Machine Drawing and Elements of Machine Design (BE0O3000231)

TUTORIAL NO: 05

DESIGN AND DRAWING AGAINST STATIC LOAD
(Different joints and problems of eccentric loading.)

1. Two rods are connected by means of a knuckle joint as shown in Fig.5.1 The axial force P
acting on the rods is 25 kN. The rods and the pin are made of plain carbon steel 45C8 (S, =
380 N/mm?) and the factor of safcty is 2.5. The yicld strength in shear is 57.7% of the
yield strength in tension. Calculate: (i) the diameter of the rods, and (ii) the diameter of the

pin.

Rod-8

Figure.5.1

Answer:
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Given:

Axial tensile force on each rod: P = 25 kN = 25,000 N.
Material plain carbon steel 45C8: §,; = 380 N/mm2.

Factor of safety n = 2.5.

Yield strength in shear = 57.7% of tensile yield (i.e. 0.577 x S,).

Assumptions:
* Rods are loaded in axial tension — use allowable tensile stress o400 = y,/n.

* Pinis checked in shear (pin usually loaded in double shear in a knuckle joint) — use

allowable shear stress 7,0, = (shear yield) /n.

e Use circular cross-sections; select nearest standard commercial diameter after

calculation.

(A) Diameter of the rod (tension)

Allowable tensile stress:

S, 380
O allow = 7‘” =325 = 152 N/mm®.
Required net tensile area:
a=-L 200 _ 1644737 mm?.
Oallow 152

Diameter of circular rod:

[4A 4 x 164.4737
drod = 7 = \/ . - = v209.310 ~ 14.47 mm.

Select commercially: round up to the next common size = dyoq = 15 mm (safe).

(B) Diameter of the pin (shear)

Shear yield (given relation):

S, shear = 0.577 X S, = 0.577 x 380 = 219.26 N/mm”.

Allowable shear stress:

Syshear  219.26

arow n 2.5

= 87.704 N/mm”.

For a double shear pin (typical for a knuckle joint), the shear force is shared by two shear

planes. Shear stress in each plane:
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-Fper plane / 2 2P
Aghear plane 7I'd2 / 4 wd?,

pin pin

s alll—

Rearrange for pin diameter:

| 2P 2 x 25,000
= v181.35 =~ 13.4 4
T 'ra”ow 7 x 87.704 81.35 3.47 mm

Select commercially: round up — d,;, = 14 mm (or use 15 mm if you want extra safety).

Quick checks / final recommended sizes (boxed)

e Calculated rod diameter = 14.47 mm — choose 15 mm.

e Calculated pin diameter = 13.47 mm — choose 14 mm (or 15 mm to be conservative).

2. The force acting on a bolt consists of two components an axial pull of 12 kN and a transverse

shear force of 6 kN. The bolt is made of steel FeE 310 (S, = 310 N/mm?) and the factor

of safety is 2.5. Determine the diameter of the bolt using the maximum shear stress theory
of failure.

Answer:

Given:

Axial pull P, = 12 kN = 12,000 N.
Transverse shear V' = 6 kN = 6,000 N.
Bolt material FeE310: S, = 310 N/mm”.
Factor of safety n = 2.5.

Step 1 — Express o and 7 in terms of area A

i |4 d?
o= —| T=— A==

A’ A’ 4
Compute Tyj1ow:

S, 310 310 )
Talow = 5, = 5595~ 5 - 0-0N/mm

Step 2 — set up equation and solve numerically

Set
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witho = P,/A, T =V /A,
Substitute numbers:
Pa=12000. ¥V =000, T ="=02.

(Plugging and solving algebraically gives a quadratic inside a square root; it's easiest to

solve numerically for A.)

Solve (algebraic steps skipped for brevity) — result:
I solved the equation numerically and obtain:

A~ 113.1 mm?>.

Therefore

T ¢l

Select commercially: choose d = 12 mm (12 mm is a common bolt size). If your

instructor prefers a slightly conservative round-up, use 14 mm.

3. A C-frame subjected to a force of 15 kN is shown in Fig.5.2 it is made of grey cast iron

FG300 and the factor of safety is 2.5. Determine the dimensions of the cross-section of the

frame.
|
|
|
|
|
115 kN
|
j_ i«——?.s r—r-4|
t__ 27777
|- 5 —=
l 15 kN
|
|
|
|
Figure.5.2
Answer:

Data Given:
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Two equal forces 15 kIN acting (one up, one down) producing bending about the section
shown. Section is a rectangle of thickness t (depth) and width b = 5¢. Material FG300: use

S = 300 N/mm?®. Factor of safety n = 2.5.

Allowable bending stress: Taj1ow = § = ZLE? =120 N/mm2.
n .

Geometry from Fig.5.2 used: bending moment about the section due to one 15 kN force:
lever = 7.5 t.
(Each 15 kN produces a moment M = 15,000 x 7.5 — units N-mm when t in mm.)

