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R m  de la h e 

I d c i  

Le  a a  c e    da  de b e e  a ca , e   

a c e e  da  e  a . L a a   ce  a a  e    e  a  e f a ce 

ca e/ a e  e a . Pa  e   a d ,  e e  a a  c e  

 e f  f b e , a  a fab ca  de  ce  e  a a  c e   e f  f b e  

e e de b e e  b a e , ce  f e e e  d e e e . E  effe , a a e 

e  a e a   de  c d  e a d h  d  a -fa e e  d e e e ce e 

d e d a che e e, b e   e d e a e c e de  h e  h e  

 e  e . L  de a e e  e de ce  a a , a e e a e c e  e  

 e e e  f e  e f  f b e  ec  a ec a e e  ha e de. Le c e e  

ca e d  e f  e  d c   c   de ce e e e a e d a a   e ce e-

c  a a ga e e   ac  f   e  a e  a e  de a fab ca . O ,  e f  f b e  

e  e c e c e e e e e d  age de e  de f , e - e  

c  de a e b age de d a e  de e  de f b e  de e e  c  de d a e. 

A , e c e e  ca e de  e f  e  b e  a  e e de e  b e e  

e e a e e   de  c a  c f e  (c e , ac , f e , c a e e , 

e c.). Ce  e  ca e   a  a e d e  a  de  a  d  a f e e  

b e e a  de  h h e  e   age  e  a a e  f e , a  a che 

ab e e  g e e de a h e e e  e   e  c e e ( b e a  de 

f b e , a ab , e che e e , e age, e c.). C e  a e  e ca  d  c e e  

e  c e   e e   e  ad  e e a  d ec e e e a g d  de c e  e  

a f ac  e de f b e  a  e  e e, ,  e e f c e c ec e e , 

ce e e de f ca   cha e ea  e de f  e  e e e  a  de fa e e  e  

a a e  de c e  a e  e e e d a e   de c ce  de  c e  

 e f a e  a  a  d a c e  e c e e  ca e d  e f  a  a   

e a e  e   e e e . L b ec f de ce e h e e  d c de  a a e   ce a e e  

d a  e c e e  ca e d  a e b age de f b e  a  a a e    e  

c e  f b e e  e   e   e  a ca  ech e . P e  a g e   

b e   e e  ce e  ; e a che e e  e e a e d a    g a d 

b e d e a  e bea c  de che  de d f a  e   g a d b e 

d e che e e  b e  e e . I  e  d c ce a e de  a e  a  de  
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a che  e  eff cace  e e a  e de a a e, c e   d e a e   

g a d b e de e  da  de  e  d . La a g e ch e e  d c de  c e 

 e a e  e  d  c e e  d  a e b age f b e , a d  a  de  e a . L e 

de  c e   de d  c e e  de che  de f b e  e  a  a c  d e a 

a e de  f b e  ( e e  c e )  e  e de   d ff c e   a e ,  b e e  

d d e e e . L b ec f a  de c e d e a h g e de d f a  de  

a e b age  f b e , de  f b e  d e  d e che e e e (500 M c )  e  

da   e e  e  da  e cad e de ce a a  a a  de c c e  de  a  a ec 

de  f b e   che e e e . P  a e d e ce  b ec f, e  a e  d e  e 

f a ch e . La e e e  de e e a   e a g e e e e a  de e  de 

fa  eff cace,  che e de a f b e, a d f a  de a ch ec e  d e e  c a . 

La ec de e  de e e e  ace de  c e  de a da  e e a e af  d a e  a 

c h e ce e e e a e  e  e  e e a . La e e  de d e  

d d ca e  de a c c e e e a  d a a e  e  a . E f ,  e  ce a e de 

 c e  d ff e e  a ch ec e  a ec de  a a e  c b e  e  d a e  d ff e  

a e  de cha ge e   a a e  a e ca e de a c e. U e e e 

a che a  a e da  a cad e de a h e d O a a HAJI (Ha  O a a, 2018). Ce e-

c  a e  de e e e  de ce a fa ab  de  de  e e  a e  a   e  a e a  

ce a e de  e  a e  e   de a e  e  de  de e  a e  a  e 

d e e  e e b e de a a g e  e e   b e  de  de  a a e  e  c c e 

 e  f e ce  e c e e  ca e. Da  ce cad e, ce a c  de h e e  

d c c  e   cha e  c a  e  e f ec . A  d b  de cha e cha e  

b ef  e  f a a  de  c e  e  e . 

Le e e  cha e e  c  de  ec  1, 2 e  3 e  e e e de b b g a h e  

e c e e  ca e de  a a  f b e   de a c ac /c e  e  e  

h de  de d a  e  a  a  d ff e e  che e  ( ac c e, 

c e e  c c e). Ce e de b b g a h e e e , e e ch  de 

che e d de, de e  a e e ce de e a  de c e   e a a e 

h g e che. Ce cha e e e ga e e  e  h de  de ca ac a  de  

e  f b e  a  e e  d e e e  de d e  e  ce a e  a  de  

e . 

Le de e cha e e  c  de  ec  4, 5 e  6 e  e e a ech e d b e a  

de a c ac  de  f b e  a a g a h e e  e c d  de ec c  e e  
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3D d  a e  de f b e. Ce cha e e e ga e e  a  de  a a e  de 

a  d  d e e e  e d e e e  de  d ca e  d a a e de a 

c c e d  a e  de f b e . A , de  a  e  de  e a  de 

c ac /c e  de f b e   a e  e  c a e  a  e a  e e a . 

Le e cha e e  c  de  ec  7, 8 e  9 e  e e a a g e de e e  ace 

d  g a e  e de a e  de f b e  e e  e  a a e . Ce g a e  e  

e  a d  a  c a a  a ec de  a  e e a   de  d e  d a e b age  

f b e   c  a ec d d e  ac  de  a a e  c c a   e c e e  

e  c ac /c e  de a e b age f b e . 

Cha i e I : M ca i e de  e f  fib e  : C m eme  e  c m ac age 

Le e e  cha e de ce a c  e  e de b b g a h e f ca e  de   

d ff e  e  e  a ec e e  de a h e. U e e a  de  c a e  c a e  d  

a a  c e e  e e e  d b  d  cha e. Ce e-c  f ca e  e  a ce  

e , a e  e  c a e  e   e  a ec  acce   a c e   e  

a ce  e  he a e  e  he d c ab e . E e, e  d ff e  e  de  

a a  f b e   e  a  d  e ce -c , a ec e  d  g e  

 d ff e e  che e , f e   e   ca e  de  a a  c e . A , 

e  a a  f b e  e e  e e e   che e ac c e  f e de  e f  

 2D, de  e f  2.5D, de  e f  3D, de  NCF (N  C  Fab c), e f  c , 

e c. Q a   che e c e, e  f b e   a c e  e e e e  a ec  ce a  ea  

de c h  e  a e b e   f e de  c b e , de  che , de   ad , e c. La f b e 

e e- e c e che e c c e  e  e de a a  d ff e , a ec  a  

a e e  de face, a  a  a ec de  ec  de f e  d ff e e . I  a e e e   

de d a  e   a a  de a c ac  d  a e  de f b e   

d ff e e  e  f c  de a f e de a ec  de  f b e   g  e c ac  e e e  f b e .  

