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T

18 mm

 

PROBLEM 3.2 

For the cylindrical shaft shown, determine the maximum shearing stress caused by  
a torque of magnitude T  800 N  m. 

 

SOLUTION 

  4
max

max 3

3

6

;
2

2

2(800 N m)
(0.018 m)

87.328 10 Pa








 






 

Tc J c
J
T
c

 

max 87.3 MPa   
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2.4 m

30 mm

45 mmT

 

PROBLEM 3.3 

(a) Determine the torque T that causes a maximum shearing stress of  
45 MPa in the hollow cylindrical steel shaft shown. (b) Determine the 
maximum shearing stress caused by the same torque T in a solid cylindrical 
shaft of the same cross-sectional area. 

 

SOLUTION 

(a) Given shaft:  4 4
2 1

4 4 6 4 6 4

6 6
3

3

2

(45 30 ) 5.1689 10  mm 5.1689 10  m
2

(5.1689 10 )(45 10 ) 5.1689 10  N m
45 10

J c c

J

Tc JT
J c

T













 

     

 

 
   



 

5.17 kN mT    

(b) Solid shaft of same area: 

 

 2 2 2 2 3 2
2 1

2

4
3

3
6

3

(45 30 ) 3.5343 10  mm

or 33.541 mm

2,
2
(2)(5.1689 10 ) 87.2 10  Pa

(0.033541)

A c c

Ac A c

Tc TJ c
J c

 




 





     

  

  


  

 

87.2 MPa   
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54 mm

46 mm

46 mm

40 mm

A

B

C
D

E

TB = 1.2 kN · m
TC = 0.8 kN · m

TD = 0.4 kN · m

PROBLEM 3.14 

In order to reduce the total mass of 
the assembly of Prob. 3.13, a new 
design 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 be 
increased. 

PROBLEM 3.13 Under normal 
operating conditions, the electric 
motor exerts a torque of 2.4 kN  m 
on shaft AB. Knowing that each shaft 
is solid, determine the maximum 
shearing stress in (a) shaft AB,  
(b) shaft BC, (c) shaft CD. 

 
 

SOLUTION 

See solution to Problem 3.13 for maximum shearing stresses in portions AB, BC, and CD of the shaft. The 
largest maximum shearing value is 6

max 77.625 10 Pa    occurring in AB. 

Adjust diameter of BC to obtain the same value of stress. 

 3
2Tc T

J c



   

 
3

3 6 3
6

2 (2)(1.2 10 ) 9.8415 10 m
(77.625 10 )

Tc
 


   


 

 3 321.43 10 m 2 42.8 10 mc d c       42.8 mm  
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PROBLEM 3.1  

The allowable shearing stress is 100 MPa in the 36-mm-diameter steel rod AB and  
60 MPa in the 40-mm-diameter rod BC. Neglecting the effect of stress concentrations, 
determine the largest torque that can be applied at A. 

 

SOLUTION 

 4 3
max max, ,

2 2

Tc
J c T c

J

π πτ τ= = =  

Shaft AB:  6
max

6 3

100 MPa 100 10 Pa

1 1
(36) 18 mm 0.018 m

2 2

(100 10 )(0.018) 916 N m
2

AB

AB

c d

T

τ

π

= = ×

= = = =

= × = ⋅

 

Shaft BC:  6
max

6 3

60 MPa 60 10 Pa

1 1
(40) 20 mm 0.020 m

2 2

(60 10 )(0.020) 1.754 N m
2

BC

BC

c d

T

τ

π

= = ×

= = = =

= × = ⋅

 

The allowable torque is the smaller of TAB and TBC. 

  754 N mT = ⋅   
   

5
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750 mm

600 mm

TB � 1200 N · m

TC � 400 N · m

dAB B

A

CdBC

 

PROBLEM 3.17 

The solid shaft shown is formed of a brass for which the 
allowable shearing stress is 55 MPa. Neglecting the effect of 
stress concentrations, determine the smallest diameters dAB and 
dBC for which the allowable shearing stress is not exceeded. 

 

SOLUTION 

 

6
max

3max 3
max

55 MPa 55 10 Pa

2 2






  

  
Tc T Tc
J c

 

Shaft AB: 

33 6

1200 400 800 N m

(2)(800) 21.00 10 m 21.0 m
(55 10 )

ABT

c




   

   


 

  minimum 2 42.0 mmABd c    

Shaft BC: 

33 6

400 N m

(2)(400) 16.667 10 m 16.67 mm
(55 10 )

BCT

c




 

   


 

  minimum 2 33.3 mmBCd c    
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D

A

B

90 mm

dAB
C

T  

PROBLEM 3.20 

The solid rod AB has a diameter dAB  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 A. 

