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Fundamental Equations of Mechanics of Materials 
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Axial Load 

Normal Stress 

𝜎 =
𝑃

𝐴
 

Displacement 

𝛿 = ∫
𝑃(𝑥)𝑑𝑥

𝐴(𝑥)𝐸

𝐿

0

= ∑
𝑃𝐿

𝐴𝐸
 

𝛿𝑇 = 𝛼∆𝑇𝐿 

Torsion 

Shear stress in circular shaft 

𝜏 =
𝑇𝑐

𝐽
 

where 

𝐽 =
𝜋

2
𝑐4                            solid cross section 

𝐽 =
𝜋

2
(𝑐𝑜

4 − 𝑐𝑖
4)     tubular cross section 

Power 

𝑃 = 𝑇𝜔 

Angle of Twist 

𝜙 = ∫
𝑇(𝑥)

𝐽(𝑥)𝐺
𝑑𝑥 = ∑

𝑇𝐿

𝐽𝐺

𝐿

0

 

Bending 

Normal Stress 

𝜎 = −
𝑀𝑦

𝐼
 

Shear 

Average direct shear stress 

𝜏𝑎𝑣𝑔 =
𝑉

𝐴
 

Transverse shear stress 

𝜏 =
𝑉𝑄

𝐼𝑡
 

 

Material Property Relations 
Poisson’s ratio 

𝜐 = −
휀𝑙𝑎𝑡

휀𝑙𝑜𝑛𝑔
 

Generalized Hooke’s Law 

휀𝑥 =
1

𝐸
[𝜎𝑥 − 𝜐(𝜎𝑦 + 𝜎𝑧)] 

휀𝑦 =
1

𝐸
[𝜎𝑦 − 𝜐(𝜎𝑥 + 𝜎𝑧)] 

휀𝑧 =
1

𝐸
[𝜎𝑧 − 𝜐(𝜎𝑥 + 𝜎𝑦)] 

𝛾𝑥𝑦 =
1

𝐺
𝜏𝑥𝑦, 𝛾𝑦𝑧 =

1

𝐺
𝜏𝑦𝑧 , 𝛾𝑥𝑧 =

1

𝐺
𝜏𝑥𝑧 

where  

𝐺 =
𝐸

2(1 + 𝜐)
 

Stress in Thin-Walled Pressure Vessel 

Cylinder 

𝜎1 =
𝑝𝑟

𝑡
       𝜎2 =

𝑝𝑟

2𝑡
 

Sphere 

𝜎1 = 𝜎2 =
𝑝𝑟

2𝑡
 

 

Relations between w, V, M 
𝑑𝑉

𝑑𝑥
= −𝑤(𝑥),      

𝑑𝑀

𝑑𝑥
= 𝑉 

Elastic Curve 
1

𝜌
=

𝑀

𝐸𝐼
 

𝐸𝐼
𝑑4𝑣

𝑑𝑥4
= −𝑤(𝑥) 

𝐸𝐼
𝑑3𝑣

𝑑𝑥3
= 𝑉(𝑥) 

𝐸𝐼
𝑑2𝑣

𝑑𝑥2
= 𝑀(𝑥) 



Geometric Properties of Area Elements 
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Rectangular Area 

 

𝐼𝑥 =
1

12
𝑏ℎ3           𝐼𝑦 =

1

12
ℎ𝑏3 

Triangular Area 

 

𝐼𝑥 =
1

36
𝑏ℎ3 

Semicircular Area 

 

𝐼𝑥 = 𝐼𝑦 =
1

8
𝜋𝑟4          𝐶: 

4𝑟

3𝜋
 

Circular Area 

 

𝐼𝑥 = 𝐼𝑦 =
𝜋

4
𝑟4 =

𝜋

64
𝑑4  

𝐽 =
𝜋

2
𝑟4 =

𝜋

32
𝑑4 

Quarter-Circular Area 

 

