
MACROMECHANICAL BEHAVIOR OF A LAMINA
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If the lamina was tested at arbitrary angles 𝜃 to the principal material directions
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𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦
=

ത𝑄11
ത𝑄12

ത𝑄16

ത𝑄12
ത𝑄22

ത𝑄26

ത𝑄16
ത𝑄26

ത𝑄66

𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦

The matrix ത𝑄𝑖𝑗 is called the transformed reduced stiffness matrix and the stiffnesses could 

have the following forms:

Classical lamination theory

𝑄ത11 = 𝑄11𝑐
4 + 2 𝑄12 + 2𝑄66 𝑠

2𝑐2 + 𝑄22𝑠
4                        

𝑄ത12 = (𝑄11 + 𝑄22 − 4𝑄66)𝑠2𝑐2 + 𝑄12(𝑠4 + 𝑐4)                 

𝑄ത22 = 𝑄11𝑠
4 + 2 𝑄12 + 2𝑄66 𝑠

2𝑐2 + 𝑄22𝑐
4                        

𝑄ത16 = (𝑄11−𝑄12 − 2𝑄66)𝑠𝑐3 +  𝑄12 − 𝑄22 + 2𝑄66 𝑠
3𝑐

𝑄ത26 =  𝑄11 − 𝑄12 − 2𝑄66 𝑠
3𝑐 +  𝑄12 − 𝑄22 + 2𝑄66 𝑠𝑐

3

𝑄ത66 =  𝑄11 + 𝑄22 − 2𝑄12 − 2𝑄66 𝑠
2𝑐2 + 𝑄66 𝑠

4 + 𝑐4   
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Similarly, the strain-stress relations in x-y coordinates are

𝜀𝑥
𝜀𝑦
𝛾𝑥𝑦

=

ҧ𝑆11 ҧ𝑆12 0
ҧ𝑆12 ҧ𝑆22 0

0 0 ҧ𝑆66

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

Classical lamination theory

𝑆ҧ11 = 𝑆11𝑐
4 +  2𝑆12 + 𝑆66 𝑠

2𝑐2 + 𝑆22𝑠
4                        

𝑆ҧ12 = (𝑆11 + 𝑆22 − 𝑆66)𝑠2𝑐2 + 𝑆12(𝑠4 + 𝑐4)                 

𝑆ҧ22 = 𝑄11𝑠
4 +  2𝑆12 + 𝑆66 𝑠

2𝑐2 + 𝑆22𝑐
4                        

𝑆ҧ16 = (2𝑆11−2𝑆12 − 𝑆66)𝑠𝑐3 −  2𝑆22 − 2𝑆12 − 𝑆66 𝑠
3𝑐

𝑆ҧ26 =  2𝑆11 − 2𝑆12 − 𝑆66 𝑠
3𝑐 −  2𝑆22 − 2𝑆12 − 𝑆66 𝑠𝑐

3

𝑆ҧ66 = 2 2𝑆11 + 2𝑆22 − 4𝑆12 − 𝑆66 𝑠
2𝑐2 + 𝑆66 𝑠

4 + 𝑐4   
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