 

SOLUTION 

 6 all
all all75 10 Pa JT

c
     

Rod AB: 4

3 3 6
all all

3

1 0.030 m
2 2

(0.030) (75 10 )
2 2
3.181 10  N m

c d J c

T c



 

  

  

  

 

Pipe CD: 

 
2 2 1 2

4 4 4 4 6 4
2 1

6 6
3

all

1 0.045 m 0.045 0.006 0.039 m
2

(0.045 0.039 ) 2.8073 10 m
2 2
(2.8073 10 )(75 10 ) 4.679 10 N m

0.045

c d c c t

J c c

T

  



      

     

 
   

 

Allowable torque is the smaller value. 3
all 3.18 10 N mT     

3.18 kN m   
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A

100 mm

40 mmC

B
D

T � 1000 N · m

PROBLEM 3.21 

A torque of magnitude 1000 N mT    is applied 
at D as shown. Knowing that the allowable 
shearing stress is 60 MPa in each shaft, determine 
the required diameter of (a) shaft AB, (b) shaft CD. 

 

SOLUTION 

 1000 N m
100 (1000) 2500 N m
40

CD

B
AB CD

C

T
rT T
r

 

   

 

(a) Shaft AB:  6
all

3 6 3
3 6

60 10 Pa
2 2 (2)(2500) 26.526 10 m

(60 10 )




 



 

     


Tc T Tc
J c

 

 329.82 10 29.82 mmc     2 = 59.6 mmd c   

(b) Shaft CD:  6
all

3 6 3
3 6

60 10 Pa
2 2 (2)(1000) 10.610 10 m

(60 10 )




 



 

     


Tc T Tc
J c

 

 321.97 10 m 21.97 mmc      2 = 43.9 mmd c  
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2.5 m

40 mm
50 mm

A

B

T0

 

PROBLEM 3.34 

(a) For the aluminum pipe shown (G  27 GPa), determine the torque T0 
causing an angle of twist of 2°. (b) Determine the angle of twist if the 
same torque T0 is applied to a solid cylindrical shaft of the same length 
and cross-sectional area. 

 

SOLUTION 

(a) 

4 4 4 4

6 4

3

9

50 mm 0.050 m, 40 mm 0.040 m

( ) (0.050 0.040 )
2 2
5.7962 10 m

2 34.907 10 rad 2.5 m

27 10 Pa

 







   

   

 

    

 

o i

o i

c c

J c c

L

G

 

 TL
GJ

   
9 6 3

0

3

(27 10 )(5.7962 10 )(34.907 10 )
2.5

2.1851 10 N m

    
 

  

GJT
L

 

  0 2.19 kN mT    

 Area of pipe: 2 2 2 2 2( ) (0.050 0.040 ) 2.8274 m     o iA c c  

(b) Radius of solid of same area: 

4 4 6 2

3
0

9 6

0.030 m

(0.030) 1.27235 10 m
2 2

(2.1851 10 )(2.5) 0.15902 rad
(27 10 )(1.27235 10 )


 







 

   


  

 

s

s s

s

Ac

J c

T L
GJ

 

  9.11s   
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300 N · m 

A

200 N · m 

1 m

1.2 m

0.9 m

44 mm

40 mm

B

C

48 mm

D

PROBLEM 3.35 

The electric motor exerts a 500-N  m torque on 
the aluminum shaft ABCD when it is rotating at a 
constant speed. Knowing that 27 GPaG   and that 
the torques exerted on pulleys B and C are as shown, 
determine the angle of twist between (a) B and C, 
(b) B and D. 

 

SOLUTION 

(a) Angle of twist between B and C. 

 9

4 9

200 N m, 1.2 m
1 0.022 m, 27 10 Pa
2

367.97 10 m
2

BC BC

BC

T L

c d G

J c 

  

   

  

 

 3
/ 9 9

(200)(1.2) 24.157 10 rad
(27 10 )(367.97 10 )B C

TL
GJ

    
 

 / 1.384B C     

(b) Angle of twist between B and D. 