𝐼𝑥 = 𝐼𝑦 =
1

16
𝜋𝑟4          𝐶: 

4𝑟

3𝜋
 

Elliptical Area 

 

𝐼𝑥 =
1

4
𝜋𝑎𝑏3           𝐼𝑦 =

1

4
𝜋𝑎3𝑏 



Average Mechanical Properties of Typical Engineering Materials: US Customary Units 
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Tens Shear Tens Shear

2014-T6 0.101 10.9 3.9 58 33 66 40 13 12.8

6061-T6 0.098 10.1 3.7 35 20 38 24 17 13.1

7075-T6 0.101 10.4 4.0 73 - 83 48 11 13.1

Gray ASTM 20 0.260 10.0 3.9 - - 26 - 0.6 6.7

Gray ASTM A-48 0.260 10.0 4.1 - - 25 35 0.5 6.7

Malleable ASTM A-19 0.263 25.0 9.8 - - 40 - 5 6.6

Malleable ASTM A-47 0.264 24.0 9.3 33 - 50 48 10 6.7

Red Brass (85% Cu,15% Zn) A 0.316 17.0 6.4 10 - 39 31 48 10.4

Red Brass (85% Cu,15% Zn) CR 0.316 17.0 6.4 63 - 85 46 3 10.4

Yellow Brass (65% Cu, 35% Zn) A 0.306 15.0 5.6 15 9 46 32 65 11.6

Yellow Brass (65% Cu, 35% Zn) CR 0.306 15.0 5.6 60 36 74 43 8 11.6

Bronze C86100 0.319 15.0 5.6 50 - 35 - 20 9.6

AM 1004-T61 0.066 6.5 2.5 22 - 40 22 1 14.3

AZ80 (Forging) 0.065 6.5 2.4 36 - 50 23 6 14

Structural A36 0.284 29.0 11.2 36 21 58 - 21 6.5

Structural A992 0.284 29.0 11.2 50 - 65 - 21 6.5

Structural A913 0.284 29.0 11.2 65 - 80 - 17 6.5

Structural A709 Q&T 0.284 29.0 11.2 100 - 110 - 18 6.5

Stainless 302 CR 0.286 28.0 10.8 75 - 125 - 12 9.6

Stainless 302 A 0.286 28.0 10.8 38 22 95 - 50 9.6

Titanium Alloy Ti-6Al-4V 0.161 16.5 6.4 120 - 130 - 10 5.3

Low Strength 0.086 3.20 - - 1.8 - - - 6.0

Medium Strength 0.084 3.60 - - - - - - 5.5

High Strength 0.084 4.50 - - - - - - 5.5

PVC 0.0520 0.45 - 6.5 - 6 40 75

Polycarbonate 0.0433 0.35 - 9 - 9.5 - 110 68

Polyester Elastomer 0.0433 0.03 - - - 6.5 - 500 -

Douglas Fir 0.017 1.90 0.1 - - 15 1.10 - -

White Oak 0.025 1.80 - - - - 2 - -

Glass 98% Silica 0.079 9.60 4.1 - - 7 - - 44

Copper Alloys

Ductil ity, % 

Elongation 

Plastic

Structural 

Grade Wood

Aluminum 

Alloys

Cast Iron 

Alloys

Steel Alloys

Magnesium 

Alloy

Coeff. of Thermal 

Expansion (10-6)/°F

M
et

al
lic

Concrete

Modulus of 

Rigidity 

(103) ksi

Modulus of 

Elasticity 

(103) ksi

Specific 

Weight 

(lb/in3)

Materials

Yield Strength 

(ksi)

Ultimate 

Strength (ksi)