E a  d  e e  d ff e e  che e  d e c e f b e e a e  de  d  

a e e  e  g e  d ff e e , e c e e  ca e d  e f  f b e  e  

b a e d  c e e   chac  che e : ac c e, c e e  c c e. 

A , da   c d  de e e  f e d  e f  f b e , e  e de fab e   a a  

c e, a ca ac a  d  c e e  ca e de  c e  f b e e  a  

ce e   b e  a  de  e a  e e a e  af  d d e  a h g e 

de a e e  f e e  c e d e e e e e  e  ca e  d a a  de  d fa  de 
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e e  f e. La d e da ce de  e a  e e a e  e bea c  de e  e  

d e e e   a e d e ce  b ec f. Af  de a e  ce e c a e, a e e  ace 

de  d e  d d   a a  e a e d c  e. La c a  

c e f e e e a   ea  de a   e e  da  a a e. Ce e 

h e e e  a c e e  a  che e d  a e  d e  40 f b e  e  e e , 

 e  f b e  e e  e c d e  c e  a a  h g e e  c . De , a 

a e e e e c e e  e  c e   a e  de f b e , c e e  

f b e  h e , a  a ec  a e a e e  e ce c e e  e  f c  de a 

ec  de  f b e  , e e- e, e  e d ff e e d  a a   a e. P  ce  e  

de  f b e  e  e e  e  da  ce e h e, a ec  a  e c c a e e  a 

a e, ce  a  c f  a  de  b e a  c c e  ga e e . E  e a che, 

a face de  f b e  e  a  f c e  e e  e f e e  d  a  e  e  c e da  

a a  e. 

Ce cha e e e a  e h e de  a  de c ac  de  f b e   e e  

da  a a e  e   che e  d e c e f b e e e   d ff e  a a  e  

c e . I  e  e  e e e e c he  d  c e e  e  c ac  e  

b e e e  d e e c e e   che e c c e af  de e  

c e d e e ac  e e e  f b e . Le  de  b b g a h e  e  e e 

c e e  e  c ac  d  a e  de f b e e   a e e  e b e  a ec e 

h     a e e  f c  d  a a  e  de a ga a  g e 

a e de  f b e  da  a c e f b e e. Le  de  e  a  e e c e e  e  

c ac  e  f e c  a  e  a a e  c e a g d  de  f b e  e  f e , e 

b e de c ac  e  a f ac  e de  f b e . La c ac  a a  e  

e e a a  e da  a c e  , e e- e, e  f c  de a e e de c ac . 

La a e c e ga e e  e  de   e  a ech e de a g a h e  

e g e  a c e e e d  e  f b e . I  e  e  e e  g a he  e e  

e  d ff e  e  de a e e  c e X- a , Ga a- a  e  e  g a e  ec e  

e  ac e . Ce e da , a g a h e a  de  a  X e  e  e  de  

a ca  d e e  (a ca  e e )  e  a  d a  de  age  de  

ha e c . La ech g e de a g a h e c e e  de  ha e  : a ec  de a 

a e ca e e  2D a de  a  X  a e e  a a e e  a ec c  e  3D de a 

c e ca e a  de  a g h e  de a e e  d age . La ec c  d  e  

f b e  a  a g a h e e  d  e a  (Zhe g e  a ., 2024)   e e  a 
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c ac  de  e f  . E  e a che, a ech e de ec c  3D e a 

h e e  e de  a a  de (La  e  a ., 2011),   a c ac  d  a e  de 

f b e   che e c e. 

Ce cha e e ga e e  de  de   e e   a e e  ace de  d e  

g e  d e da  de a g a h e  ec e a c e 3D d  e  

f b e . E  e a che, ce e d e da ce e  ch e e  g e. A ,   e  e  

a  de  de   e   de  g a e  e  de  c e  f b e e , de d ff e e  

g e ,  che e c e. U  a  d a  e  fa   e  g a e   che e 

ac c e a  a   a g a  d  a e  de f b e   che e c e. La 

a  de a c e  e  d a e a de  d e  a  de  e  d c e  e  d a e  

a  de  e  f . Da  ce  a , e b e a e de  de  e d e  c e 

effe  d  c eff c e  d  f e e  f b e/f b e e  f b e/ a   e c e e  e  c ac  

de  f b e . 

A , ce cha e h e  e  d ff e  e  de  e   da  e  a  

 e ch  d  e d e  e  c c a   e a  c ec e. Pa  e e e, de  

e  de e e  e e e  a  e ada   e  a  d  e  f b e  

e  c a e e , e    e  f e . A , c e e  e  d c e  e ba e   a 

h e de  de  d f ab e , ce  e  e e e  a  c e    a  

 d e  e d e e  c e a d f a  de  f b e  e  f e . A ,  de  a  

de c ac ,  a f e  e  a de de c a  c a e, e ch  e e e  de  

e  f   e  f b e   d e  a  de  e  de e. D a e  e  de 

a  e ba e a   de  a  h b de  a  de  e  d c e  e  de  e  

f  e  e e , ce  e e  de d f  e   de  f b e  e  ac  e  e  f e  

da  de  c e  c a e  c e e  e f  . Ce e de  a  h b de  a  

 a  e e e a  (Dae e a  e  a ., 2021). Da  ce  de e  a , e 

c e e  e  c e  e b e e f e c  a  e  a a e  c e e 

e de a f b e e  de  a  Le g h/D a e e , e c eff c e  de f e e  e e e  f b e  

e  a g d  de  f b e  e  f e .  

P  f  ce cha e, a h e ac e e e d e e a  de a h e de Ha   e  a 

a  de a c ac  d  a e  de e  f b e  e  e e . S  a a  e ba e 

 a ec c  3D d  a e  de f b e a  e ec c  3D g ce  e 

c g a h e  a  X. La a g e e da  a h e d Ha  e e  de d f ,  

cha e ce ( ec ), e ce e de a ec  de cha e age 2D de  ce   d  
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g a he. E e,  a  de e e b e de  ce ,  a  ec e a e de a f b e. 

E e, e a  a  fa e a  de  e  f  de e e (B31) a  d e 

e c e. Ha  a fa  e ac  de  39 f b e  e   a  de  f b e  e e  e  a  

a c ac  de ce  f b e . E  e a che,  a a  e e e e e  de  e e e  

f b e  e  e  e  f b e  e e . De   d e e e d a  e  c e e c ac  e e 

e  f b e , a c b e e  e a  de  f b e . Pa  c e , a h e e   e d e 

e  c e e  ac e  e  e  a c ac  de  40 f b e  e  PE de d a e de 500  e  

de g e  de 15 . Le  f b e   d e  a a e  e  g e e  e che e  e  a 

de de d f a  ch e e  ce e de a c ac . 

Cha i e II : D el eme  de  il  d a al e m i e de la 
c m ac i  de  fib e  

Le cha e 2 e f ca e  e d e e e  de   d a a e  e  de a 

c c e d  a e  de f b e   de a c ac . Da  ce cad e, e cha e ab de 

 ec  a e e .  

La e e ec  e  a ec c  d e g e 3D   a e  de f b e  e  

e e   de e  c ac  a e ach e de c ac  e da   g a he. 

La g e a e de  f b e  e  ca e a a  de c e ce  a c ac . U e f  

ca e,  g c e  d  g a he e    ec e e e 3D d  a e . 