 

9

4 4 9 4

3
/ 9 9

1500 N m, 0.9 m, 0.024 m, 27 10 Pa
2

(0.024) 521.153 10 m
2 2

(500)(0.9) 31.980 10 rad
(27 10 )(521.153 10 )

 







      

   

  
 

CD CD

CD

C D

T L c d G

J c  

 3 3 3
/ / / 24.157 10 31.980 10 56.137 10 radB D B C C D              / 3.22B D    
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400 mm

375 mm

250 mm

D

60 mm

36 mm

TA � 800 N · m

TB � 1600 N · m

C

B

A

 

PROBLEM 3.38 

The aluminum rod AB ( 27 GPa)G  is bonded to the brass 
rod BD ( 39 GPa).G  Knowing that portion CD of the 
brass rod is hollow and has an inner diameter of 40 mm, 
determine the angle of twist at A. 

 

SOLUTION 

Rod AB: 9

4 4 9

3
/ 9 9

27 10 Pa, 0.400 m
1800 N m 0.018 m
2

(0.018) 164.896 10 m
2 2

(800)(0.400) 71.875 10 rad
(27 10 )(164.896 10 )A B

G L

T c d

J c

TL
GJ

 








  

   

   

   
 

 

Part BC: 9

4 4 6 4

3
/ 9 6

139 10 Pa 0.375 m, 0.030 m
2

800 1600 2400 N m, (0.030) 1.27234 10 m
2 2

(2400)(0.375) 18.137 10 rad
(39 10 )(1.27234 10 )B C

G L c d

T J c

TL
GJ

 








    

       

   
 

 

Part CD: 

 

1 1

2 2

4 4 4 4 6 4
2 1

3
/ 9 6

1 0.020 m
2
1 0.030 m, 0.250 m
2

(0.030 0.020 ) 1.02102 10 m
2 2

(2400)(0.250) 15.068 10 rad
(39 10 )(1.02102 10 )C D

c d

c d L

J c c

TL
GJ

 








 

  

     

   
 

 

Angle of twist at A. / / /
3105.080 10 rad

A A B B C C D   


  

 

 

 6.02A    

PROPRIETARY MATERIAL. © 2013 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.  

The solid spindle AB has a diameter 40 mmsd =  and is made of a steel 
with 77 GPaG =  and all 120 MPa,τ =  while sleeve CD is made of a brass 
with 39 GPaG =  and all 70 MPa.τ =  Determine (a) the largest torque T 
that can be applied at A if the given allowable stresses are not to be 
exceeded and if the angle of twist of sleeve CD is not to exceed 0.375°, 
(b) the corresponding angle through which end A rotates. 

 

SOLUTION 

Spindle AB: 6 9
all

4 4 7 4

1
(40 mm) 0.02 m 0.3 m, 120 10 Pa, 77 10 Pa

2

(0.02) 2.513 10 m
2 2

c L G

J c

τ

π π −

= = = = × = ×

= = = ×

 

Sleeve CD: 

( )
6

1 2 all

4 4 6 4 9
2 1

0.0315 m, 0.0375 m, 0.2 m, 70 10 Pa

1.5598 10 m , 39 10 Pa
2

c c L

J c c G

τ
π −

= = = = ×

= − = × = ×

 

(a) Largest allowable torque T. 

 Ciriterion: Stress in spindle AB. 
Tc J

T
J c

ττ = =  

 
7 6(2.513 10 )(120 10 )

1507.8 N m
(0.02)

T
−× ×= = ⋅  

 Critrion: Stress in sleeve CD. 
6 6

2

(1.5598 10 )(70 10 )

(0.0375)

J
T

c

τ × ×= =  2911.6 N mT = ⋅  

 Criterion: Angle of twist of sleeve CD 30.375 6.545 10 radφ −= ° = ×  

 
6 9

3(1.5598 10 )(39 10 )
(6.545 10 )

0.2

TL JG
T

JG L
φ φ

−
−× ×= = = ×  

 1990.7 N mT = ⋅  

The largest allowable torque is  1508 N mT = ⋅  

(b) Angle of rotation of end A. / / /

7 9 6 9

0.3 0.2
(1508)

(2.513 10 )(77 10 ) (1.5598 10 )(39 10 )

i i i
A A D A B C D

i i i i

T L L
T

J G J G
φ φ φ φ

− −

= = + = =

 
= + × × × × 

   

 0.0283 radians=  1.624Aϕ = ° 
 

  

39
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PROBLEM 3.  

The solid spindle AB has a diameter 40 mmsd =  and is made of a steel 
with 77 GPaG =  and all 120 MPa,τ =  while sleeve CD is made of a brass 
with 39 GPaG =  and all 70 MPa.τ =  Determine the angle through end A 
can be rotated. 