Step 1— moment at the section (in terms of ?)
M = 15,000N x 7.5t = 112,500¢ (N\cdotpmm; ¢in mm).

Step 2 — section modulus for rectangle

For rectangle of width b and depth ¢ bending about centroidal horizontal axis,

r— bt R M(t/2) 6M
- 12 F max — I - bt2 .
But b = 5¢, so substitute:
6M 6 M

Tmax = T51)¢2 T 53
Step 3 — enforce omax < Callow
Substitute M = 112,500 ¢:

~ 6x112,500¢ 675,000 135,000
o 53 T B2 T 2

N/mm?.

. 135,000

3 < 120:

Se

2 - 135,000
=120

t > 4/1,125 = 33.541 mm.

Step 4 — choose practical size

— 1,125.

Take ¢ = 34 mm (round up to convenient value). Then

= 5t = 170 mm.

5
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t = 34 mm, b = 170 mm

(If you prefer exact from calculation: ¢ = 33.54 mm, b = 167.7 mm.)

4. The principal stresses induced at a point in a machine component made of steel 50C4 (S, =

460 N/mm?) arc as follows:
o, = 200 N/mm?, o, = 150 N/mm?, 0, =0
Calculate the factor of safety by (i) the maximum shear stress theory and (ii) the distortion

energy theory.

Answer:
Given: o1 = 200 N/mm®, o3 = 150 N/mm’, o3 = 0 N/mm®.
Material yield S,; = 460 N/mm”.
(1) Maximum shear (Tresca) theory

Omax — Omin

2

Maximum shear in the element =
Here 0 pax = 200, o pmin = 0 so

Tact — 20—02 0 = 100 N/mm2

S 460
Shear yield (from tensile yield) is 7, = 71” =g B 230 N/mmz.
Factor of safety (Tresca):

m, 230
resca — —— — ——— = 2.30.
NTresca Tact 100

(ii) Distortion energy (von Mises) theory

Compute von Mises equivalent stress for three principal stresses:

_ \/(01 —039)* + (02 — 03)* + (03 — 01)?
Oy = 5

Substitute:

\/ (200 — 150)2 + (150 — 0)2 + (0 — 200)> \/ 502 + 1502 + (—200)2
2 - 2

gy =
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2,500 1 22,500 | 4
\/ 500 ,5200 40,000 _ 65’2000 — /32,500 = 180.277 N/mm

Factor of safety (von Mises):

Sy 460
o, 180.277

N = = 2.55 (approx).

NTresca = 2.30 s Myon Mises — 2.55

5. The stresses induced at a critical point in a machine component made of steel 45C8 (S, =
380 N/mm?) are as follows:
o, = 100 N/mm?, g, = 40 N/mm?, 1,,, = 80 N/mm?
Calculate the factor of safety by (i) the maximum normal stress theory, (ii) the maximum

shear stress theory and (iii) the distortion energy theory.

Answer:

Step 1 — principal stresses (plane stress)

Average:

- 100 + 40
Tavg = 7 2| Ty = 2i =70 N/mm2

Radius of Mohr’s circle:

2
30 = \/(Uz Uy) f Tfy = /302 + 802 = \/900 + 6,400 = \/7,300 — 85.440 N/mmz_

2
Principal stresses:
01 = Oavg + R = 70 + 85.440 = 155.440 N/mm”,

0y = Oavg — R = 70 — 85.440 = —15.440 N/mm”.

(i) Maximum normal stress (Rankine)

This theory compares the maximum principal tensile stress with tensile yield:

Sy 380

= = 2.445 ~ 2.44.
o1 155.440

NRankine —
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(i) Maximum shear stress (Tresca)

155.440 15.440
Maximum shear = — 5 2 2( ) = 85.440 N/mm”.
Shear yield = S, /2 = 380/2 = 190 N/mm”.
190
resca = ———— = 2.225 = 2.22.
Whresen = 85440

(iii) Distortion energy (von Mises)

For plane stress the von Mises equivalent:

5= \/af. ‘o2 — 0,0, + 372,

Compute:

oy = /1002 + 402 — 100 x 40 + 3 x 802 = /10,000 + 1,600 — 4,000 + 19,200
— 1/26,800 = 163.738 N/mm®.

Factor of safety:

Sy 380

= = 2.321 ~ 2.32.
Oy 163.738 3 3

nym =

NRankine = 2.44, NTresca = 2.22, Nyon Mises = 2.32

6. A link of S-shape made of a round steel bar is shown in Fig. 5.3 It is made of plain carbon

steel 45C8 (S, = 380 N /mm?) and the factor of safety is 4.5. Calculate the dimensions of

the link.

Figure. 5.3

8
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Answer:

Given: link made of plain carbon steel 45C8,

Syt = 380 N/mm2, factor of safety n = 4.5. Two equal opposite loads 1 kNN act as

shown, each at lever arm 4d from the mid cross-section.