E e, de  e a  de c ac  a ec a e e e  e  d ace e   effec   e  

a  de c ac . A  cha e a e de c ac ,  ca  de a g e e  effec  a  

e g a he. Le  e a  de c ac   de  effec e  e  a  a e a ec e e e 

de c ac  de 1 / . e  e a  e  e  de a f ce de c ac   

e c be e e e e e  a f ce de c ac  e ca ac e a  e e a a  a  

cha e c ac , ce  e e  a  e ga a  de  f b e  af  de e e  e 

e e  d b e. A  a  ec  a g e 3D de  f b e  a  e 

g a he, a g e ec e e a, g ce   c de Ma ab,  d f  e   d  

ce e de  ec  cce e  de cha e f b e. Ce    e e a e b   

e e  e  a e  de  f b e . La c e ec e e  e e e e e  Aba e  

c e e g e d e  a e  de f b e  af  e e  e  de  

a  de c ac . La  a a e d  ca e  ( a e de  e ) f e   a 

c  de a ec c  3D a ce  a  ac e  a c  de a d f  de  

ce e  de  ec  e  e  d a e  de f b e . 
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La de e a e d  cha e 2 e e a h d g e de g a  d  d e 

g e d  a e  de f b e  e  3D a   e a e  e e . Ce -c  c e 

e  de  ha e : a g a  d  a e  de f b e   a  de  f b e  ca e  a   

g a he e  a a  de a c ac  de  f b e  g e . La a g e de g a  

d e d a a   d  a e e  a  f a e FIJI de  age  de cha e ec  de  f b e , 

c e a  e g a he. Ce a e e  effec e e a a e de a d b  de 

' e  e e de  e  a a e a  a  ec  de f b e  d d e e , ce  e e  

de a e  e  f b e  e  e  e  de e  e e e . U e f  e  age  a e  a  FIJI , 

 c de Ma ab e e  de d ec e  e ce e de cha e ec  e  e d a e de cha e de f b e 

da  cha e ce a e f c  c f e de Ma ab C c e H ff T a f  (CHT) . Le 

c de Ma ab e    c ec e  e  ce e  de  ec  e  e e  e  a e  de  f b e   

a  de  ce e  de  ec  de f . E e, e a  de a c ac  de  f b e  

e  effec e a  Aba  ABAQUS /EXPLICIT  a ba e d e a g e e e  ace da  

a h e de Ha . Da  e cad e de a h e ac e e, a a g e de Ha  e  d e e a  a 

e e  c e de a g a  e  c e a  de  e e  a . Da  ce e -c , e  

 de c e   d  a  de  e  d c e  d  fa  e e  a ea  de 

c e  e  e a  a  CATIA V5     a a  a  a b  de ch  d a e 

e d e . I  a  d c b e d e  de  e  d c e  e e . E  e a che, 

 a a  de a c ac  de  f b e  c e , de  e  a a e    . 

I  a a  e a c  de  de  e  d e  e  a e a  e  e  a a e  

  eff cace   e  e  de ca c  e  a . Le  e    e  f b e  

 a  de  e  B31 de e e. Af  de e e   b e  e  a , e d f  

d  e e b e de a a e  e  a  ce a e. A , a a e  d  c eff c e  de 

f e e , ce a e  d e  e c ac  e e f b e , a  d f e a  𝜇=0.2 e  a 

h e de (Ga a a, 2016) ; Le c eff c e  de  e  de =0.25 e  a h e de Ha . Q a  

 a a e  d  d e de a c , de  e a  de ac  e  e  c c e    

effec   e  ce e a e  e  d c e e c e e  de  f b e . I  e  e  a  

c e   c e e  e a a e de  f b e , ce  a  d  da  e  

a , e   d e de Y g de 6 G a a  e a d f a  a a e de He c  de 

22.5  30%.  

Ce e da , a d ec  de  ce e  de  ec  de cha e f b e e e de  e e  de d e 

de  1 e  da  a a g e ac e e, ce  g f e e a g e de  f b e  e e  da  

e  c de  de  e  f  a e  de  a  de  f b e  da  Aba  a  
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e e  e e  a  e e e . E  e a che, e  a  e  a g   e a 

a g e e e c h e e e e e  de a  e e e e 2% d  d a e de  

f b e . De , e a g e de c ec  de a a  a  e da  a h e ac e e 

e  e d e  c e effe  de a g a   a d  a a e de  f b e . 

La de e a e d  cha e e  a e e  ace de   e   a a e  a 

c c e d  a e  de f b e e  b e e   de a c ac  e  d f a  de  

d ca e  e  c e a  de  f b e , e b e e e e  f b e , d a  

e  e  e a  a a e  de  f b e , a g e d c a  a d  de  ec  de  f b e , 

e  e  a  a  a  a e , da  e a  d e ce d e, a g e e e de  f b e  

e e  da   a  e e d c a e a  a  de  ce , e a  de c b e e  d a  

de  f b e  da   a  e  a  de  f b e , e a  de  f b e . E e, ce  d ca e  

  c d   a a e  a c ac  e e  e e a e a a e e . 

T ef , a e e  ace de  d ca e  f ab e  c e  d f   ce  a  a ce 

 a   a  de  ce  d e e  : a e e a  e d e  a ec c  

de  f b e  e  a de e a  e  de  e e  de ca c  de  d ca e . E f , e  

d ca e  d e  da  ce e h e     a a e  de  c e  e  

e  d a e  c e  ca e  a  e g a he af  d c e  de a c ac  e  

d f  e  e a  de  f b e , e  c ac  e e e  f b e  e e - e , e  c ac  e e 

e  f b e  e  e  a ea  de c e  e  e  d a e  a a e . Le  a a e  e e 

ce e d a che e, de d a  e  de a , e e  a fa a e e e  

e e  de e a e  e e e   a ab e . A e d e e e, e e  de a 

 de  f b e  e  d e de 2% d  d a e de  f b e . 

a  d  e e a e  e e   d e f ab e,  e a b e de g e  

e  d e  g e  de  a e  de f b e  e  d  a e  e de a a e 

de a c ac , ce  fe a b e  d  cha e a . 

Cha e  III : G a e  d  a e  de fib e  al a i e  e  a al e de 
l i fl e ce de  a am e  de g a i  

Le cha e III a  b ec f a c a  d  g a e  de a e  de f b e  e , a 

a da  e   a  af  de e e  d ff e  a a e  c c a   a e 

 d ff e e  c a . I  e  c  de  ec  a e  : 

 Sec  7,  e e a a g e de c a  d  g a e  e  e  a a da  
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 Sec  8,  e e effe  de  a a e  c c a  de  a e  de f b e  

 e c e e  e  c e  

 Sec  9,  d e effe  de d ff e  a e  de cha ge e , de a e e de 

c a  e  de a de  de f b e   e c e e  e  c e  

Sec i  7 : a gie c a i  d  g a e  i el d a emblage  de fib e  e  
ifica i  de a fai abili  

Ce e ec  e e a a g e de c a  d  g a e  de a e  de f b e  e , 

e e a  de c e  e  a a e  c c a  ab  a  Cha e II  a  de  

b e a  g a h e  ;  ag  a  e e e d  b e de f b e , de a ce e  de  

f b e , de d a , e c. 

