
Mechanical Engineering Design II

Fourteenth & Fifteenth Lectures

Columns Design



Columns Design

   A column is a long, slender member that carries an axial compressive
load and that fails due to buckling rather than due to failure of the material
of the column.



Failure due to buckling



Analysis of Columns 

Properties of C.S Materials 

Connections Column type

1. Cross Sectional Area (A)
2. Moment of Inertia (I) 

3. Radius of gyration r ൌ ூ
஺

K=1
K=1

K=0.7
K=0.8

K=0.5
K=0.65

K=2
K=2.1

Theoretical value
Practical value

1. Modulus of elasticity (E)
2. Yield strength (Sy)  

1. Effective length  ܮ௘ ൌ .ܭ ܮ
2. Slenderness ratio ܵ. ܴ ൌ 	 ௅೐

௥೘೔೙
ൌ ௅.௄

௥೘೔೙

3. Column constant ܥ௖ ൌ
ଶగమா
ௌ೤

(Transition slenderness ratio)

If  S.R > Cc then column is LONG

If  S.R < Cc then column is SHORT



Flowchart for analyzing of straight centrally loaded column:

Start

Given column length and end fixity

Compute effective length K.L

Given c.s shape and dimension

Compute radius of gyration r

Compute slenderness ratio ܵ. ܴ ൌ ௅.௄
௥೘೔೙

Given material Sy , E

Compute column constant ܥ௖ ൌ
ଶగమா
ௌ೤

1

1

S.R > Cc

Column is 
LONG use 

Euler formula

Column is 
SHORT use 

Johnson formula

௖ܲ௥ ൌ
ܣܧଶߨ
ܮܭ ൗݎ

ଶ ௖ܲ௥ ൌ .ܣ ܵ௬ 1 െ
ܵ௬ ܮܭ ൗݎ

ଶ

ܧଶߨ4

Specify design factor N

Compute allowable load ௔ܲ ൌ
௉೎ೝ
ே

End

Yes No 



Example.1 : A column has a solid circular cross section, 31.75 mm in diameter; it has a length of 1.3716 m
and is pinned at both ends. If it is made from AISI 1020 cold-drawn steel, what would be a safe column
loading?

Solution:  use the flowchart above.

Results :

Step.1: ܭ ൌ 1 ܮܭ ൌ 1 ൈ 1.3716 ൌ 1.3716݉݉

Step.2: for solid round section  ݎ ൌ ஽
ସ
ൌ ଷଵ.଻ହ

ସ
ൌ 7.9375݉݉

Step.3: compute slenderness ratio  ௄௅
௥
ൌ ଵ.ଷ଻ଵ଺

଻.ଽଷ଻ହ
ൌ 173

Step.4: compute the column constant  ܥ௖ ൌ
ଶగమா
ௌ೤

ൌ ଶగమሺଶ଴଻ீ௣௔ሻ
ଷହ଴ெ௣௔

ൌ 108

Step.5: because   ௄௅
௥
൐ ௖ܥ column is long , Eulers formula should be used :

ܣ ൌ గ஽మ

ସ
ൌ గሺଷଵ.଻ହሻమ

ସ
ൌ 793.596	݉݉ଶ

The critical load is ௖ܲ௥ ൌ
గమா஺
಼ಽ ೝ⁄

మ ൌ
గమሺଶ଴଻ீ௣௔ሻሺ଻ଽଷ.ହଽ଺	௠௠మሻ

ଵ଻ଷ మ ൌ 54265.6	ܰ

At this load the column just begin to buckle, now let N=3
Allowable load ௔ܲ ൌ

௉೎ೝ
ே
ൌ ହସଶ଺ହ.଺

ଷ
ൌ 18090.016 ܰ ሺ݄݁ݐ ݂݁ܽݏ ݀ܽ݋݈ ݊݋ ݄݁ݐ ሻ݊݉ݑ݈݋ܿ

For material AISI 1020 
cold-drawn steel:
E=207 Gpa
Sy=350 Mpa



Example .2:  Determine the critical load for:
Mat. AISI 1040 hot rolled steel
lower end is welded and upper was pinned

Solution:  use the flowchart above.