A: Annealed, Q: Quenched, T: Tempered, CR: Cold Rolled

N
o

n
m

et
al

lic



Average Mechanical Properties of Typical Engineering Materials: SI Units 
 

5 
 

Tens Shear Tens Shear

2014-T6 2.80 75.0 27.0 400 230 455 275 13 23

6061-T6 2.71 70.0 26.0 240 140 260 165 17 23.6

7075-T6 2.80 72.0 28.0 500 - 570 330 11 23.6

Gray ASTM 20 7.19 67.0 27.0 - - 179 - 0.6 12

Gray ASTM A-48 7.20 69.0 28.0 170 240 0.5 12.1

Malleable ASTM A-19 7.28 172.0 68.0 - - 276 - 5 12

Malleable ASTM A-47 7.30 165.0 65.0 230 - 345 330 10 12.1

Red Brass (85% Cu,15% Zn) A 8.74 120.0 44.0 70 - 270 210 48 18.7

Red Brass (85% Cu,15% Zn) CR 8.74 120.0 44.0 435 - 585 320 3 18.7

Yellow Brass (65% Cu, 35% Zn) A 8.47 105.0 39.0 100 60 320 220 65 20.9

Yellow Brass (65% Cu, 35% Zn) CR 8.47 105.0 39.0 410 250 510 300 8 20.9

Bronze C86100 8.83 103.0 38.0 345 - 655 - 20 17

AM 1004-T61 1.83 44.7 18.0 152 - 276 152 1 26

AZ80 (Forging) 1.80 45.0 16.0 250 - 345 160 6 25.2

Structural A36 7.86 200.0 77.2 250 145 400 - 21 11.7

Structural A992 7.86 200.0 77.2 345 - 450 - 21 11.7

Structural A913 7.86 200.0 77.2 450 - 550 - 17 11.7

Structural A709 Q&T 7.86 200.0 77.2 690 - 760 - 18 11.7

Stainless 302 CR 7.92 190.0 75.0 520 - 860 - 12 17.3

Stainless 302 A 7.92 190.0 75.0 260 150 655 - 50 17.3

Titanium Alloy Ti-6Al-4V 4.73 115.0 44.0 830 - 900 - 10 9.5

Low Strength 2.38 22.1 - - 12 - - - 11

Medium Strength 2.32 25.0 - - - - - 9.9

High Strength 2.32 30.0 - - - - - - 9.9

PVC 1.44 3.1 - 45 - 40 - 40 135

Polycarbonate 1.20 2.4 - 35 - 65 - 110 122

Polyester Elastomer 1.20 0.2 - - - 45 - 500 -

Douglas Fir 0.47 13.0 0.7 - - 100 7.6 - -

White Oak 0.69 12.0 - - - - 13.8 - -

Glass 98% Silica 2.19 65 4.1 - - - - - 80

Materials
Density 

103 kg/m3

Modulus of 

Elasticity 
GPa

Modulus of 

Rigidity GPa

Yield Strength 
MPa

Ultimate 

Strength MPa
Ductil ity, % 

Elongation 

A: Annealed, Q: Quenched, T: Tempered, CR: Cold Rolled

Coeff. of Thermal 

Expansion (10-6)/°C

M
et

al
lic

N
o

n
m

et
al

lic

Concrete

Copper Alloys

Steel Alloys

Plastic

Structural 

Grade Wood

Aluminum 

Alloys

Cast Iron 

Alloys

Magnesium 

Alloy



Beam Slopes and Deflections 
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Beam Slope Elastic Curve 

 

𝜃𝑚𝑎𝑥 =
𝑃𝐿2

16𝐸𝐼
 

When 0 ≤ 𝑥 ≤
𝐿

2
: 

𝑣 =
𝑃𝑥

48𝐸𝐼
(3𝐿2 − 4𝑥2) 

 

𝜃1 = −
𝑃𝑎𝑏(𝐿 + 𝑏)

6𝐸𝐼𝐿
 

 

𝜃2 =
𝑃𝑎𝑏(𝐿 + 𝑎)

6𝐸𝐼𝐿
 

When x≤a: 