La h de ch e e e  e a g e e e  eff cace e  3 a e  e  ce a  2 

g c e  d   da  e e e de de : Ma ab  e  2 e e  a e  e  Aba  

 a de e. La e e a e c e e  a c a  de f b e  d e  a a e e  

e e , a g e  a  c e a  a g e  a e d  d e ;   c d e e 

b e e e a  a e b age f b e  f a , a g e  de a b e e  ga e  ca  e e a 

ec  de d b  e  a ec  de f  de cha e f b e. A ce ade, e d e e  c  de 

e  a e  c e a  chac e e f b e d e de ec  c c a e c a e. U e f  

e  e  f b e  c e , a ec de a e c e  e  e  e d a  a  e  

d   e   d d a . A ce e a e, cha e f b e e  e c e e da  a a e, 

de e  e  e a . La e a e c e a   e e e  f b e  e  c ac ; 

ce a e fa  a  a  e Aba , e  a   e  de g a  a  d e. 

L e e b e de a h de e  ch a  e  F g e . 

 

Fig e i Mai  e  f i al me ical a d m fibe  b dle ge e a . 
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Af  de a de  e g a e ,  d e    c  a ec e  e  a a e  

c c a  e a e b age d e  a  Cha e II  e  e a  e e a  

e  de  a    a e  e  e d a  e e a e  de cha ge e . Le  a  

b e  e  de  c be  e  de c e  e  f c  de a f ac  e de 

f b e  c h e e  a ec ce e  de  e a  e e a   e   d e  e  ; b e  e 

ce a e  d ff e ce  e e  c ce a  a a  de  f b e  e  c  de ca c , e e  e e  

fa b e  e  e de   a e  e a e  a g e e. 

Ce a e e  de f e  a f ab  d  g a e  d a e b age  f b e  e  e  d e  ce  

  g e  de  a e b age  de a a e  c c a  d ff e  af  d e g e  

e  ac   e c e e  de a e b age f b e   d e e  c a , 

a e  c , a c e . 

Sec i  8 : Effe  de  a am e  mic c a  de  a e  de fib e   le 

c m eme  e  c m e i  

Ce e ec  a  b ec f d a a e  effe  de  ca ac e  c c a e   e 

c e e  e  c e  d  a e b age f b e . Ce  ca ac e   d a  

de  f b e , e  a ce e  e  e c eff c e  de f e e .  

Af  d d e  effe  de e a  e  d a , 8 a e b age  e   c  d  

a e a ec de  f b e  d e , ga e   f e d  a e b age c ac ,  f e 

d  a e b age ec a g e e  2 de a e a a e a  de  h de  d ff e e . P  e  

a e a e  g e , e d a  e  c e a ec , de ,   a e  

d d a . Cha e a  e  a a , a a  e  a  c e ,  a e  d ff e  

d ca e  : 

 C be de e  de c e  e  f c  de a f ac  e de f b e . 

 O e a  e  d e a , a  a a e d  e e  d e a  𝐴33. 

 N b e de c ac  e  a g e  e e e  f b e  e  c ac . 

 U d a . 

Le  c be  de e  de c e  e  f c  de a f ac  e de f b e  e  

de  c e e  a e   e  de  a e b age  de f b e  d e  a a e e  

e e , a ec e e  de c e   e e e a  e e  a  d  ca c  e  

 ce e a f ac  e de f b e  a g e e a  e  de 72%. Ce a c f e 

e e e a e de a a ge e  de  f b e   fa b e e , e  a fa b e g d  de 
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f e  de  f b e ,  e  e e  de c b e  e  e ace  b e  e  a  de d e  e e. 

Da   ec d e , a e  a g e e  a e d e  a  a a  de 

ed e , ce  c e d  e a g e a  de  c ac  e e f b e  e  d c e e  

de c ac   a c e  e e e  f b e  e  e e . D a  ce e a e, e e e  

de  f b e  d e. E f , e  a -de  de 75% e  de f ac  e de f b e , e  c be  

e g e  ce e  de  a e b age  ec a g e e  c ac . P  ce  de  de e  a e b age , 

e  f b e   d  da  e c f g a  e e  e  e  a a ge e  e   

b e . I   a d c e  de e e  de f b e , c e e c f e a c a e 𝐴33 d  

e e  d e a . Ce e ca ac   e ga e  e  c f e a  e  de  a e  

d ca e  : e b e de c ac  a g e e  e  a e b age  de f b e  a a e e  

e e , de e e a a  de  a g e  de c ac . 

Q a e d e  de f b e  d e   e e c a  ; a f ac  e de f b e  

a e  a e e e 27.8% e  46.7% a  e e e a e de -c e  e  a e 

 ce e  e  a e b age  a e g e  46.7% de f ac  e de f b e , a   

e  a   c e f e ce  a c a a  de  a , af  d e c e e  effe    

a a a  de f ac  e. Le  c be  de e  e  f c  de a f ac  e 

de f b e  e  de  c e e  a e   ce  de  f b e  d e  a a e e  

e e . De ,   e  cha  e e c e e e b e e e ,  

a e e e  e  f b e   e  c ac  e  e  d e ace  b e  b e  ; a f ac  

e de f b e  a e  a   a . De e e c de e , e 

a a ge e  de  f b e  e c f e a  e e b e de  d ca e  e  f e ce de 

d a   e c e e  e  c e  e  e. 

E  ec d , effe  de a ce e  de  f b e  e  d . P  ce fa e,  a e b age  

 c  e  c a  ; e e e  e  ce  de f e ce c e da   cha  d  

Cha e II. Le d a e de  f b e  e  de 0.5 , c e da    a ce e  𝑆0 de 3.64%. 

Le  a ce e   e e d  a  10 e  a  50  c e  e  de  a e  cha . 

Le  a  b e  e  e  e  f b e   a c e ,  a e  de c e  

e  fa b e  e e f ac  e de f b e . Ce a e e a  a ca ac  de  f b e  

 e a a ge  d a a   e e  g d  de f e  e  fa b e e  d c d a a   e e  

d a e d e. Ce a e c f e a  de  c ac   a g e e  a ge e   e a  

d e. 

E f , effe  d  f e e  e e f b e  e  a a , e  fa a  a e  e  c eff c e  de 

f e e  de 0.2  0.8 e  e  a  e  e,  e  fa b e  f ac  e  de 
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f b e , a e  de c e  a g e e a ec e c eff c e  de f e e  a ,  e  

a e b age   de e , e  effe  de a g e a  d  c eff c e  de f e e  d a a e . 

E  effe ,  e  fa b e  f ac  e  de f b e , e  e ace  e e f b e  a   

b e , e  f b e    b e  de e  e  d c e c eff c e  de f e e  a  

ac  d ec   a e  de c e  ce a e  e e e  f b e  e  e e . 

L e a de  a g e e, e  e ace  e e f b e  d e  e  e a a ge e  de e  

cha e e  e  e  e  a d f a  a e e de  f b e  e  e  e c eff c e  de 

f e e . 

L'e e b e de ce  a  e e e  a a e  c a  de  a e b age  f b e  

ac e  e c e e  e  c e . La e   e e a  e  ce e de ac  

de  a a e  d e a   e c e e  e  c e  e  c e  ce  e  e g  da  

a ec  9. 

Sec i  9 : Effe  de  a am e  d e ai   le c m eme  e  c m e i  

Ce e ec  a a e effe  d  a e  de cha ge e , de a e e de c ac  e  de a de  

de f b e  a e  e c e e  e  c e  de a e b age f b e . 