Results :

Step.1: ܭ ൌ 0.8 ܮܭ ൌ 1 ൈ 1.3716 ൌ 1.3716݉݉

Step.2: for solid rectangular section  ݎ ൌ ஻
ଵଶ

ݎ ൌ
12
12

ൌ 3.46	݉݉

Step.3: compute slenderness ratio  ௄௅
௥
ൌ ଴.଼ൈଶ଼଴

ଷ.ସ଺
ൌ 64.7

Step.4: compute the column constant  ܥ௖ ൌ
ଶగమா
ௌ೤

ൌ ଶగమሺଶ଴଻ீ௣௔ሻ
ଶଽ଴ெ௣௔

ൌ 119

Step.5: because   ௄௅
௥
൏ ௖ܥ column is short, J.B.Johnson formula should be used :

ܣ ൌ 12 ൈ 18 ൌ 216	݉݉ଶ

The critical load is ௖ܲ௥ ൌ .ܣ ܵ௬ 1 െ
ௌ೤ ಼ಽ ೝ⁄ మ

ସగమா
ൌ 53.3	݇ܰ

At this load the column just begin to buckle, now let N=3
Allowable load ௔ܲ ൌ

௉೎ೝ
ே
ൌ ହଷ.ଷ

ଷ
ൌ 17.8 ݇ܰ 	ሺ݄݁ݐ ݂݁ܽݏ ݀ܽ݋݈ ݊݋ ݄݁ݐ ሻ݊݉ݑ݈݋ܿ

For material AISI 1040 
hot rolled steel:
E=207 Gpa
Sy=290 Mpa



The Design of Column:

Specify the boundary  conditions 
(Pa , L, Ends fixity)

Assume the column shape , material 
and type (long or short) 

Compute the S.R and Cc according to 
assumption of column type (long or short) 

Check the type of 
columnDiffers from the supposed 

column type

Re-assume the column type

The column dimensions are correct

The column type is
same that supposed

Start

End



Specify Pa ,  N , L 
, K , E , Sy , C.S 

shape
Specify or solve for 
dimensions of shape

Compute	ܵ. ܴ ൌ ௅.௄
௥೘೔೙

1

Yes No 

Flowchart for designing of straight centrally loaded column:

Compute 

௖ܥ ൌ
ܧଶߨ2
ܵ௬

Assume 
column is long

Compute

ܫ ൌ ே	௉ೌ 	ሺ௄௅ሻమ

గమா
Euler’s Eq.

1

S.R > Cc

Column is 
LONG : 

Dimensions 
are correct

Column is 
SHORT use 

Johnson 
formula

2

2

Specify or solve for 
dimensions such that 

௖ܲ௥ ൒ ܰ ௔ܲ

Re-compute	ܵ. ܴ ൌ ௅.௄
௥೘೔೙

Yes No 
S.R < Cc

Column is 
SHORT: 

Dimensions 
are correct

ܵ. ܴ is very 
nearly equal ܥ௖
results either 

Euler or Johnson 
eq. will be nearly 

equal



Design assuming a long column (Euler’s Eq.)

ܫ ൌܫ ൌ ௖ܲ௥	ሺܮܭሻଶ

ܧଶߨ ൌ
ܰ	 ௔ܲ	ሺܮܭሻଶ

ܧଶߨ
For solid circular section ܫ ൌ గ஽ర

଺ସ

∴ ܦ ൌ
64	ܰ	 ௔ܲሺܮܭሻଶ

ܧଶߨ

ଵ
ସൗ

Design assuming a short column (Johnson’s Eq.)

ܲܲ௖௥ ൌ .ܣ ܵ௬ 1 െ
ܵ௬ ܮܭ ⁄ݎ

ଶ

ܧଶߨ4

For solid circular section A ൌ గ஽మ

ସ
	 , ݎ ൌ ஽

ସ

∴ ܦ ൌ
4ܰ ௔ܲ

௬ܵߨ
൅
4	ܵ௬ሺܮܭሻଶ

ܧଶߨ

ଵ
ଶൗ



Example.3 : specify a suitable dia. of solid, round cross section for a machine link if it carry
43590.4 N of axial compressive load. L=635mm , ends will be pinned, N=3 , Mat. AISI 1020 hot-
rolled steel.

Analysis:  * use the flowchart shown before.
* Assume the column is LONG. 

