROBLEM 5.110
Y B YC D V . . . . . .
A E I s150 x 186 (@) Using singularity functions, write the equations for the
s shear and bending moment for the beam and loading
‘ shown. (b) Determine the maximum stress due to
. 0.5 m — bending.
03m 04m 0.2m
SOLUTION
+)EM), = 0:
(1.2)(50) — 0.9B + (0.5)(125) — (0.2)(50) = 0
B=125kN T
=My = 0:
(0.3)(50) — (0.4)(125) + 09D — (1.1)(50) = 0
D=100kN T

(@)  V==50+125(x—0.3)° —=125(x = 0.7)° +100({x —1.2)° kN

M =-50x+125(x —0.3)' =125(x = 0.7)' +100(x —1.2)' kKN -m

<
Point x(m) M (KN -m)
B 0.3 —(50)(0.3)+0-0+0=—-15kN-m
C 0.7 —(50)(0.7)+ (125)(0.4)—0+0=15kN-m
D 1.2 —(50)(1.2) +(125)(0.9) - (125)(0.5)+ 0 =—10kN - m
E 14 —(50)(1.4)+ (125)(1.1) = (125)(0.7) + (100)(0.2) =0  (checks)

Maximum |M|=15kN-m =15x10° N-m
For S150x18.6 rolled steel section, S =120x10° mm> =120x107° m?

M 3
() Normal stress: o =u :15><—1()6 =125x10° Pa
S 120x10”

o =125.0MPa <
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24 kN 24 kN PROBLEM 5.111

24 kN 24 kN
Bl Cl Dl E VW (a) Using singularity functions, write the equations for
Al F EWZSO x 284 the shear and bending moment for the beam and
. =B loading shown. (b) Determine the maximum normal
L ‘ stress due to bending.
4@0.75m = 3m ——f=—>

0.75 m

SOLUTION

+‘> XMy =0: 3R, +(2.25)(24)—-(1.5)(24)—(0.75)(24) + (0.75)(24) =0
R, =30 kips

+‘> XM, =0: —(0.75)(24) - (1.5)(24) — (2.25)(24) + 3R, — (3.75)(24) =0
Ry =66 kips

(@)  V=30-24(x—0.75)" —24(x —1.5)" = 24(x - 2.25)° + 66(x —3)° kN

M =30x—24(x—0.75)' = 24(x —1.5)! —=24(x —2.25)' + 66(x —3)' KN -m

Point x(m) M (KN -m)

B 0.75 (30)(0.75) =22.5 kN -m

C 1.5 (30)(1.5) — (24)(0.75) =27 kN -m

D 225 (30)(2.25) — (24)(1.5) — (24)(0.75) =13.5 kN -m

E 3.0 (30)(3.0) — (24)(2.25) — (24)(1.5) — (24)(0.75) =—18 kKN -m

F 3.75 (30)(3.75) — (24)(3.0) — (24)(2.25) — (24)(1.5) + (66)(0.75) = 0 ¥

Maximum |[M|=27kN-m=27x 30°N-m

For rolled steel section W250%28.4, S =308x10°> mm®=308x10"°m®
(b)  Normal stress:

M| 27x10°

= _szjxloﬁpa 0=87.7 MPa 4
X
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PROBLEM 5.112

40 kN/m
18kN - m B BT m (a) Using singularity functions, find the
QAi C I 8310 X 52 magnitude and location of the maximum
bending moment for the beam and loading
L shown. (b) Determine the maximum normal
Lam 24m stress due to bending.

SOLUTION
)M, =0 18 -3.64+ (1.2)(2.4)(40) — 27 = 0
A=295kN T
V =29.5-40(x —12)' kN
Point D. V=0 29.5 - 40(x, —1.2) = 0
xp =1.9375m
M =—18+29.5x —20(x —12)’kN - m
M, =-18kN-m
M), = ~18 + (29.5)(1.9375) — (20)(0.7375)> = 28.278 kN - m
My = ~18 + (29.5)3.6) - (20)(2.4)> = 27kN - m

(@)  Maximum |M| =28.278kN-m at x =1.9375m <
For S310 x 52 rolled steel section, S = 624 x10° mm®
=624x10°m’

M 3
M| _ 28278x10° _ 1s s 166y

()  Normal stress: o=11 -
S 624 x 10

o =453 MPa «
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10 kN PROBLEM 5.113

80 kN/m
vV 3B l l l l l l l l l l l l l (a) Using singularity functions, find the magnitude and
A D I location of the maximum bending moment for the beam and
A C R0 5 150 loading shown. (b) Determine the maximum normal stress
’ ‘ ' due to bending.
Im 1lm' dm
SOLUTION
+‘>MD =0: (6)10)—5R; + (2)(4)(@80) =0
R; =140 kN
w = 80(x — 2)° kKN/m = ~d¥/dx
V=10 +140(x — 1)’ —80(x - 2)' kN
Ao B: V'=-10kN
Bto C: V =-10+140 = 130 kN
D: (x =6) V =-10+140 — 80(4) = —190 kN

V changes sign at B and at point £ (x = x;) between C and D.

V'=0=-10+140(x; —1)" —80(x; — 2
~10+140 - 80(x; —=2)  x; =3.625m

M = —10x+140{x - 1)' = 40(x —2)’kN - m
Atpt. B, x=1 My =—(10)1) = -10kN - m
Atpt. E, x =3.625
My = ~(10)(3.625) + (140)(2.625) — (40)(1.625)* = 225.6 kN - m
(a) M| =2256kN-m at x =3.625m <
For W530 %150, § =3720x10° mm® = 3720 x10~° m’
(b)  Normal stress: o= M = M = 60.6 X 10° Pa

S 3720x107°
o = 60.6MPa «
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lzkips“ 24 kipsl 12 kips PROBLEM 5.114
B ¢ DV A beam is being designed to be supported and loaded as shown.
4 B E"(a) Using singularity functions, find the magnitude and location of the
‘ ‘ maximum bending moment in the beam. (b) Knowing that the
‘ g allowable normal stress for the steel to be used is 24 ksi, find the most
- t . .
4ft  4ft 4 ft economical wide-flange shape that can be used.
SOLUTION
+‘> XM, =0: —(16)(12)-12B+(8)(24)-(4)(12)=0
B=—4kips B=4kips!
+‘> M, =0 —(4)(12)—-(4)(24)+12D—-(16)(12)=0
D =28kips T
Check: +T2Fy=12—4—24+28—12=0 v
V=12—-4(x—4)° —24(x - 8)° +28(x —16)"
M =12x—&(x—4)' = 24(x - 8)" +28(x - 16)'
At 4, x=0, M =0
At B, x=4ft, M =(12)(4) =48 kip - ft
At C, x=81t, M =(12)(8)—(4)(4) =80 kip - ft
At D, x=16ft, M =(12)(16)—(4)(12)-(24)(8) =—-48 kip- ft
At E, x=201ft, M =(12)20)—(4)(16)—(24)(12)+(28)(4)=0 (checks)
(a) M|, =80 kip-ft at C. d
(b) IM|,..x =960 kip-in o, =24 ksi
o :M Smin — |M|max — @ =40 in3
S o 24
Shape S_(in’)
W18x35 | 57.6
W16x31 | 47.2
W14x30 | 42.0 « Lightest wide flange shape: W14x30 <
W12x35 | 45.6
W10x39 | 42.1
W8x48 |43.5
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22.5 kips PROBLEM 5.115

3 kips/ft
v A beam is being designed to be supported and loaded as shown. (a) Using
A ¢ singularity functions, find the magnitude and location of the maximum
B #=  bending moment in the beam. (b) Knowing that the allowable normal
stress for the steel to be used is 24 ksi, find the most economical wide-
3H 12 ft flange shape that can be used.
SOLUTION

D)IM=0: —15R, +(7.5)(15)(3) +(12)(22.5) =0
R, =40.5kips T

w =23 kips/ft = _dar
dx

V =40.5-3x-22.5(x-3)° kips
M =40.5x—1.5x* —22.5(x = 3)" kip - ft
(@)  Location of point D where V' =0.  Assume 3 ft <x, <12 ft.
0=40.5-3x,-22.5 x,=61t

At point D, (x =6 ft). M = (40.5)(6) — (1.5)(6)> — (22.5)(3)
=121.5 kip- ft =1458 kip-in

Maximum |M]: IM|,.x =121.5kip-ft at x=6.00 ft «
in _ M 1858 075 in?
o, 24
(b) Shape S (in’)
W21x44 | 81.6
W18x50 | 88.9
WI16x40 | 64.7 <« Wide-flange shape: W16x40 4
W14x43 | 62.6
W12x50 | 64.2
W10x68 | 75.7
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480 N/m PROBLEM 5.116

30 mm
- =
/(}/l/l/l l l ‘ l l J l l m A timber beam is being designed with supports and loads as

T
A ¢ ||| »  shown. (a) Using singularity functions, find the magnitude and
- B o + location of the maximum bending moment in the beam.
(b) Knowing that the available stock consists of beams with an

“-1.5 m 2.5 m

allowable stress of 12 MPa and a rectangular cross section of
30-mm width and depth / varying from 80 mm to 160 mm in
10-mm increments, determine the most economical cross section
that can be used.