Af  d e g e  effe  d  a e  de cha ge e   a e e  c ac , d ff e  a e  

de c ac  b a a e  c  a ec de  d f a  f a e  de 6% e  12%. Le  a  

e  e e  d ff e  a e  de cha ge e  e  c d e   e d ff e ce g f ca e 

da  e c e e  e  c e  a  e c d e  a   de  d ff e ce  g f ca e  

de  c ac . Ce e da , e e  a e b age  a e g e  a e f ac  e de 

f b e  a ec d ff e  a e  de cha ge e , e  a g e  a  ea  d  c ac   d ff e . Ce 

a  e b e d e  e a  de d f a  e e  e d ec e e   e  e a  a ec 

a  de c a e  da  e  a e b age  f b e  a  ga e e  e e b e de c ac  e 

e e  a    e  de d c e a g d  d e c c e. 

E  e, e  af  de c e d e effe  de a e e de c a , e  a   a e  

a ec 9 e e  de c a  d ff e e  : 𝑉0,  0.5𝑉0, 2𝑉0, 3𝑉0, 4𝑉0, 5𝑉0, 10𝑉0, 20𝑉0,100𝑉0 e   da g 𝛼 = 105. Le c a  c a   e  d c e  e, e a e e 

de c a  a g e e, a e  ce a e  a e d e a e f ac  e de 

f b e  a g e e ga e e . E  effe , e e e fa b e a e  de e  a  f b e   

ada e   a e e c f g a , ce  e e   a c e e e e  a   

ca e  d e . La e e de c ac  a d c  effe  a   e c e e  

e  c ac  e  e  effe  de e a a  de  a e b age  f b e , ce  a ga e e   
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c a   de  e a  e e a . 

E f , a f ac  e de f b e e   a a e c  da  e  a  e  c ac  

e e affec e a de , e   ca e  e  a c c e de a e b age 

f b e . La de  f a e e b e ac e  a e a a   e   a e e 𝑉  

a g e e. De , e 𝑉  a e   ce a  ea  e b cage de a c c e e d  

d e e  effe . 

Ce  de  de e   e e e  d e  a c  d  c e e  de ce  

c c e   d  e c d e e  a f d e. 

C cl i  e  e ec i e  

Le  a a  e  da  ce a c    e e  de a de   e a e  e  d  

c e e  ca e de fa cea  de f b e  de e g  af  de  a e  de  

de  a a e  e  de e b  de  d ff e  a a e  de a ch ec e. P  ce a, e 

c e e  e  c ac /c e  a  ch  ca   e  e  c e e e a  e 

 e  e  a ga a  d  ea . P  a e  de,  d e c e a  40 f b e  de 

e e  g e e  e che e , a  a a e  e  de d a e 0.5  a  ch  c e 

cha  d e. Le ch  de cha  e  fa  da  a eche che d  c  e e 

a b  d a a  de  h e  h e  e  a a  de  e  de ca c . 

E f , e a  de c e  a  ch  c e e a  de a da . 

La a g e e e  ace, af  de d e e  de  d e  c  d a e b age  f b e , e e 

 de  a  e  de c ac /c e  c e   de a g a h e  

a  X. L b ec f e  d b e  a ab e c c e a e de cha  a  e 

  a  c  de a c ac /c e  e  f a e e , d b e  e  c be  de 

c e e  de cha   c ac /c e . P  ce fa e, e a g e de 

- a e e  d age  de g a h e d  a e  de f b e  a  ab e e  e e  

e ac  de  g e  e e  de  f b e  da  e b  de e  d e , a  a e, a  de  

e  e  da  ABAQUS /EXPLICIT. L a che e e e  e e ac  

a a e, a de e  c e de  g e  e e  de  f b e  de a e b age f b e  ; ce e 

e ac / ec c  a  a d e a  a e  de  age  de g a h e a ec e  

f  ec . De , a ca e e c e a  e  f b e   de a g a h e a  e a e 

e  d e a CATIA V5   a g e  d e da  Aba  a   d e 

g de d c e . 

Af  d a e e  e  a a e  de a , de  e a  e e a  de ac  e 
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e  c c e   a   e  f b e   d e e  e  d e de Y g ;  a a  a 

ga e e   a   a a e a e de  e  af  de d e  e  e  de ca c . 

E f ,  c e de a a  a  a . E  effe , a  a a e d  g a he 

e  a c  d  g a e de d ec  de  c  a a e de Ma ab e e  

c d e  de ge  d ca age  de a  a e de  f b e , ce  e  c d e  de  

d ff e ce  e e e   de  f b e   de a a  e  ce e   de 

e e a  a  e a . U e a g e de c ec  de a a  a d c  e e  

e.  

Af  de  d e  a c c e  a  d f e, de  d ca e    d f  e  e  

 d a a e a c    c . Le  d ca e  de c a a   e b e de 

c ac  a  e  de a e b age f b e , a a  de  a g e  de c ac , d a  de  

f b e  (c b e e  a  de c b e) e  e a  de  f b e  ( e e  d e a  e  

d e a  a  de a e Z de a d ec  de  f b e ), a  e e  c be  de e  de 

c e  e  f c  de a f ac  e de f b e . 

U e f  e   c  e  e  a a e  de a   a  ,  cha    

  a de  a a g e a  c a a  e e a a  e e  e  e a  

e e a   g a he de c ac  c f e. Le  a  e  de  ca  

e e e e a  e  e de e e  ce   e e b e de  d ca e . B e  

e ce  a  a e  e c e e a ,  e e e  de a de  a a g e de 

a  e  e   d a a e de a c c e d e . L e e b e de a d a che 

e  a  e e  a a e   e  e  ca e  de ea  a e b age  

f b e   d ff e e  c a , e  aff a ch a  d e a  e e a . 

I  e  a  ce a e de c e  de  d e  cha e  e  a e  de ce  a e b age . 

U e a g e de c a  de g e  de a e  de f b e  a a e  e  e  a ec 

de  a a e  de c e c  a a   d e e. Da  ce e a g e, af  d e  

e  a , e  N f b e   g e  da  N a e  e  a g a  d  a e  f a  e  

a e e  3 a e  :  a de d  g a e Ma ab cha e f b e d e e  c e a ec e 

 a a e, e d e a  a  de a e de  f b e  e  e ;    

e   d d a     e  f b e . P , af  de e d e a e b age 

a e,  e  de g a  e   da  ABAQUS . Ce e a g e de c a  d  a e  

de f b e  a  a d e a  de  a  de c ac /c e  de 3 g e  d  e  

a a e  c c a  c e de   ce  de cha  2   e  e a  

e e a . M e  e c e e  ac  e  c e  e e e  fa b e  
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d ff e ce  e e e a e  de f b e  g  e  e e ce, e  a  e e   c h e  

e  e g a e  e  c  a d c  e   a e  de b e  e a  e  da  

e b  de c e d e f e ce de  d ff e  a a e  c a  e  de cha ge e .  

Le  a a e  c a  d   d a  de  f b e , a ce e  e  e c eff c e  

de f e e  e e f b e . Le  a  b e  e  a a e de  d ca e  de c c e 

e   e  de d e e  e e  e e  c c , e e a  a  de e  

e e e  de a a g e d e e.  