𝑣 =
𝑃𝑏𝑥

6𝐸𝐼𝐿
(𝐿2 − 𝑏2 − 𝑥2) 

 
When x≥a: 

𝑣 =
𝑃𝑎(𝐿 − 𝑥)

6𝐸𝐼𝐿
(2𝐿𝑥 − 𝑎2 − 𝑥2) 

 

𝜃𝑚𝑎𝑥 =
𝑃𝑎(𝐿 − 𝑎)

2𝐸𝐼
 

When 𝑥 ≤ 𝑎: 

𝑣 =
𝑃𝑥

6𝐸𝐼
(3𝑎𝐿 − 3𝑎2 − 𝑥2) 

When a ≤ x ≤ (L − a): 

𝑣 =
𝑃𝑎

6𝐸𝐼
(3𝐿𝑥 − 𝑎2 − 3𝑥2) 

 

 



Beam Slopes and Deflections 
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Beam Slope Elastic Curve 

 

𝜃1 = −
𝑀𝐿

6𝐸𝐼
 

 

𝜃2 =
𝑀𝐿

3𝐸𝐼
 

𝑣 =
𝑀𝑥

6𝐸𝐼𝐿
(𝐿2 − 𝑥2) 

 

𝜃1 = −
𝑀𝐿

3𝐸𝐼
 

 

𝜃2 =
𝑀𝐿

6𝐸𝐼
 

𝑣 =
𝑀𝑥

6𝐸𝐼𝐿
(2𝐿2 − 3𝐿𝑥 + 𝑥2) 

 

𝜃1 =
𝑀𝐿

24𝐸𝐼
 

 

𝜃2 = −
𝑀𝐿

24𝐸𝐼
 

When 0 ≤ 𝑥 ≤
𝐿

2
: 

𝑣 =
𝑀𝑥

24𝐸𝐼𝐿
(𝐿2 − 4𝑥2) 

 

 



Beam Slopes and Deflections 
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Beam Slope Elastic Curve 

 

𝜃𝑚𝑎𝑥 =
𝑤𝐿3

24𝐸𝐼
 𝑣 =

𝑤𝑥

24𝐸𝐼
(𝑥3 − 2𝐿𝑥2 + 𝐿3) 

 

𝜃1 = −
3𝑤𝐿3

128𝐸𝐼
 

 

𝜃2 =
7𝑤𝐿3

384𝐸𝐼
 

When 0 ≤ 𝑥 ≤
𝐿

2
: 

𝑣 =
𝑤𝑥

384𝐸𝐼
(16𝑥3 − 24𝐿𝑥2 + 9𝐿3) 

When 
𝐿

2
≤ 𝑥 ≤ 𝐿: 

𝑣 =
𝑤𝐿

384𝐸𝐼
(8𝑥3 − 24𝐿𝑥2 + 17𝐿2𝑥 − 𝐿3) 

 

𝜃1 = −
𝑤𝑎2

24𝐸𝐼𝐿
(2𝐿 − 𝑎)2 

 

𝜃2 =
𝑤𝑎2

24𝐸𝐼𝐿
(2𝐿2 − 𝑎2) 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑤𝑥

24𝐸𝐼𝐿
(𝑎4 − 4𝑎3𝐿 + 4𝑎2𝐿2 + 2𝑎2𝑥2

− 4𝑎𝐿𝑥2 + 𝐿𝑥3) 
When a≤ 𝑥 ≤ 𝐿: 

𝑣 =
𝑤𝑎2

24𝐸𝐼𝐿
(−𝑎2𝐿 + 4𝐿2𝑥 + 𝑎2𝑥 − 6𝐿𝑥2

+ 2𝑥3) 

 

 

 



Beam Slopes and Deflections 
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Beam Slope Elastic Curve 

 

𝜃𝑚𝑎𝑥 =
𝑃𝐿2

2𝐸𝐼
 𝑣 =

𝑃𝑥2

6𝐸𝐼
(3𝐿 − 𝑥) 