SOLUTION

480 N/m = 0.48 kN/m

T)EM=0: 4R, + (3)(%] (1.5)(0.48) + (1.25)(2.5)(0.48) = 0

R,=0645kNT
wz%x—%@c—l.ﬁl =0.32x-0.32(x—1.5)' kN/m =—‘;—z
V =0.645-0.16x> +0.16(x —1.5)> kKN
M =0.645x—0.05333x +0.05333(x —1.5)> kN-m
(a) Locate point D where V' =0.
Assume 1.5 m<x, <4 m.
0=0.645-0.16x7 +0.16(x,, —1.5)*
= 0.645— 01655 + 01655 —0.48x, +0.36
X, =2.09375 m <
At point D, M, = (0.645)(2.09375) — (0.05333)(2.09375)* +(0.05333)(0.59375)°

M, =087211kN-m <

M, 087211x10’

i = ——=72.6758x10"°m’ =72.6758x10’ mm’
O 12x10

For a rectangular cross section, S = ébh2 h= /%

3
hmin = \/(6)(726:;758X10 ) =120.56 mm

()  Atnext larger 10-mm increment, h=130 mm <
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PROBLEM 5.117

P00 N/m A timber beam is being designed with supports and loads as

m\ §9|m|r<n_ shown. (@) Using singularity functions, find the magnitude and
T location of the maximum bending moment in the beam.

?A_ 1@2 L (b) Knowing that the available stock consists of beams with an
B N allowable stress of 12 MPa and a rectangular cross section of
“_1.6 - 94m ! 30-mm width and depth % varying from 80 mm to 160 mm in
10-mm increments, determine the most economical cross section
that can be used.
SOLUTION
500 N/m = 0.5 kN/m
+‘> IM-=0: —4R, +(3.2)(1.6)(0.5) +(1.6) (%j (2.4)(0.5)=0 R,=0880kNT
_ar
w= OS——( —-1.6)' =0.5-0.20833(x —1.6)' kN/m = rn
X
V =0.880—0.5x +0.104167(x —1.6)> kN
V,=0.880 kN
Vy =0.880—(0.5)(1.6) = 0.080 kN )
5 Sign change
Ve =0.880—(0.5)(4)+(0.104167)(2.4)° =—0.520 kN
Locate point D (between B and C) where V' =0. 0=0.880-0.5x, +0.104167 (x,, — 1.6)*
0.104167 x7, —0.83333x,, +1.14667 = 0
0.83333+4/(0.83333)" —(4)(0.104167)(1.14667
Xp = i )y (X X ) = 62392, 17658 m |

(2)(0.104167)

M =0.880x —0.25x% +0.347222(x = 1.6)* kN -m
M, =(0.880)(1.7658) — (0.25)(1.7658) + (0.34722)(0.1658)* =0.776 kN - m

(@) M, .. =0776 kN-m at x=1.7658 m «
M . ’ -
Sy = a0 776X160 =64.66x10™°m’ = 64.66x10° mm’
Ol 12x10
f 3
For a rectangular cross section, S = —bh2 / Ain (6)(64.66x107) 66X 10) =113.7 mm

t next higher 10-mm increment, = mm

by A higher 10 i =120 <
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AL=05ft PROBLEM 5.118
3 kips/ft 4 kips
M Using a computer and step functions, calculate the shear and bending
B YC__D moment for the beam and loading shown. Use the specified increment AL,
starting at point 4 and ending at the right-hand support.

Al

! 4.5 ft 3 ft —
1.5 ft

SOLUTION

3 0 3 1
e M x—45) = (x—45
WG A m R4S

2 ) Ldv
=Zx-3(x—450 - Z(x-45' ==
37 (x ) 3<x ) T

V= —%xz +3(x—4.5) +%<x— 4.5% —4(x—6)"

1 3 3 2 1 3 1
M=y 4 2(x— 45 +~(x— 4.5 —Hx—6
5 2< ) 9< ) —Hx—6)

X V M

ft kips kip - ft
0.0 0.00 0.00
0.5 —-0.08 -0.01

1.0 —-0.33 -0.11

1.5 —-0.75 —-0.38
2.0 -1.33 —-0.89
2.5 -2.08 -1.74
3.0 -3.00 -3.00
3.5 —4.08 —4.76
4.0 -5.33 -7.11

4.5 —-6.75 -10.13
5.0 —-6.75 -13.50
5.5 —-6.75 —16.88
6.0 —-10.75 -20.25
6.5 —-10.75 -25.63
7.0 —-10.75 -31.00
7.5 —-10.75 -36.38
8.0 —-10.75 —41.75
8.5 —-10.75 —47.13
9.0 —-10.75 -52.50
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3.6 1ips/ s —0sx PROBLEM5.119
1.8 kips/ft . . .
Using a computer and step functions, calculate the shear and bending
moment for the beam and loading shown. Use the specified increment
A B ¢ AL, starting at point 4 and ending at the right-hand support.
6 ft 6 ft
SOLUTION
+‘>ZMC =0: -12R, + (6)(12)(1.8) + (lO)(%)(6)(l.8) =0
R, =153 kips
w=36-1Sx i LB (g
6 6
=3.6-0.3x+0.3(x—6)'
V =153-3.6x+0.15x> —0.15(x — 6)* kips «
. y M M =153x-1.8x" +0.05x° —0.05(x — 6)° kip - ft 4
ft kips kip - ft
0.0 15.30 0.0 ¥ v M
0.5 13.54 7.2 . .
ft kips kip - ft
1.0 11.85 13.6
1.5 10.24 19.1 93 ~7.20 23.6
2.0 8.70 23.8 10.0 -8.10 19.8
2.5 7.24 27.8 10.5 -9.00 15.5
3.0 5.85 311 11.0 -9.90 10.8
35 4.54 33.6 11.5 —10.80 5.6
4.0 3.30 35.6
45 ) 14 370 12.0 -11.70 0.0
5.0 1.05 37.8
5.5 0.04 38.0
6.0 —-0.90 37.8
6.5 -1.80 37.1
7.0 -2.70 36.0
7.5 -3.60 344
8.0 —4.50 324
8.5 -5.40 29.9
9.0 —6.30 27.0
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AL=025m PROBLEM 5.120
120 kN )
36 kN/m
Using a computer and step functions, calculate the shear and bending
BY ¢ moment for the beam and loading shown. Use the specified increment AL,

starting at point 4 and ending at the right-hand support.

SOLUTION
+‘> M, =0: —6R, +(4)(120)+ (1)(%] (3)(36)=0
R, =89 kN
w=3’3—6<x—3>1 =12(x-3)!

V =89—-120(x —2)° —6(x —3)* kN <«

. V M M =89x—120(x—2)' —=2(x—3)*kN-m <«
m kN kKN -m
0.0 89.0 0.0 x v M
0.3 89.0 22.3 m kN kN -m
0.5 89.0 44.5 50 550 69.0
0.8 89.0 66.8 53 _61.4 54.5
1.0 89.0 89.0 55 685 383
1.3 89.0 1113

5.8 -76.4 20.2
1.5 89.0 133.5
1.8 89.0 155.8 6.0 80 00
2.0 -31.0 178.0
23 -31.0 170.3
2.5 -31.0 162.5
2.8 -31.0 154.8
3.0 -31.0 147.0
33 -31.4 139.2
3.5 -32.5 131.3
3.8 —34.4 122.9
4.0 -37.0 114.0
43 —40.4 104.3
45 —44.5 93.8
4.8 —49.4 82.0
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12 kN AL=04m PROBLEM 5.121

16 kN/m
v Bl l l l l l l l l l l l l l Using a computer and step functions, calculate the shear and bending
C moment for the beam and loading shown. Use the specified increment
‘ AL, starting at point 4 and ending at the right-hand support.
{ 4 m
1.2m
SOLUTION

+‘) M. =0: (5.2)(12)—4B+(2)(4)(16)=0
B=476kNT
+‘) M, =0: (1.2)12)—(2)(4)(16)+4C=0

C=284kNT

w=16(x—1.2)° -
dx

V=—16(x—-12)' =12+ 47.6(x-1.2)° «

M =-8(x-12)" —12x+47.6(x—1.2)" «

x V M

m kN kN -m
0.0 -12.0 0.00
0.4 -12.0 —4.80
0.8 -12.0 -9.60
1.2 35.6 —-14.40
1.6 29.2 -1.44
2.0 22.8 8.96
2.4 16.4 16.80
2.8 10.0 22.08
32 3.6 24.80
3.6 -2.8 24.96
4.0 -9.2 22.56
4.4 -15.6 17.60
4.8 -22.0 10.08
52 -28.4 -0.00

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 5.122

5 kN/m
i For the beam and loading shown, and using a computer and
l l l l l l step functions, (@) tabulate the shear, bending moment, and
A — D I maximum normal stress in sections of the beam from x=0
W200x 225 to x=L, using the increments AL indicated, (b) using
l<—2 m l L=5m . . . .
L5m  1L5m AL — 095, Smaller increments if necessary, determine with a 2%
3kN ' accuracy the maximum normal stress in the beam. Place the
origin of the x-axis at end 4 of the beam.
SOLUTION
+‘> M, =0:
=5R,+ (4.002.003)+ 1.53)®5) +1.5(3) =0
R, =102 kN
w=3+2x-2)Y° kN/m = -
x
(a) V=102 -3x - 2(x - 2)' =3(x = 3.5)° kN <
(b) M =102x —1.5x% = (x = 2)2 = 3(x = 3.5 kKN - m <

For rolled steel section W200 x 22.5,
S =193%x10° mm® =193 x107%m?

3
O = My _ w = 83.8x10°Pa
S 19310

o = 83.8 MPa «

X 14 M o

m kN kN - m MPa
0.00 10.20 0.00 0.0
0.25 9.45 2.46 12.7
0.50 8.70 4.73 24.5
0.75 7.95 6.81 353
1.00 7.20 8.70 45.1
1.25 6.45 10.41 53.9
1.50 5.70 11.93 61.8
1.75 4.95 13.26 68.7
2.00 4.20 14.40 74.6
2.25 2.95 15.29 79.2
2.50 1.70 15.88 82.3
2.75 0.45 16.14 83.6
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PROBLEM 5.122 (Continued)

X V M c

m kN kN - m MPa
3.00 —-0.80 16.10 83.4
3.25 -2.05 15.74 81.6
3.50 —-6.30 15.08 78.1
3.75 -7.55 13.34 69.1
4.00 —-8.80 11.30 58.5
4.25 —-10.05 8.94 46.3
4.50 -11.30 6.28 32.5
4.75 —12.55 3.29 17.1
5.00 -13.80 0.00 0.0
2.83 0.05 16.164 83.8
2.84 0.00 16.164 83.8 <«
2.85 -0.05 16.164 83.8
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PROBLEM 5.123

5kN
20 kN/m o For the beam and loading shown, and using a computer and
B uuuuu & —+ = step functions, (a) tabulate the shear, bending moment, and
A I 300 mm Maximum normal stress in sections of the beam from x =0
X to x=L, using the increments AL indicated, (b) using

D
N =
L ’ L=6m smaller increments if necessary, determine with a 2%
250 A v ahL=05m accuracy the maximum normal stress in the beam. Place the
origin of the x-axis at end 4 of the beam.