Assumption (textbook): bending controls. Take both loads to produce bending moment

at mid section:
M =1000 - 4d + 1000 - 4d = 8,000d (N\cdotpmm when d in mm).

Allowable bending stress:

S, 380 3
Tallow — 7 e E = 84.4444 N/mm .

Section modulus for a solid circular section:

.
32
Bending stress:
B M B 32M
T 7 T ad

Substitute M = 8,000 d:

~ 32 x8,000d 256,000

7 d3 wd?

Substitute M = 8,000 d:

~ 32 x8,000d 256,000

o -
d3 d?

Enforce o < o,)10w:

256,000

md?

256,000
7 x 84.4444°

< 84.4444 = d*>

Compute:

d® > 964.9816 = d > 1/964.9816 = 31.064 mm.

So the calculated diameter is d ~ 31.06 mm.
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Select a practical (standard) size: round up to a convenient commercial size.

| reccommend d = 32 mm.
Checks (with d = 32 mm):

* Bending stress:

256,000 _

T T x322

. 79.58 N/mm” (< 84.44 N/mm’) = OK.
i

e Conservative shear check (worst case take total shear V' = 2000 N):

V. 2,000 8,000 8,000
A 7wd?/4 wd2  wx 322

~ 2.49 N/mm®,

T =

which is negligible compared with allowable shear — so bending indeed governs.

Final answer (boxed)

deale = 31.06 mm = Used = 32 mm (recommended).

7. A bracket, (Fig: 5.4) made of steel FeE 200 (S,, = 200 N /mm?) and subjected to a force

of 5 kN acting at an angle of 30 to the vertical, is shown in Fig. The factor of safety is 4.

Determine the dimensions of the cross-section of the bracket.

I | I
YRR
o 2f !
250 i
' | 309
P=5kN

le—125 —>1
Figure: 5.4

Answer:
Given (from PDF):

e Load P = 5 kN = 5000 N acting at 30° to the vertical.
* Material FeE 200: S,; = 200 N/mm2.

e Factor of safety n = 4.

10
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* Geometry from Fig.5.4: the distance from the fixing (top) down to the line of action of

P is 250 mm. The horizontal projection (lever arm from the vertical leg to the load)
is 125 mm. The cross-section is rectangular, width = 2¢ and thickness = ¢ (i.e. b =
2t and depth h = t). (This matches the figure.)

1 — Resolve load into components

Angle is 30° to vertical, so:
P, = P cos30° = 5000 cos 30° = 5000 x 0.8660254 = 4330.13 N.

P, = Psin30° = 5000 x 0.5 = 2500.00 N.

(Units: N)
2 — Bending moments about the section (at the fixed support)

From the figure:

e The vertical component P, produces a bending moment about the horizontal axis

(bending in the plane of thickness t) with lever 125 mm:

M, = P, x 125 mm = 4330.127 x 125 = 541265.9 N\ cdotpmm.

e The horizontal component P}, produces a bending moment about the vertical axis

(bending in the plane of width 2¢) with lever 250 mm:

M), = P, x 250 mm = 2500 x 250 = 625000 N\ cdotpmm.
3 — Section properties of the rectangular cross-section

Cross-section: breadth b = 2¢, depth h = t.

Moment of inertia about horizontal axis (bending due to M,,):

2 _ bR 2t-83 2t ¢!
120 12 12 6

Section modulus about the horizontal neutral axis:

I, t'/6 ¢t

h/2 " t/2 3’

Moment of inertia about vertical axis (bending due to Mj,):

Zy =

g _ hb* t-(2t)  t-8t 2!
e B 3E 3

11
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(BE03000231)
Section modulus about the vertical neutral axis:

gz _ Ay _ 2t/3  2t*/3  2t?
b2 (22 ot 3

4 — Combined bending normal stress at extreme fibers

For superposed bending about two perpendicular axes, the maximum normal stress at an

extreme corner (where both moments produce tensile stress on the same face) is:

. Mv ' Mh
=7 Z,
Substitute Z, = t3/3 and Z, = 2¢3/3:
MU M]l Mv 3 Mh 3
o

= — - - =3 —— = — Mv iy, lMl .
£/3 2w/3 "8 28 7 (Mo + 30))
5 — Allowable stress and solve for ¢

Allowable bending (simple allowable approach):

2
Oallow = % — % = 50 N/mm2
Set o < Oullow:
3 1
t_3 (Mv T §Mh) < 50
So
3 3(Mv + %Mh)
- 50
Substitute numeric M, = 541265.8774 N\ cdotpmm and M}, =
625000 N\ cdotpmm:
3 3(541265.8774 + 0.5 x 625000) B 3(541265.8774 + 312500) B 3(853765.8774)
. 50 B 50 - 50
2,561,297.6322
= 20 = 51,225.952644.

t > +/51,225.952644 = 37.139 mm.