T  d ab d, a g e e  a  de  f b e  e   fac e  a  da  a ca ac  d  ea  

 e a a ge  e   e d f e  ; e  effe ,  de  f b e  a fa e e  a a e  e  a g e , e 

e  d e ace  e e f b e  e e  e e  a  de e  e da  e a  ;  , e  

f b e  d e  a b a e e  a g e  e e e   d e ac  e  c  d e a , fa a  

a a a e, a  e e e, d  g e e  e  de a f e . Ce  e ac  e ge d e  de  

d f a  g d a e  e  e e  d e de  a a ge e  ca . E f ,  e  

f b e  d e , d a  a g e e a ca ac  de  f b e   e ag  e e e e . P  e  

f b e   d e ,  e e   e  e e de f e  de  c e  c e e  e da  a 

c ac , a g e a  a  e che e e  a  c e  a g d  de c e .  

De e e , af  de e e  effe  de a ce e  de  f b e ,  d e    c a  

a ec de  d a e  de f b e  d ff e  (0.5 , 0.05  e  0.01 ). C e a ce e  

e   a a e e e e  de a g d  de f e , e  f b e  de d a e   fa b e    

a ca ac  de e d f e   eff  e e  e  d c  e  ca ac  de e  e  e ace  

de , c d a   de  a e b age   c ac   e   fa b e . A ,  a  

 f e ce de a g d  de f e  de  f b e   a g d  de c e . 

E f , af  de e e  ac  d  c eff c e  de f e e , 4 d e    c , a ec de  

c eff c e  de 0.2, 0.4, 0.6 e  0.8 e  e  e  e  fa b e  f ac  e  de f b e , 

e  d b  d e a ,  e c eff c e  de f e e  e  e ,  a g d  de c e  e  

e e ;  e  f ac  e  de f b e   e e , effe  d  c eff c e  de f e e  

 a g d  de c e  d a a  d  fa  d  e age de a c c e. Le 

c eff c e  de f e e  e  d c  a a e a  e  d b  de c e  a  e  

effe  d e  e  c  d e a   e  e d a . 

L e e b e de ce  a a e   ga e e  e  ga e e  de e  e e b e de 

c ac  da  e  c c e ,  e   a a e f e , e e e  a    e  de 

e d e c e de a  de g d  de c e , e da  a ha e de c ac . 

Le  d a , e  a g e  de  f b e  e  de c ac   ga e e   e d e e  c e. 
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F a e e , f e ce de  a a e  de cha ge e  a  ab d e : e a e  de cha ge e  

a  e de a e e de c a  e  a e a a . P  a a e  ac  de ce  a a e , 

e  d e    c  e  fa a  a e  e  f ac  e  de f b e  e  e  e e  

de c a . Le  a    e  f e ce de ce  a a e   a 

c c e e   e c e e  e  c e . S  e a e  de cha ge e  a a  

d f e ce g f ca e   e b e de c ac  e  e b age de  f b e  e e  

d f a  f a e   e  e ,  ac e  e a a ge e  de  f b e , e  a e  

e  a g e  de c ac  ce  c d   e d f ca  de a a  de  eff . I  e  

e e d f ca  de a e a  eff /d f a . A ,  e b e  e a  

de d f a  e c d e a  a e e    e a  d eff  e  f c  d  a e  

de cha ge e , ce  e    c   e d a  a  che e  e e . 

L effe  de a e e e  ga e e  e a  e  a  e e e  de ce e  a e e 

a g e e,  a e  ce a e  a e d e a e f ac  e de f b e  

a g e e, e a  e  e a ca ac  de  f b e   e ga e  e e  e e  de 

c a   fa b e  e  d c a ce d  h e de e a a   fa b e e e. Le 

h e de e a a , c a   de  e a  a  ga e e  ab d . I  e  b e  e d  

a  e d e e   e b e e a f ac  e e  e da  e  de a e a a . 

Ce  de  de e   e e  e  de ce  c e e  e ,  e a  

e a  d d e   e  d a  e  , e f , e c e e a   e d e e  c e da  e  

d a  a  che e  e e . 

 

T  ce a e  e  e e a a  a  a   e e e  ace  e   

ce a e   a a e de a c c e d a e b age  f b e  e  e  a  e  b e  

e a e , e  e e e  de a a g e. Ce e da ,  e e e c e bea c  de 

e   c f e  e   e e . D a , e  d ca e    d f  e  e   

ce a e   e  e ac   e  ace. I  fa d a  a e a   d e  de fa  

bea c   f e a c c e de  a e b age  f b e  a ce  . De e,  

a a  c e  b e a   a a a  de a   e d e e  c e 

e e b e de  a a e , a  e e  : 

 T a e  de cha ge e :  

o Da  ce e de, e  cha ge e    a c e  a a e  

b a a e a ec d ff e  a e . Ce e da , a ba e de d e  c e d  e 

e ch e a  de e e  c c e  e  de ea   de c a a   



17 

 

c f e  e  c c    d e a ce a e e  a d a  d  

c e e  ca e.  

o D a e  a e  a e  e e a , e  e a c ac   c f e ; 

e da  a c ac   c f e,  ca e de  be  a a e , e  e ac  e e 

f b e  e  e  d f a  e e  e be   g a de, e e a  a  f b e  

de e  e  de e e e  b e e  da  a d ec   c ac e.  

o D a e  e  de cha ge e   ga e e   e e   b e e  a e 

de a c c e a  ga e e , de  cha ge e   c e e  e  de  

cha ge e  c  da  de  d e  d ff e  a ec a da  e e a e   

g a he. De  e a  de c e  b a a e  g a he e a e  a e  

e a   c f e  e  a . 

 Ph e  d h  :  a  e e a  de e  de  c c e  de 

cha ge e /d cha ge e  af  de c e d e e  e  a  h e  d h , 

de  e e  a d f a  d e e de a c c e e   .  

 F e d  ea  f b e  : e a e e e a e e  de a e  a f e d  ea  

f b e . Pa  e e e, Pha  e  a .(Pha , Ha-M h, Ch , Ka , & I ad, 2020)  a  

de  a  de c ac  de che  e c a e , ce  e e e e 

e ec e  ce e de ; e  effe , da  e  de, a e b age f b e  a e f e 

e c a e d a e (a ec d ff e  a  a/b, F g e ) e  e    de a 

c ac  a a e  b a a e af  d b e e  effe  de d ff e e  h g e  

d a e b age  f b e  e  e  cha ge e  de c c e d a  a c ac . Ce e 

a che a de  c e d e a d a e de  ea  f b e   c ac . 

 

Fig e ii The le - ha ed c m ac i  ca el. 

 I f e ce de  a a e  c c a  : a a g e de a  d e e c  

a ga e e  e  d d e  f e ce de  a a e  c c a   e 

c e e  ca e. Le g a e  c  a e  de e d e e  c e d ff e  

a a e  de a c c e, e  e a ce e , a c b e, a d a  de  f b e  

da  e  d ff e  a . B e  e e  c b e  e  a ce e  de  f b e  a e   

a ge e  d  c ,  e e bea c  d a a e   e e   a d a , a e  
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d   de e a a f. I  a  e e a , a  e e e, d e e   e  

f de  c e  e deg  de d a  de  f b e  a  e  d  ea  affec e e 

c e e  e  c ac . E  e,  e  a  de e  e, e da  e c d  

de ab a  de  c ac  a  g a , e deg  de d a  de  f b e  e  e  e  

ac e  a c  de  a . C e  , de  a a  f  a e  a e  

e g a e   d e ce e e e  e  a e  e e deg  de d a  de  f b e  

e da  a a  c e d a fa e e   a g e a e.  