1m

SOLUTION
+‘) IM, =0: —4R, +(6)(5)+(2.5)(3)(20)=0 R, =45 kN
w=20(x—2)" —20(x —5)° kKN/m = _ar
dx
V==5+45(x-2)" —=20(x = 2)" +20(x —5)' kN <
M =-5x+45(x -2 =10(x —2)* +10(x - 5)* kKN -m |
(a) X V M stress
m kN kKN - m MPa
0.00 -5 0.00 0.0
0.50 -5 -2.50 -3.3
1.00 -5 -5.00 -6.7
1.50 -5 -7.50 -10.0
2.00 40 ~10.00 -13.3
2.50 30 7.50 10.0
3.00 20 20.00 26.7
3.50 10 27.50 36.7
4.00 0 30.00 400 «—
4.50 -10 27.50 36.7
5.00 -20 20.00 26.7
5.50 -20 10.00 13.3
6.00 -20 0.00 0.0

(b) Maximum [M|=30kN-m at x=4.0m

For rectangular cross section, S = ébh2 = (%) (50)(300)* = 750%10°> mm® = 750x107° m?

3
o :Mmax — 30X10 =4OX106 Pa O :400 MPa 4

max S 750 X 1 076 max
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2 kips/ft PROBLEM 5.124

L2 dpst _E|h|1_ For the beam and loading shown, and using a computer and
l l l l l l l I step functions, (a) tabulate the shear, bending moment, and
12 in.

?A_ B e ﬁg maximum.normal stress in sectioqs Of the beam frqm x=0 to
| L—5 x =L, using the increments AL indicated, (b) using smaller

‘<—1_5 ft 2 ft ! AL = 0.95 ft increments if necessary, determine with a 2% accuracy the
* 15 maximum normal stress in the beam. Place the origin of the x

axis at end 4 of the beam.

300 Ib

SOLUTION

300 Ib =0.3 kips
+‘> XMp,=0: -5SR,+(4.25)(1.5)(2)+(2.5)(2)(1.2)+(1.5)(0.3)=0

R, =3.84 kips
w=2-0.8(x—1.5)" =1.2(x - 3.5)° kip/ft
V =3.84—2x+0.8(x—1.5)" +1.2(x=3.5)' —0.3(x —3.5)° kips <
M =3.84x—x* +0.4(x—1.5)> +0.6(x —3.5)* —0.3(x—3.5)" kip-ft <

X V M stress

ft kips kip - ft ksi
0.00 3.84 0.00 0.000
0.25 3.34 0.90 0.224
0.50 2.84 1.67 0.417
0.75 2.34 2.32 0.579
1.00 1.84 2.84 0.710
1.25 1.34 3.24 0.809
1.50 0.84 3.51 0.877
1.75 0.54 3.68 0.921
2.00 0.24 3.78 0.945
225 -0.06 3.80 0.951
2.50 -0.36 3.75 0.937
2.75 -0.66 3.62 0.906
3.00 -0.96 3.42 0.855
3.25 -1.26 3.14 0.786
3.50 -1.86 2.79 0.697
3.75 -1.86 2.32 0.581

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




PROBLEM 5.124 (Continued)

X V M stress

ft kips kip - ft ksi
4.00 —1.86 1.86 0.465
4.25 -1.86 1.39 0.349
4.50 -1.86 0.93 0.232
4.75 -1.86 0.46 0.116
5.00 —1.86 —0.00 —.000
2.10 0.12 3.80 0.949
2.20 0.00 3.80 0.951 «
2.30 -0.12 3.80 0.949

Maximum |M]|=3.804 kip-ft =45.648 kip-in at x=2.20ft

Rectangular section:

2 in.x12 in.

_1a (1 2
§ =~ bh (6j(2)(12)

=48 in’
M _ 45648 0=0.951ksi «
S 48
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PROBLEM 5.125

4.8 kips/ft
32 kipy/ft For the beam and loading shown, and using a computer and
1 l 1 1 1 1 1 1 1 1 1 l l step functions, (@) tabulate the shear, bending moment, and
A ID w12 x 30 maximum normal stress in sections of the beam from x =0
B.A_ C L= 15 fi to x=L, using the increments AL indicated, (b) using
o8 ‘ AL =195 Smaller increments if necessary, determine with a 2%
95t 25 ft ' accuracy the maximum normal stress in the beam. Place the

origin of the x axis at end 4 of the beam.
SOLUTION

D)EM, =0: —12.5R, +(12.5)(5.0)(4.8) +(5)(10)(3.2) = 0
R, =36.8 kips
w=4.8-1.6(x—75)° kips/ft
V =—4.8x+36.8(x—2.5)" +1.6(x — 5! kips

M =-2.4x* +36.8(x—2.5)' +0.8(x — 5)* kip - ft

X V M stress
ft kips kip - ft ksi
0.00 0.00 0.00 0.00
1.25 -6.0 -3.75 -1.17
2.50 24.8 -15.00 —4.66
3.75 18.8 12.25 3.81
5.00 12.8 32.00 9.95
6.25 8.8 45.50 14.15
7.50 4.8 54.00 16.79
8.75 0.8 57.50 17.88
10.00 -3.2 56.00 17.41
11.25 =72 49.50 15.39
12.50 -11.2 38.00 11.81
13.75 -15.2 21.50 6.68
15.00 -19.2 0.00 0.00
8.90 0.32 57.58 17.90
9.00 —-0.00 57.60 1791 «

9.10 -0.32 57.58 17.90
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PROBLEM 5.125 (Continued)

Maximum |[M|=57.6 kip-ft =691.2 kip-in at x=9.0 ft
For rolled steel section W12 x 30,

S =38.6in’
Maximum normal stress:
ozﬂzw 0=1791ksi 4
S 38.6
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P PROBLEM 5.126
AR cy 45 The beam 4B, consisting of an aluminum plate of uniform thickness b and
Nl\ho length L, is to support the load shown. (¢) Knowing that the beam is to be
of constant strength, express 4 in terms of x, L, and 4, for portion AC of the
x"l beam. (b) Determine the maximum allowable load if L =800 mm,
. L2 L2 , hy =200 mm, b=25 mm, and o,; =72 MPa.
SOLUTION

. W
RA=RB=§T ﬁ‘{)
» -; X —>lv
2

)IM, =0: ——x+M =0
M=& (O<x<£]
2 2
g M _ Px
Ou 20y

. 1
For a rectangular cross section, S = gbh2

Equating, lbh2 - 3P
6 20y oyb

a a

@ Atx=L h=h, = |LL h=h |2, 0<x<l <
2 20, L 2

For x > %, replace x by L —x.

20,,bh;  (2)(72x10°)(0.025)(0.200)
3L (3)(0.8)

(b)  Solving for P, P= =60x10°N P=60kN <«
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PROBLEM 5.127

s M,
Al Ll 4B The beam AB, consisting of an aluminum plate of uniform thickness b and
i length L, is to support the load shown. (a) Knowing that the beam is to be
N _,l of constant strength, express / in terms of x, L, and A for portion AC of the
. - beam. (b) Determine the maximum allowable load if L =800 mm,
' B " hy=200 mm, b=25 mm, and o,, =72 MPa.
SOLUTION
A=MyLL B=MJLT
M JIM,/L )M, = 0: %x+M =0

M./ M
[\ J M= —Mox (O<x<£]
-% N@ L 2

Forx>§, M=M (%<X<Lj

S = u _ Mox for (0 < x£j
Ouqi Oul 2

For x> %, replace x by L — x.

For a rectangular cross section, S = %bh2

Equating, lth _Mex 6M, x
6 Ol OaibL
@ Atx=L, h=n = Mo h = h 20l 4
2 oqb

oabhy _ (72x10°)(0.025)(0.200)*
3 3

(b) Solving for M,, M, = =24x10°N-m

M, =24kN -m <4
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P PROBLEM 5.128

The beam 4B, consisting of a cast-iron plate of uniform thickness 5 and
length L, is to support the load shown. (a) Knowing that the beam is to
be of constant strength, express 4 in terms of x, L, and /4. (b) Determine
the maximum allowable load if L =36 in., 4, =12 in., b=1.25 in., and
O, =24 ksi.

SOLUTION
=-P
M=-Px |[M|=Px
S = % = ix l P M
Oui Oan O D
For a rectangular cross section, S= lbh2 l‘ X 2
6 Y Vv
1 P 6Px )
Equating, Sbh? =1 h= ol )
6 Ounl Ouib
6rL )"
At x=1L, h:hoz{—} 2
Oaib
(a) Divide Eq. (1) by Eq. (2) and solve for 4. h=h, (x/L)"* <
2 2
(b)  Solving for P, p=Cubh _ 241.25)12) P =20.0 kips 4

6L (6)(36)
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w PROBLEM 5.129

o The beam AB, consisting of a cast-iron plate of uniform thickness b and
F 0 length L, is to support the load shown. (a¢) Knowing that the beam is to
be of constant strength, express /4 in terms of x, L, and /o. (b) Determine

the maximum allowable load if L =36 in., 4, =12 in., b=1.25 in., and

L2 ' L2 ' O, =24 ksi.