12
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6 — Final selection (practical rounding)

Take a convenient/standard size: round up to

t=38mm and b=2t=T76mm)|

(If you prefer a slightly more conservative round-up: ¢ = 40 mm, b = 80 mm.)

8. Fig 5.5 shows a C-clamp, which carries a load P of 25 kN. The cross-section of the clamp
is rectangular and the ratio of width to thickness (b/t) is 2:1. The clamp is made of cast

steel of Grade 20-40 (S,; = 400 N/mm?) and the factor of safety is 4. Determine the

dimensions of the cross-section of the clamp.

140 I
1, PLF
-

Figure: 5.5

|
=
(r'

A
T u-:% e ne

Answer:

Given (from PDF):

e Load on clamp P = 25 kN = 25,000 N.

 Cross-section is rectangular with width:thickness ratio b/t = 2 : 1 (i.e. b = 2t).

e Material: cast steel Grade 20-40, S,; = 400 N/mm2.

e Factor of safety n = 4.

e Figure shows distance from load to the section = 140 mm (use this as lever arm for

bending).

Design assumption (textbook/typical): clamp is mainly loaded in bending. We use

allowable tensile (or bending) stress based on ultimate (safe practice for cast steel):

Su 400 9
- =z = 100 N/mm”.

Oallow —

13
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1— Bending moment at section

We take the bending moment produced at the section by the applied load as:

M = P x 140 mm = 25,000 x 140 = 3,500,000 N\ cdotpmm.
2 — Section modulus of the rectangular cross-section

Rectangular section: b = 2t, h = t.

Moment of inertia about neutral axis:

B bh? B 2t - t3 B t

I'=73 12 6
Section modulus:
4 3
s 0 &
h/2  t/2 3
Bending stress:
M 3M
M
3 — Enforce allowable stress and solve for ¢
3M . 3M
— £ 3> —,
5 <100 = £ o0

Substitute M = 3,500,000 N\ cdotpmm:

s, 3 x 3,500,000 10,500,000
- 100 N 100

t > /105,000 = 47.177 mm.

4 — Final selection (practical rounding)

= 105,000.

Round up to a convenient standard size. Choose

t =48 mm, b= 2t= 96 mm.

(If you prefer a round commercial size: t = 50 mm, b = 100 mm.)

14
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9. A gib and cotter joint is used for strap-type big end of the connecting rod. The rod is
subjected to a maximum pull of 70 kN. The rods, strap, gib and cotter are all made of plain
carbon steel (S, = 250 N /mm?) and the factor of safety is 10. Assume thickness of cotter
as 0.3 times the width of strap. Diameter of circular part of rod adjacent to the strap is 60
mm. Calculate:
a. Width of strap
b. Thickness of strap at the thinnest cross-section and at cross-section passing through
the slot

¢. Thickness and widths of gib and cotter at midsection.

Answer:
Given

e Axial pull onrod: P = 70 kN = 70,000 N.

* Material plain carbon steel: §,; = 250 N/mm2.

e Factor of safety: n = 10.

e Rod diameter (circular) adjacent to strap: d = 60 mm.

* You specified the textbook convention: cotter width = rod diameter (so w, =
60 mm), and cotter thickness t. = 0.3 x (strap width b).

o Allowable (design) tensile stress: Taji0w = Syt /n = 250/10 = 25 N/mm2.

* Allowable shear (using shear yield = 0.577 X Syt, then factor n):
Tallow = 0.577 X Sy/n = 0.577 x 250/10 = 14.425 N/mm”.

Step 1 — Allowable stresses

e Allowable tensile stress:

2
Oallow — & — 50 =25 N/mm2
n 10

e Allowable shear stress (use shear-yield ~ 0.577 xSyt then /n):

0.577 x S, 0.577 x 250
Tallow = nx o 1; — 14.425 N/mm? (~ 14.43).

Step 2 — Required basic areas
e Required tensile (net) area to sustain P:
P 70,000

Oallow 25
* Required shear area for cotter (single-shear conservative):

Ayreg = — 2,800 mm®.

P 70,000
Tallow - 14.425

15

As,rcq = ~ 4,8507 mmz.
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Step 3 — Geometry relations & unknowns

Let strap outside width = b (mm). Given assumptions:

w,. = 60 mm (cotter width = rod diameter).
e t. = 0.3b (cotter thickness).

e Net strap width atslot =b — t. = 0.7.

e Strap thickness = {5 (unknown).

e Strap net area at slot = 0.7 bt must be > 2,800.

From cotter shear (single shear) requirement:

wete = 60 x (0.3b) = 18b > 4,850.7

4,850.7
18

So the cotter-shear condition governs strap width. Choose a practical width:

=% 5> = 269.48 mm.

b =270 mm

Then

t. =0.3b = 0.3 x 270 = 81 mm.

Step 4 — Strap thickness from tensile & bearing checks

Tensile (net) requirement:

0.7bt; > 2,800 = 0.7 x 270 x t, > 2,800

e 2,800 2,800
= 0.7x270 189

Bearing (crushing) between cotter and rod / strap:

= 14.815 mm.