 N b e de f b e  : da  ce e de,  cha  d e de 40 f b e  de 0.5  de 

d a e a   e  c e. Ce e da , e  che  de f b e  ech e  ac e e   

c e  de ce a e   e  e  de f b e  de e e  d a e  de c  de 

d a e. A a e ,  c e d a de a e  de  a e b age  f b e  e a cha  de 

 e   de a a  e  de e e  e  c e e   d e e  c a . 

Effe  de e age : a e e  c e de e age da  e  a  e  e e 

f da e a e ga e e  e   cha e ge da  e  eche che  ac e e . Le c d  d e age, 

d a  e e  e  che   e e  da  e , e e  d a e  e  , 

e e  e e c eff c e  de f e e  a a  da  ce e de. Ce e da , e age e e  

ga e e  d b e  d a e    e  a  d e  c  e  e e e  cha e ge 

d  fa  de e  d e  : c  ch e, c , a , e c. La d f  de  

a a e  de a   a e e  c e de ce   ce e a ga e e   

b e c e  d e a  e e a . P  a e   ce a, e  a g e  e e  e 

e  e  e c e a  de ech e  d age e de ha e   

a e  a d b  de e age  e  che  e  a e e  e  a a e  

c c e  ce a e a  d e e e  de d e  de che   c e e . 

  



19 

 

Ack ledgeme  

A   PHD e  f h ee a d a ha f ea  c e   a  e d, I d e  e e   

g a de   f e d  a d e  h  ha e ed e a g he a . Ref ec g  

 e  F a ce, I d e  ha  e f f   e e e a ce h gh  h  ce . 

I  ha  bee  a e d  a e e g, de e de , a d h g. 

  

I a  f d  g a ef    e , G e  HIVET, a d c - e  A d e  HIVET, 

a d A a  SHANWAN. The  a e ce a d e c age e  e  e c f de   c e e  

he . We  a  a ea  a d he    g de e   , b  e a  he  

a de a d   a d fe f e ce  e. E ec a  he   c e   b e , G e  

a a  de  e  dea  a d a ,  e a a  f d a a   e he b e . 

E ec a   he f a  age , e e   he e e g    aca , e ca  a a  ee   d c  

 he . 

  

I d e  ha  A e MARDUEL a d Ch e e MARLY-CHANTELOUP   

ab a  f  he  e c age e  a d he . I d a  e  ha  a   c eag e  a d 

fe   he ab a , h e c a  a d  a e he a  f   da  

acade c fe. 

  

S ec a , ha   Ma h e  Ve  f he CERMEL ab a  f  h  a e   f  

g a h  e ea ch. H  fe a  edge he ed e  e c e a  d ff c e   

 he . 

  

M  f e d , b h  F a ce a d  Ch a, a d  a e  e  J a b  LEI. The  ha e 

a a  g e  e e c age e . The   ha  bee  a e g, e ha e each he '  

e  a d ha e ,  he a  a  f  fe. 

  

I a  ea  a   ha    fa  a d  b f e d, h e g e  e  ch . 

E e  h gh I  a   fa  ce d g  f  ea   F a ce, a d e e  h gh I a  

fa  a a , I c d  fee  he e a d de a d g f   fa . M  b f e d He  

SONG a  he e d g  ha d e d, he he ed e h h e  a d e a g ea   

ha  I c d c ce a e f    he , a d he a a     a d  fe. 

  



20 

 

I a  a ec a e he f a c a   f  he Ch a Sch a h  C c  (CSC), h ch a  

c c a   f d g  acade c e . 

  

I  he a  b  he e d, I a   e e   g a de  a  he, f e d , a d fa  a d  

e  h  ha e ed e h gh h  e  aga .  

 

Tha  e f ce aga . 

T  a  f , he f e  g! 

  



21 

 

R m  

Le c e e  ca e d  e f  f b e  e  f da e a   de a e e  f e 

 a fab ca  de  a a  c e . Af  de d e ce c e e , de  e a  

ca e  e  e  a  ff a . I  e  d c ce a e d b e  e ab e  de 

c e e  d  e f  e  f c  de  a a e  de a c e f b e e. L b ec f de ce e 

h e e  d d e  e c e e  ca e d  a e b age de f b e  a  a a e . P  

a e d e ce  b ec f,  e  d c ce a e de c e d e e  a f e  f e ce de  

a a e  de a ch ec e f b e e   c e e  ca e. U e d a che e 

e e a e/ e e  e. La a g e e c e  a e  de  

a  e  a  e  f , e  d a e e c e, e  d a  cha e f b e 

a  e e B31, e  c ac  e  e  a ec e  a e . A  ea  e e a , e  e  a  

de  a e b age  de e e  d a e  de f b e  d e  de 500 c , de  e a  de 

c ac /c e   g a he  a . Ce  e a  e e e  d b e  

 de a ch ec e f b e e e  f c  d  cha ge e   e  de  c d  a  

b d  a e . De  d ca e  d  de a c c e  a  d f  af  

d a a e  e  - a e  e  a . U  a g h e de ec c  e e  de ec e 

 d e e e e a f de a e b age e ,  cha e f b e e  d e a  e 

e B31. L de f ca  de a  de c e e  de a f b e e e  a  de a e  e  

a  de a c e e e. La c a a   e  e  d cha  e e  de 

a de  a d a che e e  a  de e e a    e a e  e  ab e  

e  e c e e  d a e b age  e a . Pa  a e, e a g e de c a  

d a ch ec e  f b e e  e e  e  e a    de a a e. Ce e-c  e e  

de c e  a de e  de  a ch ec e  de  e a ec de  a a e  d a ch ec e  a . 

G ce  e e b e de  a e  c de e  e de a a e e  e e e e  a  

f e ce de ce a  a a e  e  e ab e : a a e de a c c e a e, 

d a e de  f b e , fac e  de f e e  f b e/f b e e  a e  de cha ge e . Ce e de e 

a e e e  de d e  eff cac  de a d a che e e  e ga e e  de 

b e e  e ec e . 

 

M  c  : F b e , C e , M ca e, che e c c e, M d a  

  



22 

 

Ab ac  

The echa ca  beha  f a f b  e f ce e   f da e a  d g  ha g f  he 

a fac g f c e a e a . T  ed c  h  beha , echa ca  e  a e a e  

ff c e . I   he ef e ece a   b a  a e beha  a  f he e f ce e  ba ed  

he a a e e  f he f b  c e. The b ec e f h  he    d  he echa ca  

beha  f a  a e b  f a - a a e  f be . T  ach e e h  b ec e,   e e a   

de a d a d a f  he f e ce f he f b  a ch ec e'  a a e e    echa ca  

beha . A ed e e e a / e ca  a ach  ed. The e ca  a eg  

e  c d c g f e e e e  a  g e c  d a c , he e each f be   

de ed a  a B31 bea ,  c ac  h he he . E e e a , g a e b e  f a fe  

d e  de  f be  f 500 c , c ac /c e  e  a e c d c ed de  

g a h . The e e  a  f  he b e a  f he e  f he f b  a ch ec e 

de e d g  he ed ad a d he a ed b da  c d . M c c e e  

d ca  a e he  def ed  a a e a d ce  he e . A ec c  a g h  

e ab e  he c ea  f a e e e a e e ca  de  f he e ed a e b , he e each 

f be   de ed b  a B31 bea . The de f ca  f he f be '  beha  a  he  a  f  

he a  f he e ed c e. C a  ac  e e a  e  f a e  a da e he 

e ca  a ach, h  e ab g he de e e  f a a  e a  ha  ca  a e he 

beha  f -e e  a e b e . S b e e , a a eg  f  c ea g a  f b  

a ch ec e   de e ed f  a a e c d e . Th  a eg  a  f  he a d c ea  f 

a  a ch ec e  h c ed a a e e . W h a  he eced g e , a a a e c 

d  ca  be c d c ed, e ab h g he f e ce f ce a  a a e e : a  c c e 

a a e e , f be  d a e e , f be /f be  f c  fac , a d ad g a h. Th  f a  e  

de a e  he effec e e  f he ed a ach a d a  e   e  f e 

e ec e . 