SOLUTION
Hr 200 R+ Ry—wL=0 RA=RB=W7L
+)=M, =0:
w
wL x w
B —wxZ+ M =0 M= (L
rlln“r lr M 2x sz 2x( x)
A‘ — Jj M| (L-x)
wlL & O 20,
2
For a rectangular cross section, S= %bh2
1”2
Equating, 1 bi? _wx(L-x) b= 3wx(L —x)
6 20y, Oib
, 12 1”2
@ Atx=L, h=h, =] VE h=h|=[1-2|| <
2 40,b LU L
2 2
(b)  Solving for w, w= 40_3“12)}!0 = (4)(24)(1'252)(12) w=4.44 kip/in 4
3L (3)(36)
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PROBLEM 5.130

The beam AB, consisting of a cast-iron plate of uniform thickness » and
length L, is to support the distributed load w(x) shown. (a) Knowing
that the beam is to be of constant strength, express / in terms of x, L,
and A,. (b) Determine the smallest value of /4, if L =750 mm,
b =30 mm, w, =300 kN/m, and o,; =200 MPa.

SOLUTION
v _ =
dx L
_wxt_dM
2L dx
wyx® wyx®
M=-=2 |M =2
6L 6L
_ M| w0x3
O 6Loy,
For a rectangular cross section, S = %bh2
3 3
Equating, lbh2 = t* h= |t
6 6Lo,; obL
2
Atx=L, h=hy = |M0E
Oub
V2
(a) h= hO (zj 4
Data: L=750mm=0.75m, b=30mm=0.030 m
w, =300 kN/m =300x10°N/m, o, =200 MPa =200x10°Pa
3 2
(b) o = | SOOI _ 677107 m hy =167.7 mm <«
(200%107)(0.030)
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w= u‘“sin?—; PROBLEM 5.131

The beam AB, consisting of a cast-iron plate of uniform thickness » and
length L, is to support the distributed load w(x) shown. (¢) Knowing
that the beam is to be of constant strength, express % in terms of x, L, and
hy. (b) Determine the smallest value of 4, if L =750 mm, b=30 mm,
w, =300 kN/m, and o,; =200 MPa.

SOLUTION
av X
— =—w=—w,sin—
dx 2L
2w, L
=208 os ZX 4 G
/4
V=0 at x=0 — ¢ =2k
V4
d_M:Vz_ZWOL(l Sﬂ)
dx V4
M _Iml x—gsmﬂ |M|=2W°L —ésmﬂ
V4 V4 2L L
s=Ml_ Z_WoL(x_ésm E)
o, 7oy V4 2L
For a rectangular cross section, S= %bh2
Equating, lbh2 = ZW—OL(x _2L sin ﬂ]
6 o, V4 2L
12wL( 2L "
S (x——s1 ﬂ)
7o ,b V4 2
2w (- 2] L
At x=1L, h=h0={ i (1——]} =1.178 |22
7Oy b 4 Oai
12 12
: 2 .
(a) h=hy|[ = Zsin ™| /[1-2 h=1.659 hy| ~—Zsin>| <
L n 2L V1 L n 2L
Data: L=750mm=0.75m, b=30mm=0.030 m
w, =300 kN/m =300x10°N/m, &, =200 MPa =200x10°Pa
3 2
(b) hy=1.178 (300X106)(0'75) =197.6x107m hy =197.6 mm <
(200x107)(0.030)
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PROBLEM 5.132

N

| 1.2m 1.2m

C* “‘ A preliminary design on the use of a simply supported prismatic timber
beam indicated that a beam with a rectangular cross section 50 mm wide
and 200 mm deep would be required to safely support the load shown in

=
o]

— e part a of the figure. It was then decided to replace that beam with a
(@) built-up beam obtained by gluing together, as shown in part b of the

figure, four pieces of the same timber as the original beam and of
A ~ B 50x50-mm cross section. Determine the length / of the two outer

pieces of timber that will yield the same factor of safety as the original

‘ ; design.

®)
SOLUTION
P
RA :RB :E
1 M
O<x<— ,
" =9
X —*#,
DM, =00 Lo ¥ ?‘_
2 2 v
M _Ix or M= M X
2 1.2
Bending moment diagram is two straight lines. M
& £ £ PL/2
At C, Sc Z%bhé MC :Mmax
Let D be the point where the thickness changes.
1 2 M Xp
At D, S, =—=bh M, =—m0"2
Pre P P2
2 2
S_Dzh_é’: M zl:ﬁ:x_[’ xp=0.3m
S¢ he \ 200 mm 4 M, 12
£=1.2—xD=0.9 [=1.800 m <«
2

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




w PROBLEM 5.133

A preliminary design on the use of a simply supported prismatic timber

& B beam indicated that a beam with a rectangular cross section 50 mm

N =@  wide and 200 mm deep would be required to safely support the load

L 4,‘ shown in part a of the figure. It was then decided to replace that beam

05 DB 051 with a built-up beam obtained by gluing together, as shown in part b of

(@) the figure, four pieces of the same timber as the original beam and of

50x50-mm cross section. Determine the length / of the two outer

A B pieces of timber that will yield the same factor of safety as the original
: design.

e

(b)
SOLUTION
0.8 N
R, =Ry=——=04w
2
Shear:
Ato C: V=04w
D to B: V=-04w
Areas:
Ato C: (0.8)(0.4)w=0.32w
CtoE: (%)(0.4)(0.4) w=0.08w

Bending moments: 0.4w
(0.03 w)
At C, M. =0.40w (0.32w)
g D B -
Ato C: M =0.40wx A c \
-0.4w

At C, S, =%bh§ Mo.=M_, =040w

Let F be the point were the thickness changes.

AtF, SFzébhﬁ M =0.40wx,
S, k. (100mmY 1 M, 040wx,
Se h: (200mm) 4 M. 040w
Xy =0.25m é=1.2—xF=O.95m [=1.900 m <
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PROBLEM 5.134

B A preliminary design on the use of a cantilever prismatic timber
beam indicated that a beam with a rectangular cross section 2 in.
wide and 10 in. deep would be required to safely support the load

! 6.25 ft shown in part a of the figure. It was then decided to replace that
(@) beam with a built-up beam obtained by gluing together, as shown in
& D B part b of the figure, five pieces of the same timber
A as the original beam and of 2X2-in.cross section. Determine the
respective lengths /, and /, of the two inner and outer pieces of
| Iy timber that will yield the same factor of safety as the original
' L design.
(b)
SOLUTION
+‘>2MJ=0: Px+M=0 M =—Px lP T M
\M|= Px Al D
AtBs |M|B:Mmax X ﬁv
AtC, IM|.= M, x-/6.25 Vv
AtD, IM|p= M, xp/6.25 M
S, Lo = Lpspy = Bp - X
6 6 6
Ato C: S —l-b(b)2 Ly
‘ <6 6
1 2_9,3
CtoD: Sp=—b3b)"==b
D=y (3b) p
[M]c e :S_C:L Xo :—(l)(6.25) =025 ft
M|, 625 S, 25 25
[ =625-0.25 [,=6.00 ft <
Mp_xp _Sp_9  _ON629)_, 54
M|, 625 S, 25 25
[, =6.25-2.25 [, =4.00 ft <
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w PROBLEM 5.135

Al l l l l l l l l l l l BoA preliminary design on the use of a cantilever prismatic timber beam
indicated that a beam with a rectangular cross section 2 in. wide and
10 in. deep would be required to safely support the load shown in part a
! 6.25 ft of the figure. It was then decided to replace that beam with a built-up
(a) beam obtained by gluing together, as shown in part b of the figure, five
D B pieces of the same timber as the original beam and of 2X2-in. cross
() R . . .
A section. Determine the respective lengths /, and /, of the two inner and
‘ outer pieces of timber that will yield the same factor of safety as the
| I original design.
| L
(b)
SOLUTION
w
X
F)EM, =0 w4 M =0 “j”” [ M
wa? w? D
M=—- M= —— ‘
) |M| B je—— X ——->v
AtB, M =M v
At C, M| =|M|_,. (x-/6.25)
At D, M|, =M|,, (x,/6.25) M
At B, S, Ly =lb(5b)2 By X
6 6 6
Ato C: Sc Loz = Lppy =Ly
6 6 6
CtoD: S, Lo =lb(3b)2 =2p
6 6 6
2
%:(X_C] _Sc_1 xczgzl'zsft
M|, \625) S, 25 J25
[ =625-1.25ft [ =5.001ft <
M .
My 'Dz(—xf’ j T o U O
M|, \625) S, 25 J25
I, =6.25-3.5ft 1,=250ft <
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PROBLEM 5.136

A machine element of cast aluminum and in the shape of a solid of
revolution of variable diameter d is being designed to support the load
shown. Knowing that the machine element is to be of constant strength,
express d in terms of x, L, and d,.

L/2

SOLUTION

S, . d
For a solid circular cross section, c¢= By

Equating,

At x=£,
2

R —p WL Lbad v bw
4~ "B = 2 M
; D
DM, =00 -2 i r =0
2 2 X —> v
M=2x(L-x) WL
2 2
S_M_wx(L—x)
Ol 20,
3
=% gL 7
4 c 32
3 1/3
zd”  wx(L—x) d= 16 wx (L —x)
32 20y, oy,
1/3 13
4wl
d=d,={"> d=d, 4ﬁ(1—ﬁj <
oy, L L
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| L2 L2 |

P PROBLEM 5.137

A machine element of cast aluminum and in the shape of a solid of
revolution of variable diameter d is being designed to support the load
shown. Knowing that the machine element is to be of constant strength,
express d in terms of x, L, and d,.

SOLUTION

Draw shear and bending moment diagrams.