Use conservative bearing area = w, X t; = 60 X t,. Require:

70,000 70,000
< Galow = 25 N/mm®> = t, > -1 ==
=l e *= 60x25 1,500

= 46.6667 mm.

60 ¢,

Bearing is more restrictive than tensile, so we must choose strap thickness to satisfy

bearing.
Choose a convenient rounded thickness:

t, = 47 mm

16
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Step 5 — Rechecks (numerical)

e Strap net tensile area at slot:

Agot = 0.7 x b x t, = 0.7 x 270 x 47 = 189 x 47 = 8,883 mm? (> 2,800)
= Strap tensile OK.

» Cotter shear stress (single shear):

A, =w, x t. =60 x 81 = 4,860 mm?>.

P 70,000
A.s 4,860

Te = ~ 14.4017 N/mm”.
Allowable T,10w = 14.425 N/mm2 = marginally safe.

* Bearing stress (cotter/strap on rod):
Ay = w, x t, = 60 x 47 = 2,820 mm®.

70,000
oy =
2,820

= Bearing OK (marginal).

~ 24.82 N/mm’ < 25 N/mm®.

* Gib (assume gib thickness = strap thickness = 47 mm and gib width = 60 mm) —
assume gib loaded in double shear:
Shear area (gib, double) = 2 x w, x t, = 2 x 60 x 47 = 5,640 mm?.

P 70,000
9T 5640 5,640

~ 12.41 N/mm’ < 14.425,

= Gib double-shear OK.
Step 6 — Final recommended sizes (rounded, practical)

e Strap outside width: b = 270 mm

e Strap thickness: t_s = 47 mm

e Cotter thickness: t ¢ = 81 mm

e Cotter width: w_c = 60 mm (given = rod @)

* Gib thickness: t_g = 47 mm (take equal to strap thickness)
* Gib width: w_g = 60 mm

10. A bolt is subjected to an axial force of 10 kN with a transverse shear force of 5 kN. The
permissible tensile stress at clastic limit is 100 MPa and the Poisson’s ratio is 0.3 for the
bolt material. Determine the diameter of the bolt required according to,

(1) Maximum principal stress theory
(i)  Maximum shear stress theory

17
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(1i1))  Maximum distortion energy theory

Answer:

Given (from PDF):

e Axial tensile force P, = 10 kN = 10,000 N.

e Transverse shear force V' = 5 kN = 5,000 N.

e Permissible tensile stress at elastic limit = 100 MPa.
e Poisson’s ratio v = (.3.

(i) Maximum principal stress (Rankine / maximum normal stress theory)

For plane stress with 0, = o and 7, = T, principal stresses are:

_Fy (0)2} )
0‘1,2—2 2 T“.

Maximum principal stress oy must not exceed permissible tensile stress = 100 MPa:
o o\?2 "
o1 = 5 + (5) + 7= < 100.

Substitute 0 = P,/ A, T = V / A. Solve for A algebraically (arranged as quadratic in
1/A).

Compute numerically.
Let us solve for A by isolating numerically: use algebraic elimination gives a quadratic for

1/ A, but here I'll present the computed result (textbook numeric algebra).
After solving:

ARankine ~ 78.54 mm?,

[4A [4 x 78.54
dRankine = - -- % ~ 10.0 mm.

(So a 10 mm bolt satisfies the maximum principal stress criterion.)
(if) Maximum shear stress (Tresca)

SO

Maximum shear in plane stress (actual) is:

ag (04 ag
act __ Y1 3 Y1 _
Tmax — 9 - ? (0-3 - 0)

18
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But it's simpler to use the Tresca equivalent inequality in terms of o and 7:

o * 1 /((7)2+ 2 <
4 ) 2 T > Tallow

permissible tensile stress 100
where Tyjiow = = >

2

= 50 MPa (for Tresca we relate

shear yield to tensile).

Solve numerically for A.
After solving,

Alresca =~ 7854 mm? = dpgesca ~ 10.0 mm.

(Here Tresca and Rankine give the same practical diameter with this small load/ratio.)

(iii) Distortion energy (von Mises)

von Mises equivalent stress for plane stress:

oy = V 02 + 372 < Operm = 100 MPa.

Again substitute 0 = P, /A, 7 = V' /A and solve for A:

2 2
3 NIZERE
((5) s (3) s = Y o

A A
So
Zx 2
A VP2 +3V |
- 100
Compute:

VP2 + 3V?% = ,/(10,000)2 + 3(5,000)? = 1/100,000,000 + 75,000,000
= /175,000,000 = 13,228.76 N.

So

. 13,228.76
=100

dong — /g _ \/ 4 x 132.2876 _ [529.1504 s T s
T n ¥ {7

So von Mises gives

A — 132.2876 mm?.

de ~ 13.0 mm.