Results: ܦ ൌ ଺ସ	ே	௉ೌ ሺ௄௅ሻమ

గమா

భ
ర⁄
ൌ ଺ସ	ൈଷൈସଷହଽ଴.ସ	ሺ଺ଷହ௠௠ሻమ

గమሺଶ଴଻ൈଵ଴వሻ

భ
ర⁄
ൌ 26.924݉݉

∴ ݎ ൌ ஽
ସ
ൌ 6.731݉݉	, ܵ. ܴ ൌ ௅.௄

௥೘೔೙
ൌ ଺ଷହൈଵ

଺.଻ଷଵ
ൌ 94.3 and Cs=138  ∴ ܵ. ܴ ൏ ௦ܥ	

Column is redesign as short column by using Johnson’s eq.:

ܦ ൌ
4ܰ ௔ܲ
௬ܵߨ

൅
4	ܵ௬ሺܮܭሻଶ

ܧଶߨ

ଵ
ଶൗ

ൌ
4ሺ3ሻሺ43590.4ሻ	
ሻܽܲܯሺ206.85ߨ ൅

4	ሺ206.85ܽܲܯሻሺ635݉݉ሻଶ

ଶሺ207ߨ ൈ 10ଽሻ

ଵ
ଶൗ

ൌ 31.242݉݉

Checking the S.R again, we have : ܵ. ܴ ൌ ௅.௄
௥೘೔೙

ൌ ଺ଷହൈଵ
ଷଵ.ଶସଶ/ସ

ൌ 81.3

Comments: this is still lass than Cs  , then our analyzing is acceptable .



Crooked Column:

The columns shown in figures below are crooked, bending occurs in
addition to the column action.



The Euler and Johnson formulas assume that the column is straight and that the
load acts in line with the centroid of the cross section of the column. So the
crooked column has special formula:

૛ࢇࡼ െ
૚
ࡺ ࡭࢟ࡿ ൅ ૚ ൅

ࢉࢇ
࢘૛ ࢘ࢉࡼ ࢇࡼ ൅

.࢟ࡿ .࡭ ࢘ࢉࡼ
૛ࡺ ൌ ૙

Where a = initial crookedness.
c = distance from the neutral axis of C.S about which 

bending occurs to its outer edge. 

The equation can be written as :

૛ࢇࡼ ൅ ࢇࡼ૚࡯ ൅ ૛࡯ ൌ ૙							ࢊ࢔ࢇ							ࢇࡼ ൌ ૙. ૞ െ࡯૚ െ ૚૛࡯ െ ૝࡯૛

The smaller of the two possible solutions is selected.



Example.4 :  A column has both ends pinned and has a length of 812.8mm. It has a circular cross 
section with a diameter of 19.05mm and an initial crookedness of 3.175mm. The material is AISI 
1040 hot-rolled steel. Compute the allowable load for a design factor of 3.

Analysis:  use equation above to evaluate C1 and C2 then find Pa

Results:   ܵ௬ ൌ ܽܲܭ	289590

ܣ ൌ గ஽మ

ସ
ൌ 285.1784݉݉ଶ

ݎ ൌ ஽
ସ
ൌ 4.7752݉݉ and ܿ ൌ ஽

ଶ
ൌ 9.525݉݉

௄௅
௥
ൌ 171 and								 ௖ܲ௥ ൌ

గమா஺
಼ಽ ೝ⁄

మ ൌ
గమሺଶ଴଻ீ௣௔ሻሺଶ଼ହ.ଵ଻଼ସ	௠௠మሻ

ଵ଻ଵ మ ൌ 19909.25ܰ

ଵܥ ൌ െ ଵ
ே
ܵ௬ܣ ൅ 1 ൅ ௔௖

௥మ ௖ܲ௥ ൌ െ42969 ଶܥ ൌ
ௌ೤.஺.௉೎ೝ
ேమ

ൌ 182.7 ൈ 10଺

 ∴ .ݍ݁	݄݁ܶ ݏ݅	 ∶ 					 ௔ܲ
ଶ െ 42969 ௔ܲ ൅ 182.7 ൈ 10଺ ൌ 0	

∴ ௔ܲ ൌ .݀ܽ݋݈	݈ܾ݁ܽݓ݋݈݈ܽ	݄݁ݐ	ݏ݅		ܰ	4784.7

Note: This solution process is most accurate for long column.