0£x££,
2
£S)CSL,
2
S . 1
For a solid circular section, ¢ = Ed
1=ZA=7 4
4 64

For constant strength design, o =constant.

For 0<x< £,
2
For £ <x<L,
2

At point C,
Dividing Eq. (1a) by Eq. (2), 0<x<

L L
Dividing Eq. (1b) by Eq. (2), B <x<

Y
2
v o PL—x)
2
s=L_7 ;3
32
M
o
£d3_ﬁ
32 2
ldz_P(L—x)
32 2
1d3 E
2% 4
&2
d, L
d> _2(L-x)
dy L

PL/2

v

- PL/2

PL/4
o
(1a)
(1b)
2

d=d,(2x/L)"” <

d=dy[2(L-x)/L]" 4
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PROBLEM 5.138

A cantilever beam 4B consisting of a steel plate of uniform depth / and variable
width b is to support the distributed load w along its centerline AB. (a) Knowing
that the beam is to be of constant strength, express b in terms of x, L, and b,.

(b) Determine  the maximum  allowable value of w if
L=151n., b, =8 in., h=0.75 in.,and o, =24 ksi.

SOLUTION
)M, =0: M —w(L-xE=F =g "Y W
: e, M T
w(L —x w(L—x LA AR
PRI VRIS G
M| w(L-x) ' |A
S:uzu «| ~X >
O 20,
For a rectangular cross section, S= %bh2
N2 N2
lbhz _ w(L —x) b= 3w(L 2x)
6 20, Oulh
3w’ x Y
a At x=0, b=b =—— b=b|1-=| 4
( ) 0 O'auhz 0( L]
2 2
(b)  Solving for w, w:aa“b‘)h = CH®OTSY _ ) 160 kip/in w=160.0 Ib/in «

317 (3)(15)*
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PROBLEM 5.139

A cantilever beam 4B consisting of a steel plate of uniform depth /4 and variable
width b is to support the concentrated load P at point 4. (a) Knowing that the beam
is to be of constant strength, express b in terms of x, L, and b,. (b) Determine the
smallest allowable value of 4 if L =300 mm, b, =375 mm, P=14.4kN, and
o, =160 MPa.

SOLUTION
)EM, =0: —M —P(L-x)=0
M =—P(L-x) \"4 P
M| = P(L~x) M
oM _PL-x) GJ_.____A
Oanl O L~ L-X 4
For a rectangular cross section, S= %bh2
Equating’ lbhz :M b :w
6 Oan Ol
6PL X
a) Atx=0, b=b,= b=b|1-=| 4
( ) 0 O-allhz 0( L]
Solving for 4, h= 6PL
Oaiby
Data: L=300 mm=0.300 m, b, =375 mm=0.375m
P=144kN=144x10°N-m, 0, =160 MPa=160x10°Pa
3
(b) h= (6)(14'4X160 )(0.300) _ 20.8x107°m h=20.8 mm <«
(160x10°)(0.375)
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PROBLEM 5.140

Assuming that the length and width of the cover plates used with the beam of Sample Prob. 5.12 are,
respectively, /=4 m and b =285 mm, and recalling that the thickness of each plate is 16 mm, determine the
maximum normal stress on a transverse section (@) through the center of the beam, (b) just to the left of D.

SOLUTION M
r p)
Tg__ X ——>
Y
250 kv v

A=B=250kN T

)EM, = 0: 250x+ M =0
M =250xkN -m

At center of beam, x=4m M, =(250)4) =1000 kN - m
At D, x=%(8—l)=%(8—4)=2m M, =500 kN - m
At center of beam, I = Lyem + 21y
678 16 1
=1190 x10° + 24(285)(16)| — + — | +—(285)(16)°
22 12
= 2288 x 10® mm*
c =?+16 Z355mm S =L = 6445%10°mm’
C

= 6445x10°m’
M 1000x10°

(@) Normal stress: oc=—=——""—-+=1552x10Pa o =155.2 MPa 4
S 6445 x 10
AtD, S =3490x 10°’mm’ = 3510 x10~°m’
3
(b) Normal stress: c=M_ M =143.3x10°Pa o =143.3 MPa 4
S 3490 x10
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Pl 15x2200mm PROBLEM 5.141

\
c
Al e —a | E Knowing that o, =150 MPa, determine the largest concentrated
BT, F \ load P that can be applied at end £ of the beam shown.
W410 X 85
2.25m [1.25m
4.8 m
2.2 m
SOLUTION
Pliax 220mm
. e )IMp = 0: -484-22P =0
_ Y
;_‘ A =—-0.45833P A=045833P 1
Wilos 35 1 )IM, =0: 4.8D—7.0P =0
D =145833P T
P A 21m Shear- Ato C: V = -0.45833P
P Bending moments: My=0
M. =0+ (4.8)(—0.45833P) = -2.2P
o ¥
Mp=-22P+22P=0
-0.45333 P
My = 48-225 (-2.2P)=—1.16875P
M 48
B € D _
A l 7 My = (ﬁj@g,zp) = —0.95P
] 2.2
| /-0.35P
[ M <M ]
-2.2P
~-1.1¢875 P

For W410x85, S =1510x10°mm’ =1510x107°m’

Allowable value of P based on strength at B. ¢ = M)

1.16875P

150 x10° = 22
1510 % 10

P =193.8x10°N
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PROBLEM 5.141 (Continued)

Section properties over portion BCD:

W410x 85: d = 417 mm, %d =208.5mm, 7, =316x10°mm*

Plate: A = (18)(220) = 3960 mm>  d = 208.5 + Gjas) =217.5mm

I é(220)08)3 =106.92 x10°mm* Ad* =187.333 x 10°mm*

I =1+ Ad* =187.440 x 10° mm*

For section, I =316x10° + (2)(187.440 x 10°) = 690.88 x 10® mm*
¢ =208.5+18 = 226.5 mm
I 690.88x10°

§===—""""""=30502x10°’mm’ = 3050.2 x 10~ m’
c 226.5
IM |
Allowable load based on strength at C: o= S

2.2P

050X T0° P =208.0%x10°N
2 X

150 x10° =

The smaller allowable load controls. P =193.8x10°N P =193.8kN «
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30 kips/ft PROBLEM 5.142

5.
SN e p—]
‘ ’ Two cover plates, each 3 in. thick, are welded to a W30x99
A sf beam as shown. Knowing that /=9 ft and 5=12 in., determine
the maximum normal stress on a transverse section (@) through the
D E center of the beam, (b) just to the left of D.
y W30 x 99
16 ft
SOLUTION
) A=B=240kips T
60 ip-f 20 kigs /H
WHHHIM Dsm, =0 2400 +300E+ 1 =0
A D 2
- “’"‘ M = 240x —15x7kip - ft
240 ki 0 v
At center of beam, x =8 ft

M, =960 kip - ft = 11,520 kip - in
At point D, x =%(l6—9) =35 ft
M, = 656.25 kip - ft = 7875 kip - in

Atcenter of beam, [ = Iy + 2/

2
I = 3990 + 2{(12)(0.625)(% + %) + é(l2)(0.625)3} = 7439 in*
c= £27 + 0.625 = 15.475 in.
(@) Normal stress: - Me _ (11,520015475) o =24.0ksi 4
I 7439
At point D, S =269 in’
(b) Normal stress: oM _ 7875 o =293ksi 4
S 269

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




30 kips/ft PROBLEM 5.143

5.
SN e p—]
j_‘ ’ Two cover plates, each % in. thick, are welded to a W30x99 beam
A af as shown. Knowing that o,; =22 ksi for both the beam and the
plates, determine the required value of (a) the length of the plates,
D E (b) the width of the plates.
I W30 x 99
16 ft
SOLUTION

R, =Ry =240 kips T

M
%0 Kip-N 30 kips /A1 )M, = 0: —240x + 3032 + M =0
7 MVL\LI&. M 2
A § M = 240x — 15x kip - ft
- J*_ W 9 ‘
3

2"’0 k\.ri \Y}

For W30 x99 rolled steel section, S = 269 in’

Allowable bending moment:
M, =0, S = (22)(269) = 5918 kip - in = 493.167 kip - ft

To locate points D and E, set M = M.

240x — 15x% = 493.167 15x% — 240x + 493.167 = 0

+ 2 _
240z J(240)° — (4)(15)(493.167) _ 242 fi, 13.58 fi

(2a5)
(a) [ =x5;—xp =13.58-2.42 [=11.16ft 4
Center of beam: M =960 kip - ft = 11520 kip - in
S = M 11520 523.64in° ¢ = 297 + 0.625 = 15.475 in.
Ol 22 2

Required moment of inertia: I = Sc = 8103.3 in*

But I = Iy + 2 e

2
8103.3 = 3990 + 2{(b)(0.625)(£2'7 + 0'6225 ] + %(b)(0.625)3}

= 3990 + 287.42b
b =1431in. 4

(b)
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40 kN/m PROBLEM 5.144
’4; b 7.5 mm

Ab‘_L Two cover plates, each 7.5 mm thick, are welded to
1 a W460x74 beam as shown. Knowing that /=5 mand
A B b =200 mm, determine the maximum normal stress on
D E o a transverse section (@) through the center of the beam
W460 x 74 ’

] o (b) just to the left of D.

8m
SOLUTION

At center of beam,

At D,

At center of beam,

(a) Normal stress:

At D,

(b) Normal stress:

R,=Ry;=160kNT 4o kN /im

S)IM, =0: —160x+(40x)§+M=0 - 44l '“a

M =160x —20x>kN-m r‘* x e ¥

x=4m M.=320kN-m leo

x=%(8—l)=1.5m M, =195kN-m

I'=lyey +21,

457 1.5

2
=333x10° + 2{(200)(7.5)(— + 7) + é(200)(7.5)3}

2

=494.8x10°mm*

457

c=7+7.5=236 mm

S I 2097 x10°mm> =2097x10°m?