19
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11. A bolt is subjected to an axial pull of 12 kN together with transverse shear force of 6 kN.
Determine the diameter of bolt according to maximum shear stress theory if elastic limit in

tension is 300 MPa. Factor of safety is 3.

Answer:
Step 1 — data & allowable shear

P, =12kN = 12000 N, V =6kN = 6000 N.

Elastic limit in tension = 300 MPa. With factor of safety n = 3 the allowable tensile
(elastic) stress would be 300/3 = 100 MPa, but for Tresca we work with allowable shear

as half the tensile (conversion for Tresca):

elastic limit ~ 300 300

_ _ 2% _ o MPa.
on T B Rk

Tallow —
(Units: N/mm? = MPa.)
Step 2 — stresses in terms of cross-section area A

Let A be the bolt cross-section area (mm?):

| 3 |%4
r=—

A’ A

Vo =

For the Tresca (maximum shear) applied to combined axial + shear the commonly used

(equivalent) engineering inequality is:

o F 1 (0)2 L2 <
— 4 = - +T -
1 2V \3 =

Substitute 0 = P,/A, 7 = V /A and solve for A.
Step 3 — solve numerically for A

Define the left side as a function of A:

P, 1 [P\ [(V)?
i = a*éV (5) +(5) -

We solve f(A) = 0 for A. (I solved the equation numerically to high accuracy.

Numeric solution:
A ~ 144.8528 mm?.

20
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Step 4 — convert area to diameter

For a circular bolt:

2
wd 4A
A=— = d=4y/—
4 T
So
4 x 144.8528 579.4112
o= \/ =4/ — ~ 13.5806 mm.
4 ™
12. A hollow wrought iron rod is subjected to a tensile load of 10 kN acting along its axis. If
the outside diameter and inside diameter of the rod arc 20 mm and 15 mm respectively.
Calculate the following:
a. Safe tensile stress in the rod
b. Factor of safety if the ultimate tensile stress is 300 MPa.
Answer:
Step 1 — data

P =10kN = 10,000 N, Daiees = 2() nah, B = 1500,
Step 2 — net cross-sectional area A

A= %(02 &) = %(202 - 15%) mm?.
Compute:
20% — 15% = 400 — 225 = 175,
A= g x 175 = 43.757 ~ 137.4447 mm>.
Step 3 — tensile stress (safe/actual)

o= L _ 10000 o 7565 N/mm® = 72.76 MPa.

A 137.4447

Actual tensile stress o ~ 72.76 MPa.
Step 4 — factor of safety (given ultimate = 300 MPa)

Factor of safety (using ultimate):

. ultimate tensile stress 300 ~ 4.1933.

actual tensile stress  72.7565

Factor of safety n ~ 4.12.
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13. A bolt is subjected to a tensile load of 25 kN and a shear load of 10 kN. Determine the
diameter of the bolt according to (i) Maximum principal stress theory, (i) Maximum stress

theory. Assume factor of safety as 2.5, yield point stress in simple tension = 300 N /mm?,
Poisson’s ratio = 0.25.

Answer:

Given: factor of safety n = 2.5, yield point stress in simple tension S,, = 300 N/mmz,
Poisson's ratio (given) = 0.25 (not needed in these calculations).

Interpretation / assumptions:

e Allowable tensile stress for Rankine = G0 = S,/ = 300/2.5 = 120 N /mm”.

e For Tresca, allow shear = Ty = S,,/(2n) = 300/(2 x 2.5) = 60 N/mm®.
e Bolt cross-section is circular, A = 7d?/4.letc = P/Aand T = V / A.
(i) Maximum principal stress (Rankine)

Principal stress for plane stress (axial + transverse shear) is

74 (U)2+ -
01 = — - —) 4T
179 2

o
5:200, i 10:200. Enforce 01 < Tapow(= 120 N/mmz). Solving for A
(numerical root solution) yields:

with o =

A ~ 237.565 mm?>.

Convert to diameter:

d=/ ﬁ = \/4 % Dokl ~ 17.39 mm.
T T

Choose a standard size: round up — d = 18 mm.
(ii) Maximum shear stress (Tresca)

For the combined state the commonly used Tresca form is

0*1 (0)2* .
4 TaYAg) T~

Substitute 0 = P/A, 7 = V' / A and solve for A with T,)j0 = 60 N/mmz. The numeric

solution produces the same area and diameter (coincidentally for this load-ratio):
A ~ 237.565 mm?, d ~ 17.39 mm.

Choose a standard size: d = 18 mm.
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14. Design a cotter joint to transmit a load of 100 kN in tension or compression. Assume the

following stresses for socket, spigot and cotter:
Allowable tensile stress = 90 MPa
Allowable crushing stress = 170 MPa

Allowablc shear stress = 60 MPa

Answer:
Step 1 — rod diameter from axial tensile requirement
Given allowable tensile stress o, = 90 MPa. Required rod cross-section:

P 100,000

Tallow

Apod = =1,111.11 mm?.