 

𝜃𝑚𝑎𝑥 =
𝑃𝑎2

2𝐸𝐼
 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑃𝑥2

6𝐸𝐼
(3𝑎 − 𝑥) 

When 𝑎 ≤ 𝑥 ≤ 𝐿: 

𝑣 =
𝑃𝑎2

6𝐸𝐼
(3𝑥 − 𝑎) 

 

𝜃𝑚𝑎𝑥 =
𝑀𝐿

𝐸𝐼
 𝑣 =

𝑀𝑥2

2𝐸𝐼
 

 

𝜃𝑚𝑎𝑥 =
𝑀𝑎

𝐸𝐼
 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑀𝑥2

2𝐸𝐼
 

When 𝑎 ≤ 𝑥 ≤ 𝐿: 

𝑣 =
𝑀𝑎

2𝐸𝐼
(2𝑥 − 𝑎) 



Beam Slopes and Deflections 
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Beam Slope Elastic Curve 

 

𝜃𝑚𝑎𝑥 =
𝑤𝐿3

6𝐸𝐼
 𝑣 =

𝑤𝑥2

24𝐸𝐼
(6𝐿2 − 4𝐿𝑥 + 𝑥2) 

 

𝜃𝑚𝑎𝑥 =
𝑤

6𝐸𝐼
(𝐿3 − 𝑎3) 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑤𝑏𝑥2

12𝐸𝐼
(3𝐿 + 3𝑎 − 2𝑥) 

 
When 𝑎 ≤ 𝑥 ≤ 𝐿: 

𝑣 =
𝑤

24𝐸𝐼
(𝑥4 − 4𝐿𝑥3 + 6𝐿2𝑥2 − 4𝑎3𝑥 + 𝑎4) 

 

𝜃𝑚𝑎𝑥 =
𝑤𝑎3

6𝐸𝐼
 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑤𝑥2

24𝐸𝐼
(6𝑎2 − 4𝑎𝑥 + 𝑥2) 

 
When 𝑎 ≤ 𝑥 ≤ 𝐿: 

𝑣 =
𝑤𝑎3

24𝐸𝐼
(4𝑥 − 𝑎) 

 

 



Beam Slopes and Deflections 

11 
 

O
ve

rh
an

gi
n

g 
B

ea
m

 
Beam Slope Elastic Curve 

 

𝜃1 =
𝑃𝑎𝑏

6𝐸𝐼
 

 

𝜃2 = −
𝑃𝑎𝑏

3𝐸𝐼
 

𝜃𝑚𝑎𝑥 =
𝑃𝑏

6𝐸𝐼
(2𝐿 + 𝑏) 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑃𝑏𝑥

6𝑎𝐸𝐼
(𝑎2 − 𝑥2) 

 
When 0 ≤ 𝑧 ≤ 𝑏: 

𝑣 =
𝑃𝑧

6𝐸𝐼
(2𝑎𝑏 + 3𝑏𝑧 − 𝑧2) 

 

𝜃1 =
𝑀𝑎

6𝐸𝐼
 

 

𝜃2 = −
𝑀𝑎

3𝐸𝐼
 

𝜃𝑚𝑎𝑥 =
𝑀

3𝐸𝐼
(𝑎 + 3𝑏) 

When 0 ≤ 𝑥 ≤ 𝑎: 

𝑣 =
𝑀𝑥

6𝑎𝐸𝐼
(𝑎2 − 𝑥2) 

 
When 0 ≤ 𝑧 ≤ 𝑏: 

𝑣 =
𝑀

6𝐸𝐼
(2𝑎𝑧 + 3𝑧2) 

 

 



Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
 

16 
 

 

 

  



Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Geometric Properties of Structural Shapes 
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Stress Concentration Factors 
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Axial Loading 

 

 

 

  



Stress Concentration Factors 
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Torsional Loading 

  



Stress Concentration Factors 
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Bending 

 