Eccentrically Loaded Columns:

An eccentric load is one that applied away from the centroidal axis of the
c.s of column as shown in the following figures.



Such a load exerts bending in addition to the column action
that results in the deflected shape shown in the figure. The
maximum stress in the deflected column occurs in the
outermost fibers of the cross section at the mid-length of
the column where the maximum deflection, ymax , occurs.
Let's denote the stress at this point as ௅ߪ ଶ⁄ Then, for any
applied load, P,

௅ߪ ଶ⁄ ൌ
ܲ
ܣ 1 ൅

݁ܿ
ଶݎ . sec

ܮܭ
ݎ2

ܲ
ܧܣ

When max. stress is equal yield stress Sy

∴ 	ܵ௬ൌ
௬ܲ

ܣ 1 ൅
݁ܿ
ଶݎ . sec

ܮܭ
ݎ2

௬ܲ

ܧܣ



* The above eq. cannot be solved for either A or Pa , therefore an iterative solution is
required as will be demonstrated in the example.6 .

* Another critical factor may be amount of deflection of the axis of the column due to the 
eccentric load.

௠௔௫ݕ ൌ ݁ sec
ܮܭ
ݎ2

ܲ
ܧܣ െ 1

But ௔ܲ ൌ
௉೤
ே

∴ ௬ൌܵ		݀݁ݎ݅ݑݍܴ݁
ܰ ௔ܲ

ܣ 1 ൅
݁ܿ
ଶݎ . sec

ܮܭ
ݎ2

ܰ ௔ܲ

ܧܣ



Example.5 : For the column of Example.4, compute the maximum stress and deflection if a load
of 4781.6N is applied with an eccentricity of 19.05mm. The column is initially
straight.

Given: e=19.05mm , D=19.05mm , L=812.8mm , both ends pinned,  KL=812.8mm
r= 4.7752mm , c=D/2=9.525mm , Mat. AISI 1040 hot-rolled steel

Results:  ߪ௅ ଶ⁄ ൌ ସ଻଼ଵ.଺
ଶ଻ଶ.ଶହ

1 ൅ ଵଽ.଴ହൈଽ.ହଶହ
ሺସ.଻଻ହଶሻమ

. sec ଼ଵଶ.଼
ଶሺସ.଻଻ହଶሻ

ସ଻଼ଵ.଺
ଶ଼ହ.ଵ଻଼ସൈଶ଴଺.଼ହൈଵ଴వ

=202023.5 Kpa

௠௔௫ݕ ൌ 19.05 sec ଼ଵଶ.଼
ଶሺସ.଻଻ହଶሻ

ସ଻଼ଵ.଺
ଶ଼ହ.ଵ଻଼ସൈଶ଴଺.଼ହൈଵ଴ల

െ 1

=7.4022mm



Example.6 :  The stress in the column found in Example.5 seems high for the AISI 1040 hot-rolled
.steel. Redesign the column to achieve a design factor of at least 3.

Results:    * Sy for AISI 1040 HR to be 289590 Kpa
* If we choose to retain same material. The c.s of the column must increased  

to decrease stress. 
* The objective is to find suitable value for A , c , and r  such that  Pa=4781.6N

N=3  &  Le=8128mm  &  e=19.05mm  and S < Sy .
* The original design D=19.05mm,  Let us try D=25.4mm then:

ܣ ൌ
ଶܦߨ

4 ൌ 506.482݉݉ଶ	, ݎ ൌ
ܦ
4 ൌ 6.35݉݉	, ଶݎ ൌ 40.325݉݉ଶ	&	ܿ ൌ

ܦ
2 ൌ 12.7݉݉

S ൌ
3 ൈ 4781.6
506.45 1 ൅

19.05 ൈ 12.7
40.325 . sec

812.8
2ሺ6.35ሻ

3 ൈ 4781.6
506.482 ൈ 207 ൈ 10ଽ

= 260217.3 Kpa < Required value for Sy then we have satisfactory results

௠௔௫ݕ ൌ 19.05 sec
812.8
2ሺ6.35ሻ

4781.6
506.482 ൈ 207 ൈ 10ଽ െ 1 ൌ	1.9304 mm 

∴ ݀݅ܽ ݏ݅	݀݁݉ݑݏݏܽ ݕݎ݋ݐ݂ܿܽݏ݅ݐܽݏ



Mechanical Engineering Design II

Sixteenth Lecture

Design of Chain Drive



Power Transmission 
Problem

? ?