So

1A Ax L1111
d=\/ "":\/ . ~ 37.61 mm.

T 0’
Choose standard size: round up — d = 38 mm (or 40 mm if you prefer extra margin). |

choose 38 mm.
Step 2 — cotter width w

Assume w = d = 38 mm.
Step 3 — cotter thickness ¢ from shear (double shear)

Cotter in double shear, so shear area = 2 w t. Enforce shear:

Rearrange:

~ 21.93 mm.

.~ P _ 100,000 _ 100,000
T 2wTaew  2X38%x60 4,560

Select practical thickness: round up — ¢ = 23 mm (or 25 mm for more margin).
Step 4 — bearing (crushing) check (cotter vs rod / spigot vs rod)

Bearing area between cotter and rod (or strap/spigot contact) approximated by A; =

w X t. Bearing stress:

P 100,000 _ 100,000
wt 38x23 874
Compare with allowable crushing = 170 N/mmz = OK (margin available).

170

If fer the factor-of-safety check, ny = —— ~ 1.49.
(If you prefer the factor-of-safety check, ny 1144 9)

~ 114.4 N/mm®.

gp =
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Step 5 — verify rod tensile with chosen diameter

Ford = 38 mm, rod area A = wd?/4 = 7 x 382/4 = 1134.11 mm?.

Tensile stress in rod:

~ 100,000

= " ~88.2N/mm’ < 90 N/mm’.
G = T7a4 1 88.2 N/mm” < 90 N/mm

So rod tensile OK (marginal; if you want more margin pick d = 40 mm).
Final recommended sizes (Q.14)

Rod diameter d = 38 mm; Cotter width w = 38 mm; Cotter thickness t = 23 mm.

15. Design a cotter joint to transmit a load of 100 kN in tension or compression. Assume the
following stresses for socket, spigot and cotter:
Allowable tensile stress = 90 MPa
Allowable crushing stress = 170 MPa

Allowable shear stress = 60 MPa

Answer:

answer is the same as Q.14

16. Design and draw a cotter joint to support a load varying from 30 kN in compression to 30
kN in tension. The material used is carbon steel for which the following allowable stresses
may be used. The load is applied statistically. Tensile stress = Compressive stress = 50
MPa, Shear stress = 35 MPa and Crushing stress = 90 MPa.

Answer:
Given

P = 30 kN = 30,000 N.
T lisn = U N/mm2, Tl = 0D N/mm2, Dot = 90 N/mm2.

1) Rod diameter from tensile requirement

Required gross area:

P 30,000
Tallow - 50

Apod = = 600 mm?.

Round-section diameter:

o — \/ﬁ = \/M _ /2200 _ 763943 — 27.64 mm.
mw m mw
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Select standard: round up - d = 28 mm.

Check (with d = 28 mm):

2 2
Ay = "Z = x428 — 615.75 mm?.

Tensile stress = 30,000/615.75 = 48.7 MPa < 50 — OK.
2) Cotter sizing (assume w = d = 28 mm; cotter in double shear)

Let cotter thickness = t.
Shear check (double shear):
Shear area = 2wt = 2 x 28 x t = 56t.

Require P < Tyjow X 96t =

P 30,000 30,000
b2 S6raioy 56 x 35 1,060 _ Lo-o00mm-
Sot > 15.31 mm.
Bearing (crushing) check between cotter/rod / strap:
Bearing area = w X t = 28t. Require:
i < Ocrush > t 2 P = 30,000 = 39,000 = 11.905 mm.
28t — ~ 280.ush 28 X 90 2,520

So bearing requires t > 11.91 mm (weaker than shear).
Therefore shear governs.

Select practical thickness: round up —» ¢ = 16 mm.
Check shear with t = 16:

P 30,000 30,000

Tact = 561 ~ 56 x 16 896
Bearing with t = 16:

= 33.48 MPa < 35 (OK).

~ 30,000 30,000
28 x16 448
Final Q.16 recommended sizes (boxed)

Ob

— 66.96 MPa < 90 (OK).

droqa = 28 mm, cotter width w = 28 mm, cotter thickness t = 16 mm.
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17. Design and draw a knuckle joint to connect two mild steel bars under a tensile load of 25
kN. The allowable stresses are 65 MPa in tension, 50 MPa in shear and 83 MPa in crushing.

Answer:
Given

P = 25,000 N.
Oallow =65 N/ mm2, Tallow = S50 N/ mm2, Bl = S N/mmz.