 

SOLUTION 

Stress analysis of solid spindle AB: s
1

20 mm 0.02 m
2

c d= = =  

 

3

6 3

2

(120 10 )(0.02) 1507.96 N m
2

Tc J
T c

J c

T

τ πτ τ

π

= = =

= × = ⋅
 

Stress analysis of sleeve CD: 2
1 1

(75) 37.5 mm 0.0375 m
2 2oc d= = = =  

 ( )
1 2

4 4 4 4 6 4
2 1

6 6

2

(37.5 6) 31.5 mm 0.0315 m

(0.0375 0.0315 ) 1.5598 10 m
2 2

(1.5598 10 )(70 10 )
2911.6 N m

0.0375

c c t

J c c

J
T

c

π π

τ

−

−

= − = − = =

= − = − = ×

× ×= = = ⋅

 

The smaller torque governs. 1507.96 N mT = ⋅  

Deformation of spindle AB: 0.02 mc =  

 4 7 4 9

9 7

2.513 10 m , 0.3 m 77 10 Pa
2

(1507.96)(0.3)
0.02338 radians

(77 10 )(2.513 10 )
AB

J c L G

TL

GJ

π

ϕ

−

−

= = × = = ×

= = =
× ×

 

Deformation of sleeve CD: 6 4 9

9 6

1.5598 10 m 0.2 m 39 10 Pa

(1507.96)(0.2)
0.00496 radians

(39 10 )(1.5598 10 )
CD

J L G

TL

GJ
ϕ

−

−

= × = = ×

= = =
× ×

 

Total angle of twist: 0.02834 radiansAD AB CDϕ ϕ ϕ= + =  1.624ADϕ = ° 
 

  

40
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PROBLEM 3.41 

Two shafts, each of 22-mm diameter are 
connected by the gears shown. Knowing that 

77 GPaG =  and that the shaft at F is fixed, 
determine the angle through which end A rotates 
when a 130 N ⋅ m torque is applied at A. 

 

SOLUTION 

Calculation of torques. 

Circumferential contact force between gears B and E. AB EF E
EF AB

B E B

T T r
F T T

r r r
= = =  

 
130 N m

150
(130) 177.3 N m

110

AB

EF

T

T

= ⋅

= = ⋅
 

Twist in shaft FE. 

 4 4 9 4

/ 9 9

1
300 mm, 11 mm, 776 Pa

2

(0.011) 23 10 m
2 2

(177.3)(0.3)
0.03 rad

(77 10 )(23 10 )
E F

L c d G

J c

TL

GJ

π π

ϕ

−

−

= = = =

= = = ×

= = =
× ×

 

Rotation at E. / 0.03 radE FEϕ ϕ= =  

Tangential displacement at gear circle E E B Br rδ ϕ ϕ= =  

Rotation at B. 
15

(0.03) 0.0409 rad
11

E
B E

B

r

r
ϕ ϕ= = =  

Twist in shaft BA. 9 4

/ 9 9

0.35 m 23 10 m

(130)(0.35)
0.0257 rad

(77 10 )(23 10 )
A B

L J

TL

GJ
ϕ

−

−

= = ×

= = =
× ×

 

Rotation at A. / 0.0666 radA B A Bϕ ϕ ϕ= + =  3.82Aϕ = ° 
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500 mm

300 mm
C

D

B

P

A

 

PROBLEM 3.50 

A hole is punched at A 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 77.2 GPaG  
and all 80 MPa.   

 

SOLUTION 

Torque: (0.300 m)(600 N) 180 N mT rP     

Shaft diameter based on displacement limit. 

 

4

15 mm 0.005 rad
300 mm

2
r
TL TL
GJ Gc






  

 
 

 
4 9 4

9

3

2 (2)(180)(0.500) 14.843 10 m
(77.2 10 )(0.05)

11.038 10 m 11.038 m 2 22.1 mm

TLc
G

c d c





   


    

    

Shaft diameter based on stress. 

 6
3

3 6 3
6

3

280 10 Pa

2 (2)(180) 1.43239 10 m
(80 10 )

11.273 10 m 11.273 mm 2 22.5 mm

Tc T
J c

Tc

c d c

 


 




   

   


    

 

Use the larger value to meet both limits. 22.5 mmd   
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PROBLEM 3.53 

The composite shaft shown consists of a 5 mm thick brass jacket 
(G = 39 GPa) bonded to a 30 mm diameter steel core (G = 77 GPa). 
Knowing that the shaft is subjected to 565 N ⋅ m torques, determine 
(a) the maximum shearing stress in the brass jacket, (b) the 
maximum shearing stress in the steel core, (c) the angle of twist of 
end B relative to end A. 