Proposed solution
(Chain Drive)

Transmitted Power is Known
Input and output range speed is Known



Flowchart for designing a chain drive:
Transmitted Power , Input and Output range speed

Specify a service factor from Table 7-8 page.290 (306Pdf) 

1



COMPUTE THE DESIGN POWER
Design Power=service factor x transmitted power

COMPUTE THE DESIRED SPEED RATIO
Ratio=Input Speed / Middle Output Speed

1

2

Specify the standard chain size from Table 7-4 page.284 (300 Pdf) 



Select the chain pitch from Tables 7-5, 7-6, and 7-7 page(287-289) (Pdf 303-305)

2

3



3

4



4

5



Select the lubrication type at the rotational speed of smaller sprocket from 
Tables 7-5, 7-6, and 7-7 page(287-289) (Pdf 303-305) 

5

6



COMPUTE THE REQUIRED NUMBER OF TEETH ON THE LARGE SPROCKET:
N2 = N1 X Ratio

COMPUTE THE ACTUAL EXPECTED OUTPUT SPEED:
n2 = n2 (N1/N2)

6

7

COMPUTE THE PITCH DIAMETERS OF THE SPROCKETS
૚ࡰ ൌ

૚ࡼ
ܖܑܛ ૚ૡ૙

૚ൗࡺ
and   ࡰ૛ ൌ

૛ࡼ
ܖܑܛ ૚ૡ૙

૛ൗࡺ

COMPUTE THE REQUIRED CHAIN LENGTH IN PITCHES

ࡸ ൌ ૛࡯ ൅
૛ࡺ ൅ ૚ࡺ

૛ ൅
૛ࡺ െ ૚ࡺ

૛

૝࣊૛࡯

ASSUME THE CENTER DISTANCE BETWEEN SPROCKETS
࡯ ≅ ૜૙	࢚࢕	૞૙	ሺ࢙ࢋࢎࢉ࢚࢏࢖ሻ



SPECIFY AN INTEGRAL & EVEN NUMBER OF PITCHES FOR THE CHAIN 
LENGTH, AND COMPUTE THE ACTUAL THEORETICAL CENTER DISTANCE

࡯ ൌ
૚
૝ ࡸ െ

૛ࡺ ൅ ૚ࡺ

૛ ൅ ࡸ െ
૛ࡺ ൅ ૚ࡺ

૛

૛
െ
ૡ ૛ࡺ െ ૚ࡺ

૛

૝࣊૛

7

COMPUTE THE ANGLE OF WRAP OF THE CHAIN FOR EACH SPROCKET

૚ࣂ ൌ ૚ૡ૙࢕ െ ૛ sinି૚
૛ࡰ െ ૚ࡰ

૛࡯ 	 ࢕ ૚૛૙	࢔ࢇࢎ࢚	࢘ࢋࢍ࢘ࢇ࢒	ࢋ࢈	࢚࢙࢛࢓

૛ࣂ ൌ ૚ૡ૙࢕ ൅ ૛ sinି૚
૛ࡰ െ ૚ࡰ

૛࡯



Mechanical Engineering Design II

Seventeenth Lecture

Design of Belt Derive



Power Transmission 
Problem

? ?

Proposed solution
(Belt Drive)

Transmitted Power is Known
Input and output range speed is Known



Types of Belt Drives  

(a) Wrapped construction (b) Die cut, cog type (c) Synchronous belt

(d) Poly-rib belt
(e) Vee-band

(f) Double angle V-belt



Basic Belt Drive Geometry

θଵ, θଶ		are	the	angles	of	wrap	for	small	and	big	sheaves	respectively	
nଵ, nଶ		are	the	angular	velocity	for	small	and	big	sheaves	respectively	
C the	center distance
S the	span	distance



Standard Belt Cross Sections



Design Conditions for  V-belt

 The nominal range of center distance should be: ࡰ૛ ൏ ࡯ ൏ ૜ሺࡰ૛ ൅ ૚ሻࡰ
 The angle of wrap on smaller sheave (ࣂ૚)should be ൐	૚૛૙࢕

Most commercially available sheaves are cast iron, which should be 
limited to (1981 m/min = 33 m/sec)

 Consider an alternative type of drive, such as a gear type or chain, if the 
belt speed is less than (304.8 m/min = 5 m/sec)

 The center distance must be adjustable in both directions, or if it was fixed, 
idler pulleys should be used. 