C
3
_M_%loﬁ:wzﬁxloﬁpa
S 2097x10

0=152.6 MPa 4

S =1460x10>mm> =1460x10°m?>

M 195x10°

S 1460x107°

=133.6x10°Pa o=133.6 MPa «
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40 kKN/m PROBLEM 5.145

’4; b 4.‘ 7.5 mm
0 Two cover plates, each 7.5 mm thick, are welded to a
1 W460x 74 beam as shown. Knowing that o,, =150 MPa
A B for both the beam and the plates, determine the required
D l E Waise T value of (a) the length of the plates, (b) the width of the
plates.
8m
SOLUTION 40 kR Im
R,=R,=160kNT AAER| DM
SEM, =0: —160x+(40x)(5]+M=0 1,
2 16O k¥ v
M =160x —20x>kN-m
For W460x 74 rolled steel beam, M
S =1460x10’mm’ =1460x10°m’ 20 kN-m
Allowable bending moment:
M, =0, S=(150x10°)(1460x107%)
=219x10°N-m =219 kN-m
To locate points D and E, set M=M,
160x —20x* =219 20x* —160x+219=0
160 ++/160% — (4)(20)(219
= _\/ @019 x=1.753 mand x =6.247 m
(2)(20)
(@) xp=17531ft x;,=6.247ft l=x;-xp=449m <«
3 457 4
At center of beam, M =320 kKN-m=320x10"N-m c=7+7.5 =236 mm
3
5= 200 5133510 m® =2133x10° mm?
o, 150x10
Required moment of inertia: I =Sc=503.4x10°mm"*
But I=1 .t 2]131‘,1lte

2
503.4x10° =333x10° + 2{(5)(7.5)(%7+7—;] +é(b)(7.5)3}

(b) =333x10° +809.2x10°p b=211mm <«
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160 kips PROBLEM 5.146

1.
D 1o E rb"l _ZIE Two cover plates, each 1 in. thick, are welded to a
4 b = W27x84 beam as shown. Knowing that /=10 ft and
A B b=10.5 in., determine the maximum normal stress on a
transverse section (a) through the center of the beam, () just
L%l»«%l—»‘ W27 % 84 to the left of D.
9 ft 9 ft
SOLUTION

R, =R, =80 kips T DM

=M, =0: -80x+M =0 ﬁ X "’}
M =80x kip- ft

80‘({‘35
ALC x=9ft M, =720 kip-ft =8640 kip-in
At D x=9-5=41t
M, = (80)(4) =320 kip - ft = 3840 kip - in
M
720 k(p-‘”
At center of beam, 1= Tieum + 21 1ye
2
1 =2850+24(10.5)(0.500)[ 2272+ 93990 1 1 5y0.500)
2 2 12
=4794 in®
c =@+ 0.500 =13.855 in.
(@) Normal stress: o= Me _ (8640)13.855) 0=25.0ksi 4
1 4794
At point D, §=213in’
(b) Normal stress: o= M _ 3830 0=18.03 ksi 4
S 213
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160 kips PROBLEM 5.147

i .
D 1o E ’e b "I _ZIE Two cover plates, each 1 in. thick, are welded to a
£ A = W27x84 beam as shown. Knowing that o,; =24 ksi
A B for both the beam and the plates, determine the required
value of (a) the length of the plates, (b) the width of the
Ll [l L l—»‘ W27 x 84 plates.
2 2
9 ft 9 ft
SOLUTION
R, =R, =80 kips T
:L“! l,l“ M
D =M, =0: -80x+M =0
t M =80x kip- ft
&o kn.':s \'4
720 p-H AtD, §=213in’

Allowable bending moment:

M, =0,,S =(24)(213)=5112 kip-in

X =426 kip - ft
Set M, =M,. 80x, =426 x,=53251t
(a) [=18-2x, [1=7351t 4
At center of beam, M =(80)(9) =720 kip - ft =8640 kip - in
§= M 8030 50 i3
o 24
c :£+ 0.500 =13.85 in.
Required moment of inertia: I =Sc=4986 in*
But 1= [beam + 2[plate
2
4986 = 2850 + 21 (5)(0.500) 267 +M +L(b)(0.500)3
2 2 12
=2850+184.981b
(b) b=11.55in. 4

PROPRIETARY MATERIAL. © 2012 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be displayed,
reproduced, or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond the limited
distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. A student using this manual is using it

without permission.




w 20 mm PROBLEM 5.148

ol LTI T ]I

120 mm g H_I'h For the tapered beam shown, determine (a) the transverse
T—MW _r section in which the maximum normal stress occurs, (b) the
PN largest distributed load w that can be applied, knowing
that o, =140 MPa.
<—0.6 m —>{=<—0.6 m —
SOLUTION
w
1
Ry=Ry=- LT L=12m 4”,‘,”,], , M
VEM, 20—+ wL+wrE+ M =0 ' E
+ ;7 =U: _E wL + W)CE'F = x
W 2 Fwl V
M= E (Lx—x7) 2
w
=—x(L-x
5 (L—-x) "
For the tapered beam, h=a+kx
< FwL®
a =120 mm
0.6
) 1, ., 1 5 ==X
For rectangular cross section, S==—bh"= gb (a+kx)
2
Bending stress: o _M_ 3w Lx=x

S b (a+hkv)

. . . do
To find location of maximum bending stress, set e =0.
X

do _3wd | Lx—x | _3w](a+ky)*(L—-2x) - (Lx—x*)2(a + kx)k
de b odx|(a+kx)?| b (a+kx)’

:3_w{(a+kx)(L—2x)—2k(Lx—x2)}

b (a+kx)®
_ 3w al +kLx = 2ax - 26 —2kLx + 245
b (a+kx)’

=3_w al —(2a+ kL)x -0
b (a+kx)
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PROBLEM 5.148 (Continued)

(@) «x,= aL __ (120)d-2) x, =024 m 4
2a+kL  (2)(120)+(300)(1.2)

h, =a+kx, =120+ (300)(0.24) =192 mm

S, =%bh,f, =é(20)(19z)2 =122.88x10°mm’ =122.88x10°m’

Allowable value of M,: M, =S, 0, =(122.88x107°)(140x10%)

=17.2032x10°N-m
3
(b)  Allowable value of w: we—2Mn _ (2)(17.2032X107)
x, (L-x,) (0.24)(0.96)
=149.3x10° N/m w=149.3kN/m <«
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w 20 mm PROBLEM 5.149

sl LT T T

b D_I'h For the tapered beam shown, knowing that w = 160 kN/m,
T—MW _ v determine (a) the transverse section in which the maximum

normal stress occurs, (b) the corresponding value of the

T normal stress.
l«—0.6 m —>{<~—0.6 m—>
SOLUTION
w
R, =R, L ) i M
2 7] j
1 X A I
)IM, =0: —5 whaHwas+ M =0 X N
M =2 (Lx-x?) Fwl
2
=Kx(L - X)
? M
where w =160kN/m and L =12m. - ‘é‘WL‘
For the tapered beam, h=a+kx
a=120 mm
k= % =300 mm/m X

For a rectangular cross section, S = %bh2 = %b(a + kx)?

b (a+kx)

M 3w Lx—x*
Bending stress: S

do

To find location of maximum bending stress, set E =0.

do _3wd { Lx—x* }=3_w{(a+kx)2(L—Zx)—(Lx—xz)Z(a+kx)k}

dc b odx|(a+hko’| b (a+hkx)
[ (s k(=29 - 2k(Ls 1)
b (a+kx)
_3w aL+ka—2ax—}kf2/—2ka+}k§[
b (a+kx)®

_3wlal-2ax+kLx | _
b (a+kx)
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PROBLEM 5.149 (Continued)

@ x =0t __ (12002 x, =0.240 m «
" 24+ kL (2)(120)+(300)(1.2) "

h, =a+kx, =120+ (300)(0.24) =192 mm
S, =%bh,i =%(20)(192)2 =122.88x10°mm’ =122.88x10°m’

3
M, = %xm (L—x,) =200 54)(0.96) =18 432%10°N - m

. : M : ’
(b)) Maximum bending stress: o, =—=%= 1843210 =150x10°Pa

7S, 122.88x1070

0, =150.0 MPa <
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w 3in, PROBLEM 5.150

JTA l l l lc l l l l 1 B*‘ |<_— For the tapered beam shown, determine (a) the transverse section
T A h @t U_h in which the maximum normal stress occurs, (b) the largest
4 distributed load w that can be applied, knowing that
~* Oy =24 ksi.
|<— 30 in. —>{<—230 in. —
SOLUTION
R,=Ry=~wLT L=60i W
=Ry =—W =600 m. 1
2 2217211 §M
A T
)M, =0: —%wLx+wx%+M =0
fe——r K —1
_ w I 2 n /
= (Lx—x7) AW L \Vj
= Kx(L -X)
2 M
- 2
For the tapered beam, h=a+kx wl
a=4in k=3"%-2 inn
30 5
For a rectangular cross section, S= gbh2 = %b(a + kx)? . X
2
Bending stress: o= M_ 3w Lx—xz
S b (a+ke)
. . . do
To find location of maximum bending stress, set e =0.
X
do o_ 3wd | Lx—x" x?
dx b dx (a+kx)?
_3w)(a+ kx)? (L —2x) — (Lx — x*)2(a + kx)k
(a+kx)*
3w | (a+hkx)(L—2x)—2k(Lx—x %)
(a+kx)’
_ 3w aL +kLx — 2ax — 2kx* — 2kLx + 2kx’
b (a+ kx)®
_3wjal—(Q2a+kL)x kL)x
b (a+kx)’
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PROBLEM 5.150 (Continued)