 

SOLUTION 

Steel core: 1

4 4 9 4
1 1

9 9 2
1 1

1
15 mm

2

(0.015) 79.52 10 m
2 2

(77 10 )(79.52 10 ) 6123.04 N m

c d

J c

G J

π π −

−

= =

= = = ×

= × × = ⋅

 

Torque carried by steel core 1 1 1T G J
L

ϕ=  

Brass jacket: 

( )
2 1

4 4 4 4 6 4
2 2 1

9 6 2
2 2

15 mm 5 mm 20 mm

(0.02 0.015 ) 0.1718 10 m
2 2

(39 10 )(0.1718 10 ) 6700.4 N m

c c t

J c c

G J

π π −

−

= + = + =

= − = − = ×

= × × = ⋅

 

Torque carried by brass jacket 2 2 2T G J
L

ϕ=  

Total torque 1 2 1 1 2 2

1 1 2 2

( )

565
0.044 rad/m

6123.04 6700.4

T T T G J G J
L

T

L G J G J

ϕ

ϕ

= + = +

= = =
+ +

 

(a) Maximum shearing stress in brass jacket 

 9
max 2 max 2 2 (39 10 )(0.02)(0.044)G G C

L

ϕτ γ= = = ×  

 6 234.37 10 N/m= ×   34.37 MPa  

(b) Maximum shearing stress in steel core 

 9
max 1 max 1 1 (77 10 )(0.015)(0.044)G G C

L

ϕτ γ= = = ×  

 6 250.82 10 N/m= ×   50.82 MPa  

(c) Angle of twist (L = 1.8 m) 

 3(1.8)(0.044) 79.2 10 radL
L

ϕϕ −= = = ×  

    = 4.53°   
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75 mm30 mm

 

PROBLEM 3.68 

While a steel shaft of the cross section shown rotates at 120 rpm, 
a stroboscopic measurement indicates that the angle of twist is 
2° in a 4-m length. Using G  77.2 GPa, determine the power 
being transmitted. 

 

SOLUTION 

Twist angle: 

 

3

1 1

2 2

4 4 4 4
2 1

6 4

2 34.907 10 rad
1 0.015 m
2
1 0.0375 m
2

(0.0375 0.015 )
2 2
3.0268 10 m , 4 m



 





   

 

 

   

  

c d

c d

J c c

J L

 

 
9 6 3

3

(77.2 10 )(3.0268 10 )(34.907 10 )
4

2.0392 10 N m
120120 rpm Hz 2 Hz
60

TL GJT
GJ L

T

f

   
  

  

  

  

 3 3(2 ) 2 (2)(2.0392 10 ) 25.6 10 W 25.6 kW      P f T    
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PROBLEM 3.69 

Determine the required thickness of the 50-mm tubular shaft of Concept Application 3.7 if it is to transmit the 
same power while rotating at a frequency of 30 Hz. 

 

SOLUTION 

From Example 3.07, 3100kW 100 10 WP     

 6
all 2

160MPa 60 10 Pa 25 mm 0.025 m
2

c d        

 30 Hzf  

 530.52 N m
2

  
PT

f
 

    
4 4 2 2
2 1 4 4

2 1

2
2

Tc TcJ c c
J c c

 


   


 

 4 4 4 9 42
1 2 6

2 (2)(530.52)(0.025)0.025 249.90 10 m
(60 10 ) 

     


Tcc c  

 3
1 22.358 10 m = 22.358 mmc    

 2 1 25 mm 22.358 mm 2.642 mm    t c c  2.64 mmt    
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60 mm

30 mm

T

T'

 

PROBLEM 3.87 

The stepped shaft shown must rotate at a frequency of 50 Hz. Knowing 
that the radius of the fillet is 8r   mm and the allowable shearing stress 
is 45 MPa, determine the maximum power that can be transmitted. 

 

SOLUTION 

 

3

3

3

2
2

130 mm 15 mm 15 10 m
2

60 mm, 8 mm
60 82, 0.26667
30 30

KTc KT cT
J Kc

d c d

D r
D r
d d

 




  

    

 

   

 

From Fig. 3.32, 1.18K   

Allowable torque. 
3 3 6(15 10 ) (45 10 ) 202.17 N m

(2)(1.18)
T   
    

Maximum power. 32 (2 )(50)(202.17) 63.5 10 WP f T      63.5 kWP    
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