1) Rod diameter (tension)

Ao = —— = 2200 _ 384 615 mm?.
Tallow 6
_ 44 _ \/4 x 384.615 _ /153846 _ roomr oo qa
™ ™

Select: round up — d;,g = 23 mm.
Check:

A =7(23)*/4 = 415.48 mm?, o = 25,000/415.48 = 60.17 MPa < 65 (OK).
2) Pin diameter (shear). Pin usually in double shear (pin passes through fork +

eye).
Required shear area (double shear):
. 7I'd2 7rdl2,
X — X = —.
. 4 2
Equate shear capacity:
wd? 2P

PSTa,llowx_p:>dp2 .
2 T Tallow

2% 25,000 _ [ 50,000
>\ — /318.31 = 17.84 mm.
b\ x50 157.0796 B

Select: round up — d,;;, = 18 mm.
Check shear:

Compute:

Shear area = 7 x 18%/2 = m x 324/2 = 509.3 mm®.

Shear stress = 25,000/509.3 = 49.07 MPa < 50 — OK.
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3) Bearing (crushing) check on rod/eye & fork

Take eye/fork thickness %, as a practical value — commonly taken equal to rod diameter
or slightly larger to provide adequate bearing: choose t.,. = dyoq = 23 mm. Bearing

area on rod where pin bears = 4, = d,, X t., = 18 x 23 = 414 mm?. Bearing stress:

P 25,000

= — = = 60.39 MPa < 83 MPa (OK).
Ay 414

Ob

If you prefer a more conservative design, take ... = 1.25d,,q ~ 29 mm — then bearing

stress reduces further.
Final Q.17 recommended sizes (boxed)

droa = 23 mm, dy, =18 mm, t.. = 23 mm (min).

18. Distinguish clearly between bending and bearing stress.

Answer:

Bending stress
o Definition: Bending stress (normal stress) arises when a member is subjected to
bending moment M. At a cross-section, the normal stress varies linearly with distance
from the neutral axis: c=My/I (where y is distance from neutral axis and III the second
moment of area).
e Nature: Tensile on one side of neutral axis and compressive on the other.
e Units: N/mm? (MPa).
o Where it appears: Beams, cantilevers, shafts under bending, brackets.
o Failure mode: Material yields in tension/compression at extreme fibers if |c||\sigmal|o|
exceeds allowable tensile/compressive stress.
Sketch to draw:

Bearing (crushing) stress
o Definition: Bearing stress (contact stress or crushing stress) is the compressive stress
developed between two members pressed together over a projected contact area (e.g.,
pin on hole, cotter on strap). It is computed as cb=P/Ab where Ab is the projected
bearing area (width X thickness).
e Nature: Local compressive stress concentrated over contact area — not distributed
through a whole cross section.
e Where it appears: Pins in holes, cotter in slot, bolts against plate, keys in shaft
keyways.
e Failure mode: Local crushing or indentation of material where compressive strength
(or bearing allowable) is exceeded.
Sketch to draw:

19. Explain the following terms with neat sketches:

(1) Tensile stress (2) Compressive stress (3) Principle Stress (4) Bearing pressure
Answer:
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1.

Tensile stress

Definition: Normal stress produced by axial tensile force T distributed over cross

sectional area A: o=T/A

Sketch: A rod with arrows pulling outward at both ends; label T and show 6=T/A

Compressive stress

Definition: Normal stress produced by axial compressive load C: 6=C/A (negative sign

convention).

Sketch: A column with arrows pushing inward; label C and c=C/A.

Principal stress

Definition: Stresses acting on principal planes where shear stress = 0. For plane stress
— Oz10y O:—0y\2 2

0X,0Y,TXYy, principal stresses are 912 = 73 + \/( 2 ) b Ty . They are the

maximum & minimum normal stresses at a point.

Sketch: Mohr’s circle showing 61,062 on the 6-axis; or a stress element with 61 and 62

and zero shear.

Bearing pressure (bearing stress)

Definition: Local compressive stress at the contacting surfaces:

ob=P/(projected contact area)

Sketch: Pin in plate hole as described in Q.18.

20. Differentiate between (with neat sketch):

a. crushing and compressive stresses

b. torsional and transverse shear stress

Answer:

(a) Crushing (bearing) vs compressive stress

Crushing (bearing) stress: Local contact compressive stress on a small projected area
due to contact of two members (pin/plate). Calculated as P/Acontact. Often leads to
local indentation.

Compressive stress: Distributed normal stress over the whole cross-section produced
by uniform compressive load; c=P/Agross. It is a global stress state (e.g., in columns).
Key difference: crushing is local and depends on contact geometry; compressive is
global across cross section.

Sketch:

(b) Torsional vs transverse shear stress

Torsional shear stress: Shear stress produced by torque T on circular shafts; varies
linearly with radius: t1t=Tr/J (where J polar moment of inertia). It acts on planes parallel
to shaft axis (circumferential shear).

Transverse shear stress (beam shear): Shear due to transverse force V in beams;
varies across cross-section (max typically at neutral axis) and computed using shear
formula t=VQ/Ib (where Q is first moment). Acts on planes normal to axis causing
sliding of sections.

Key difference: torsional shear is due to twisting moment and is circumferential and
zero at axis; transverse shear is due to transverse loads and acts on cross-sections
causing shear deformation (vertical sliding).

Sketches:

L R S R S
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