(@) X, = ak __ (4)(60) x, =15in. <
2a+kL  (2)(4)+(Z)(6.0)

h, =a+kx, =4+[%)(15)=6.00 in,

S, =lbhfn (13 (6.00)* =4.50 in®
6 6 )\ 4

Allowable value of M,,: M, =S, o, =(4.50)(24)=180.0 kip -in

(b) Allowable value of w: w= M, _ (2108.0)
X, (L=x,)  (15)(45)

=0.320 kip/in

w=2320 Ib/in <
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v 3in, PROBLEM 5.151
YA cY B _>‘ ’1 .
£in For the tapered beam shown, determine (a) the transverse
h g D_h section in which the maximum normal stress occurs, (b) the
»‘ largest concentrated load P that can be applied, knowing
* that o, = 24 ksi.
30 in. —>{=<—230 in. —
SOLUTION
. jM
R,=R, = g T '
Px X ‘
+)EM,;=0: —+M=0
DEM, 5 P v
2
M = Px [O <x< £)
2 2
For a tapered beam, h=a+kx
For a rectangular cross section, S = lbh2 = %b (a + kx)?
Bending stress: o= M_ &2
S b(a+kx)
. . . do
To find location of maximum bending stress, set e =0.
X
do _3Pd x _3P (a+kx)’ —x—2(a+kok
dx b dx|(a+k)’| b (a+ kx)*
3P a—kx a
b (a+kx) k
. 8—4 o
Data: a=4in., k:WZO'B%?’ in/in
4 . .
(@ x,= =30 in. x,, =30.0 in. 4
0.13333
h, =a+kx, =8 in.
S, :lbh; (L3 (8)> =8 in’
6 6 )\ 4
M, =0,S, =24)(8) =192 kip-in
b p=Mu_2DU92) )¢ in P =12.80 kips €

xm
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400 1b 1600 Ib

400 1b

PROBLEM 5.152

G (@
 / D VE gV |8in. Draw the shear and bending-moment diagrams for the beam and
A D 3 loading shown, and determine the maximum absolute value (a) of
% 8in.  the shear, (b) of the bending moment.
ceB——HN———
12in. | 12in. | 12in. | 12in.
SOLUTION
V (4b) 400
A E__F | X +‘>ZMG =0: —16C + (36)(400) + (12)(1600)
8
- 400 - (12)(400) = 0 C =18001b
I>3F =0: -C+G, =0 G, =18001b
~#000 Hr 0. 400-1600+ G, ~400=0 G, = 24001b
M (fbrin) Ato E: V = -400 Ib
J¢o00
[\4300 EtoF: v =-2000Ib
A F 8
> E . _
ioo “h300 Fto B: V =4001b
At A and B, M=0
400
-19200 M
J Yoo v M L‘ 9
/ 12
\%
8
,;oo AtD; +‘>EMD =0: (12)(400)+ M =0 M =-48001b - in
Yoo M AtD; +‘> XM, =0: (12)(400) — (8)(1800) + M =0 M =96001b -in
Y j AtE, +‘>ZME =0: (24)(400) — (8)(1800) + M =0 M =48001b - in
\ A% AtF; +‘>ZMF =0: =M — (8)(1800) — (12)(400) =0 M =-192001b - in
1800
2400 AtF; +‘>ZMF =0: -M - (12)(400) = 0 M =-48001b - in
1800 Joo Yoo
M C Y M
T\] R al
(a) Maximum |V| = 2000 Ib <«
(b) Maximum |[M| =192001b - in <«
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300 N 300N 40N
BY C D E F

300 N 20 mm

Al

X
—ofts—
e \ Hinge

L 7 @ 200 mm = 1400 mm

E |H Dﬁlm
=

PROBLEM 5.153

Draw the shear and bending-moment diagrams for the beam
and loading shown, and determine the maximum normal
stress due to bending.

SOLUTION

Vi (N)

258
—\ i

X
43 l I
=213

- 342
M, (v-w)
5.6
43.1 42.7
25.3
E,

A \/ w
-25.3
%00 300 126.67
A D

Free body EFGH. Note that M, = 0 due to hinge.

D)IMp =0: 0.6 H — (0.2)(40) — (0.40)(300) = 0
H =21333N

+¢2Fy =0: V;—-40-300+21333=0

Vi =126-67N T7
Vi H
Shear:
EtoF: V =126.67N - m
FtoG: V =86.67N-m
GtoH: V =-21333N" -m

Bending moment at F"
DEIMp =0 My —(0.2)(126.67) = 0
My =2533N-m

e, £t
1

2067

M.

Bending moment at G:
IMg =0: —Mg +(0.2)(213.33) = 0 %
Ms;=42.67N-m 212.32

Free body ABCDE.
+‘>2MB =0: 0.64 + (0.4)(300) + (0.2)(300)
—(0.2)(126.63) = 0
A =25778 N

F)TM, = 0: ~0.2)(300) — (0.4)(300) — (0.8)(126.67) +0.6D = 0
D = 468.89 N
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PROBLEM 5.153 (Continued)

Bending moment at B.

A 33*43 F)EMy = 0: —(0.2)(257.78) + My = 0 max|M| = 51.56 N - m
| My =5156N m

1., 1 2
S =—=bh" = —(20)(30
251.13 V 6 6( )(30)

1300 Bending moment at C. —3%10° mm> = 3% 10 m’
8 [

A
T | D)EMe = 0: - (0.4)(257.78) + (0.2)(300) Normal stress.
XA v +Mc=0 0=L5§6=17.19x106Pa
My =4311N-m 3x10
" 21333 o =17.19 MPa <«
C?o Ei” Bending moment at D.
/
v r DEMp =0: = Mp —(0.2)(213.33) = 0

Mp=-2533N"m
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5 kips 10 kips PROBLEM 5.154

Y 9 YD . Determine (a) the distance a for which the maximum absolute
A |B I value of the bending moment in the beam is as small as
W14 x 99 Dossible, (b) the corresponding maximum normal stress due to
PPN 86 5 ftJ bending. (See hint of Prob. 5.27.)
SOLUTION
Reaction at B: F)IMe =0: 5a - (8)(10) +13R; = 0 M, kip-tt
22.222 kTt
Ry = (80 - 5a) ke
18
Bending moment at D:
)EMp =0: -Mp +5R; =0 2

M, =5R, = %(80 - 5a)

- 2. 220kipFt
G’ | 8 P
4

vIiES -

Bending moment at C: 20 (U'Ps
Me=0 5a+Mc =0
c .M
MC = —5a A D (2
Equate: -M. =M, beGe >
Y
Sa = £l (80 — 5a) v
13

a = 444441 (@) a=444ft 4

Then ~M, = M, = (5)(4.4444) = 22.222 kip - ft

M|, = 22222 kip - ft = 266.67 kip - in

max

For W14 x 22 rolled steel section, S = 29.0 in’

Normal stress: o= M _ 26667

= 9.20 ksi (b) 9.20ksi «
S 290
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w ) PROBLEM 5.155

w = 1w <l + [‘—;)

Determine (a) the equations of the shear and bending-moment curves
B for the beam and loading shown, (b) the maximum absolute value of

A ¥ the bending moment in the beam.
L |
SOLUTION
dv x*
a —=—w=-w,| l+—
( ) dx 0 2
3
V=-w|x+—|+C
V=0 at x=L.
0——WO(L+—L]+C1 Ci==w,L
3
dﬂ:V—wo iL—x—lx— <
dx 3 317
4 1, 1x*
M=w)| =Lx——x" —— C
N3 27 np)
M=0 at x=L. w, dplp 1p +C,=0
3 2 12
3
CZ——ZWOLZ
4
M=wy| 2L z—ix—z—i 2 |
2 1217 4
(b) |M]|,,, occursat x=0. |z\4|maX=3w0L2 <
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16 kN/m

PROBLEM 5.156

|B I Draw the shear and bending-moment diagrams for the beam

Al

v . R SIS0 18.6 and loading shown, and determine the maximum normal stress
’ | "~ due to bending.
| 1.5m 1 Im 1

SOLUTION

Shear diagram:

D)IMy =0: -2.54+(1.75)(1.5)(16)=0

Locate point D where V' =0.

A=16.8 kN
)IM, =0: ~0.75)+(1.5)(16)+2.58=0
B=72kN
V,=16.8 kN
V. =16.8—(1.5)(16) =-7.2 kN
Vy=-72kN
4 _15-d 5050
16. 7.2

Areas of the shear diagram:

AtoD:

Dto C:

Cto B:

Bending moments:

dex - Gja.osxw.g) -8.82kN-m

j Vex = Gj (0.45)(=7.2) =—1.62 kN - m

j Vdx = (1)(~7.2)=~7.2 KN-m

M, =0
M,=0+882=882kN-m
M. =882-162=72KkN-m
My=72-72=0

Maximum |M|=8.82 kN-m=8.82x10°N-m

For S150x18.6 rolled steel section, S =120x10°mm® =120x10°m?