Idler 
pulley

or

Page (273)



V-Belt Drive Design 

The rated power of 
the driving motor or 
other prime mover

Type of driver and 
driven load

The center distance

 The size of the driving 
and driven sheaves

Speed of the smaller 
sheave

The service factor

The power rating for 
one belt

The belt length

The correction 
factor for belt length

The correction factor 
for the angle of wrap 
on the smaller sheave

The number of belts

The initial tension on 
the belt

Designer



Flowchart for designing a Belt drive:
Transmitted Power , Input and Output speed, Type of 

driver and driven load 

Specify a service factor from Table 7-1 page.274 (290 Pdf) 

1



COMPUTE THE DESIGN POWER
Design Power=service factor x transmitted power

1

2

Specify the standard belt size from Figure 7-9 page.284 (300 Pdf) 

3VX

5V or
5VX 8V or

8VX



State the power rating for one belt
from Figures (7-10, 7-11, and 7-12) page(275-276) (Pdf 291-292)

2

3

3VX



3

4

5V or
5VX



4

5

8V or
8VX



State the power added to rated power from Figure (7-13) page(276) (Pdf 292) 

5

6



Compute the angle of wrap:  ࣂ૚ ൌ ૚ૡ૙ࡻ െ ૛ sinି૚ ૚ࡰ૛ିࡰ
૛࡯

State the correction factor of wrap angle ࣂ࡯ from figure (7-14) page (277) (293 pdf):

6

7



Specify a trial center distance: ࡰ૛ ൏ ࡯ ൏ ૜ሺࡰ૛ ൅ ૚ሻࡰ

7

Compute the required belt length: ࡸ ൌ ૛࡯ ൅ ૚. ૞ૠ ૛ࡰ ൅ ૚ࡰ ൅ ૚ࡰ૛ାࡰ ૛

૝࡯

Select the nearest standard belt length from Table (7-2) page (277) (293 pdf) 

8



Re-calculate the center distance and angle of wrap: 

࡯ ൌ ା࡮ ૛ି૜૛࡮ ૚ࡰ૛ିࡰ ૛

૚૟
where ࡮ ൌ ૝ࡸ െ ૟. ૛ૡሺࡰ૛ ൅ ૚ሻࡰ

૚ࣂ ൌ ૚ૡ૙ࡻ െ ૛ sinି૚
૛ࡰ െ ૚ࡰ
૛࡯

8

State the length correction factor from Figure (7-15) page (277) (293 pdf) 

9



Compute the corrected rated power per belt and the number of belts required 

to carry the design power:

࢘ࢋ࢝࢕࢖	ࢊࢋ࢚ࢇ࢘	ࢊࢋ࢚ࢉࢋ࢘࢘࢕࡯ ൌ ࡼࡸ࡯ࣂ࡯	

where  

ࡼ ൌ ࢘ࢋ࢝࢕࢖	ࢊࢋ࢚ࢇ࢘	࢒ࢇ࢛࢚ࢉࢇ ൌ 										࢘ࢋ࢝࢕࢖	ࢊࢋ࢚ࢇ࢘							 ൅ 	࢘ࢋ࢝࢕࢖	ࢊࢋࢊࢊࢇ							

																																																													ሺࢍ࢏ࢌ. ૠ െ ૚૙, ૚૚	&૚૛ሻ ሺࢍ࢏ࢌ. ૠ െ ૚૜ሻ

࢙࢚࢒ࢋ࢈	ࢌ࢕	࢘ࢋ࢈࢓࢛ࡺ ൌ
࢘ࢋ࢝࢕ࡼ	࢔ࢍ࢏࢙ࢋࡰ

࢘ࢋ࢝࢕ࡼ	ࢊࢋ࢚ࢇࡾ	ࢊࢋ࢚ࢉࢋ࢘࢘࢕࡯

9
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