Normal stress:

M| 8.82x10°
O=—=————

S 120 1076=73.5x106Pa
X

V (kW)
1.8

__r.
)
o

f

-7.2

le 4 —slisa<

M(kN»M)_

g.82
7.2

o0=73.5MPa 4
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wy = 50 Ib/ft

oo

PROBLEM 5.157

< 7 T in.
m\/—\ |<—)' Knowing that beam 4B is in equilibrium under the loading shown,
A ) B Q . ; .
C draw the shear and bending-moment diagrams and determine the
wo maximum normal stress due to bending.
1.2 ft ! 1.2 ft !
SOLUTION
Ato C: O<x<12ft
V (#6)
wzso(l—i]:50—41.667x I (2
1.2 X
a =—w=41.667x—-50
dx
v=v, +j;(41.667x—50)dx =30
= 0+20.833x° —50x =M
dx M (2b4Y)
= ' 24
M=M,+ j Vx
- * 2 _
- 0+J'0 (20.833x% — 50x)dx A c y
=6.944x" —25x> 8
At x=12ft, V' =-301b
M=-241b-in -2
C to B: Use symmetry conditions.
Maximum |[M|=241b-ft=288 Ib-in
. d (1 .
Cross section: c= B = B (0.75)=0.375 in.
=2 = Z1(0375)=15.532x10in*
4 4
Normal stress: o= Mlc _ (288)(0.375) _ 6.95x10°psi 0=6.95ksi 4

I 15.532x107°
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4.8 kips 4.8 kips PROBLEM 5.158

2 kips 2 kips
I T | | |
B C D E —_ For the beam and loading shown, design the cross section of the

4 A B g 9.5* ., beam, knowing that the grade of timber used has an allowable
‘ ‘ ’ ‘ ‘ ’ _y  normal stress of 1750 psi.
2ft 2ft 3ft 2ft 2ft

SOLUTION
For equilibrium, B=FE=238kips V) k"l‘s 4.3
Shear diagram:
AtoB: V =-4.8 kips
B to C: V =-4.8+2.8=-2 kips z
C'toD: V=-2+2=0 ”
D t0E™: V=0+2=2 kips
E"to F: V =2+28=4.8kips
Areas of shear diagram: -%
Ato B: (2)(—4.8) =-9.6 kip - ft
Bto C: (2)(=2)=—4 kip - ft -4.3
CtoD: 3)(0)=0 .
DtoE: (2)(2) = 4 kip- ft M, kepft
EtoF: (2)(4.8) =9.6 kip - ft
Bending moments: M, =0

My=0-9.6=-9.6kip-ft

M, =-9.6-4=-13.6kip-ft

Mp=-13.6+0=-13.6 kip-ft

Mp=-13.6+4=-9.6kip-ft

Mp=-9.6+9.6=0 Z13.¢

M| .. =13.6 kip-ft =162.3 kip-in =162.3x10’ Ib-in
Required value for S:
6 Mlnax _ 162.3x10° 93257 in?
o 1750

For a rectangular section, / =ébh3, c= %h S =é = % =M =15.0417b
Equating the two expressions for S, 15.0417 b =93.257 b=6.20 in. <4
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50 kN/m PROBLEM 5.159

e
A 'p  Knowing that the allowable stress for the steel used is 160 MPa, select the
ol B ‘ =8 most economical wide-flange beam to support the loading shown.
! 24 m I !
0.8 m 0.8 m
SOLUTION
)EM, =0: —3.2B+(24)3.2)(50)=0 B=120 kN
)IM, =0: 32D—(0.8)(3.2)(50)=0 D =40 kN
Shear: V,=0

V, =0-(0.8)(50)=—40 kN
V,. =—40+120=80 kN

V. =80 —(2.4)(50) = —40 kN V (W)
V, =—40+0=—40 kN %0
Locate point £ where V' =0.
e 24-¢
—_— = 120e =192
80 40 ‘ A < O
e=1.6m 24-e=08m \B \‘
1 b -'*0 -—"’O
Areas: AtoB: |Vdx=|—|(0.8)(-40)=—-16 KN -m
| (2]( )(~40) L . L

BtoE: dex - (%)(1.6)(80) =64 kN -m

EtoC: dexzej(o.s)(—M) — 16 kN-m

M (V- m)
C to D: dex = (0.8)(—40)=—32 kN -m 4g
Bending moments: M, =0
M,=0-16=-16 kN-m
M, =-16+64=48kN-m -6

M.=48-16=32kN-m
M, =32-32=0
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PROBLEM 5.159 (Continued)

Maximum |M|=48 kN-m =48x10° N-m

0, =160 MPa =160x10° Pa
M| _ 48x10°
Oy 160x10°

min

Shape | $10°mm’)
W310x32.7 | 415
W250%28.4 | 308 «
W200x35.9 | 342

Lightest wide flange beam:

=300x10° m® =300x10* mm

W250%28.4 @ 28.4 kg/m <
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P 1in.

P P
—>" "—IOm. l lOin,*‘ "‘— ->H<—

PROBLEM 5.160

A E siin Determine the largest permissible value of P for the beam and
=8 p cC D %' loading shown, knowing that the allowable normal stress is
‘ ‘ | - +8 ksi in tension and —18 ksi in compression.
| | T 1in.
60 in. 60 in.
SOLUTION
Reactions: B=D=15P7T v o
Shear diagram: 0.5P ’_l
AtoB™: V=-P it
B' toC: V=-P+1.5P=05P | J_p -O5P
C'toD: V=05P-P=-05P
M 0P
D' to E: V=-05P+1.5P=P /\
Areas: x
AtoB: (10)(-P)=-10P -loP -}oy
BtoC: (60)(0.5P)=30P
CtoD: (60)(-0.5P)=-30P
Dt E: 10)(P)=10P

Bending moments: M, =0
Mz=0-10P=-10P
M.=-10P+30P=20P
M,=20P-30P=-10P

Mp=-10P+10P=0
Largest positive bending moment: 20 P

Largest negative bending moment: —10 P

Centroid and moment of inertia:

415

| ® _|'r

Part| A, in’ Vo, in. Ay,, in’ d,in. Ad?,in* I,in*
©) 5 3.5 17.5 1.75 15.3125 10.417
@) 7 0.5 3.5 1.25 10.9375 0.583
) 12 21 26.25 11.000

Y:%:ms in. I=XA4d*+XI=37.25in*

Top: y=4.251n. Bottom: y =—-1.75 in. o=

My

1
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Top, tension:

Top, comp.:

Bottom. tension:

Bottom. comp.:

PROBLEM 5.160 (Continued)

_(-10P)(4.25)

g=— 220 P =17.01 kips
37.25

_1g=_(20P)(4.25) P =17.89 kips
37.25

g=_(20P)(LT5) P=8.51 kips
37.25

_1g=_C10P)=LT5) P =383 kips
37.25

Smallest value of P is the allowable value.

P=7.01kips <
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6OKN  J6OkN PROBLEM 5.161
O Nm ¥ y (a) Using singularity functions, find the magnitude and
location of the maximum bending moment for the beam and
A |B loading shown. (b) Determine the maximum normal stress
¢ DI #=  \=oxes due to bending.
<—1.8m 1.8m
0.9 m
SOLUTION
+‘> XMy =0: —4.54+(2.25)(4.5)(40)+(2.7)(60) + (0.9)(60)=0
A=138kNT
+‘> M, =0: —(2.25)(4.5)(40) - (1.8)(60) —(3.6)(60) +4.58 =0
B=162kNT
w=40 kN/m = a
dx
V =—40x +138 — 60(x —1.8)° — 60(x —3.6)° =‘Z—M
X
M =-20x> —138x —60(x —1.8)' — 60(x —3.6)"
V. =—(40)(1.8) +138— 60 =6 kN
v, =—(40)(3.6) +138 - 60 =—66 kN
Locate point £ where V' =0. It lies between C and D.
Vy =—40x; +138—-60+0=0 xp;=195m
M, =—(20)(1.95)> +(138)(1.95) — (60)(1.95—1.8) =184 kN - m
(a) M| . =184kN-m=184x10°N-m at x=1.950m <«
For W530x66 rolled steel section, S =1340x10°mm”’ =1340x10"° m’
3
(b)  Normal stress: o= M = 184x10 =137.3x10° Pa 0=137.3 MPa «

S 1340x10°°
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Wy PROBLEM 5162

mm The beam AB, consisting of an aluminum plate of uniform thickness b

AN i A 2B and length L, is to support the load shown. (a) Knowing that the beam is
}; to be of constant strength, express / in terms of x, L, and /4, for portion

AC of the beam. (b) Determine the maximum allowable load if
L =800 mm, 4, =200 mm, b=25 mm, and o, =72 MPa.

SOLUTION
By symmetry, A=B 2wWoX
o b g 3T
+T2Fy_0. A—EWOL+B—0 A—B—ZWOLT A Xy DM
L 2wyx  dV 2w, x Wy x>
For 0<x<—, w="2" === V=C -
2 L dx L ) < X —>]
1 Y
At x=0, v=Lwr: c=twr Wl
4 4
2
M _y L 2 oo Ly e 120
dx 4 L 3L
At x=0, M=0: C,=0
M=120G0 _4y
3
@ Atx=L, m=mo=LMolsp(L)_yfL) L, p
2 12 L 2 2 12
For constant strength, Szﬂ, Sozﬂzﬂ iz£=%(3L2x—4x3 )
Ol Oui O S M, L
1 | s (Y
For a rectangular section, S =—bh’ S, =—bh; —=|—
6 6 S, |k
2 3
h=h, 3LxL34x <
(b) Data: L =800 mm hy=200mm  5»=25mm O, =72 MPa
S, =%bh§ =%(25)(200)2 =166.667x10°mm’ =166.667x10°m’
Mg =0,S,=(72x10°)(166.667x10°)=12x10°N-m
3
wy =2 _ ADA2X10) _ 55103 Njm wy =225 kN/m

o (0.800)>
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PROBLEM 5.163

A transverse force P is applied as shown at end 4 of the conical taper 4B.
Denoting by d, the diameter of the taper at 4, show that the maximum
normal stress occurs at point A, which is contained in a transverse section

of diameter d =1.5d,,.

SOLUTION
vo—p=T y__py
dx
Let d=dy+kx
For a solid circular section, 1 =£c4 =£af3
4 64
=4 g LT T sy
2 c 32 32 /
§=3—”(do+kx)2k=3—”d2k
dx 32 32 /
M|  Px /
Stress: O=—=—o f;
s S
T
AtH, d—Gzlz(PS—PxHﬁ)zo
dcx S dx
as r iz ,,
S—xy—=—d’ —x,—d"k
g T3 T
1 1 1
kXH zgdzg(do +kaH) kXH :Edo
1 3
dzdo +5d025d0 d=15d0 4
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