 

Ke  d : F be , C e , Mecha ca  beha , M c ca e, M de g  
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I d c i  

C e a e a  a e ed f  d ffe e  d a  a ca  e a . The a  

f he e a e a   d e  he  e e g echa ca  e f a ce  he a  a . A g 

he  de ead, e ca  f d c e a e a  ba ed  f b  e f ce e , b  he 

a fac g f he e a e a  e e  e e a  d ff c e  ha  e e  he  de e e . 

I deed, he a e  a d de e e  f ce e  da  e  f  -h  a d e e e ce 

e g f  a  e ca  a ach, ch e ha  f  a c e e a e  f he h ca  

he e a ed. The a fac g f c e a  a  a  b  he ef g f 

d   e- eg a ed fab c  acc d g  a def ed d, e e  c e , bef e he 

e   ec ed. The echa ca  beha  f he fab c  he ef e c c a  d g he 

ef g ce  beca e  f e ce  he e  e  f he a fac g ce . H e e , 

a f b  e f ce e   a c e  c e ce  e  f  he ea g f h a d  f 

a , he e e  ade  f he a e b  f e  f h a d  f f be  f fe  c  

d a e e . Th , he echa ca  beha  f he e f ce e   b a ed b  a  f 

e e  b a ed e e e a   ec f c ad g a h (c e , e , be d g, 

hea , e c.). The e echa ca  e e  a e b e e  de ed b  e a  h e f   

b a ed b  h he e   he  f e  a a e e , h  a  g  a ach f 

he c e  h c  ed ( a ge be  f f be , a ab , d a  f f be , g, 

e c.). Th   a c a  he ca e f  c e  beha   h ch a d ec  e a h   

a ed be ee  he c e  ff e  a d he f be  e f ac  acc d g  a  

e ca  a . If h  a   c ec ,  e e  a  de f ca  f  each e  e f a  

a d d e   a   h gh gh  he c a  a a e e , h ch ca  e he c e 

e f a ce  a d  a c a e he echa ca  beha  f fab c  h  ha g  c ea e a d 

e  . The g a  f h  he   he ef e  be ab e  ac e h  ac  b  d g he echa ca  

beha  f a  a e b  f a - a a e  f be  h ch e e e  he f b  c e   

ed f  ech ca  a ca .  I  de   ach e e h  g a , e e a   e ; a  

e e e a  a ach c d  be ff c e  a   e e  a e  a  be  f 

e e e ce , beca e he e a e a  ad g a h , a d a  a  be  f d a  

e . I   he ef e ece a   be ab e  e effec e e ca  a ache  a g a 

a a e c d , .e. ca g  a  e   a h  e. The ch e  a eg   he ef e 

 be ab e  c ea e a a  e a  f he beha  f a f b  a e b  a d  a da e  

b  e e e . O e f he  a  d ff c e   d  he beha  f f be  a e b  
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 d b ed  he e f he f be  (a fe  c e e ) h ch a e he  e  d ff c   

ha d e a d b e e d d a . A  he g a  f h  d    de a d he a  

he e g  f f b  a e b e , a de  f f be   d e a  a ge  ca e (500 c ) 

a  a f  a ach  h  d ;  a ec d age, a  h f be  a  a ea  ca e a e 

e f ed. T  ach e e h  g a , a  e  h d b  ca ed-  cce f . The f    

de e  a e ca  a eg   eff c e  a e, a  he f be  ca e, he a  f he 

a ch ec e de  a  c a . The ec d e    def e e e e a   f 

a da   e e he e ab  f h  a  e a  b  c a g  e  h 

e e e a  e . The h d e  a   def e d ca  f he c c e ha  a   

a a e he e . F a ,   ece a   e h  a eg   c ea e a  e f a ch ec e 

h a def ed a a e e  a d a  d ffe e  a h  f ad g   a a e he echa ca  

e e f he c e. A f  e ca  a ach a  e ab hed b  he he  f O a a 

HAJI (Ha  O a a, 2018). Th  a ach a ed  h gh gh  he fea b  f he f  a d 

he ec d e  f he a eg , b     ece a   be ab e  e he  a d e ec a  

 ca   he a   e  a  e  a   e  he e e a eg   ca   a a e c 

d e  a d c c de  he  f e ce  he echa ca  beha . I  h  c e , h  he  

a c   he ef e c ed  h ee cha e  ( e ec ). A  he beg g f each 

cha e  a b ef a   F e ch f  c e   e e ed. 

The f  cha e   ade  f ec  1, 2 a d 3 a d e e  a b b g a h c d   he 

echa ca  beha  f f b  a e a  d g c ac /c e , f he e, 

de g a d a  e h d  a  d ffe e  ca e  ( ac c c, e c c a d 

c c c). Th  b b g a h c d  a ,  add   he ch ce f he d  ca e,  

h  he e e a ce f he c e  e  f  a ch he e g ca  a a . Th  cha e  

a  e e  he e h d   cha ac e e f b  ed a a  e  a  he de e e  f a  

de  ece a  f  e ca  d e . 

The ec d cha e   ade  f ec  4, 5 a d 6 a d e e  he b e a  e h d f 

he c ac  f f be  c b ed g a h  a d 3D e ca  ec c  ce  f a 

f be  b d e. Th  cha e  a  e e  he a  f he a  a a e e  f he 

e ca  de , a d he de e e  f d ca  f  a a g he c c e f f be  

b d e. N e ca  a  f f be  c ac /c e  e  a e ca ed  a d 

c a ed  e e e a  e . 

The h d cha e   ade  f ec  7, 8 a d 9 a d e e  he a eg  f  c ea ed a 

e ca  ge e a  f a  a d a d  f be  b d e. Th  a  ge e a   a da ed b  
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c a  h e e e a  e ; he  de  f f b  a e b e  a e c ea ed  d  

he ac  f c c a  a a e e   he c ac /c e  beha  f he 

f b  a e b . 
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Cha e  I Mecha ic  f fib  ei f ceme : Beha i  i  c m ac i  

Cha e  1 e e  a ge e a  e e  f f be - e f ced a e a  ed  he a fac e f 

c e  a d he  echa ca  e e , h a  e ha   c ac  e e . F  

h  e, he cha e   d ded  h ee a : 

Sec  1 de  a  e e  f he c e a d c  f f be - e f ced a e a . 

B  a a g  ha e, he de  ed  f  h  d   a  de f ed. 

Sec  2 a d ec  3 e e  he echa ca  e e  f f be - e f ced a e a  d g 

c ac . Sec  2 e e  he c ac  beha  f f be - e f ced a e a  f  a  

e e e a   f e , a d ec  3 e e  he c ac  beha  f f be - e f ced 

a e a  f  a e ca   f e . 
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Section 1 Ge e al i f ma i   fib  ei f ceme  

1.1 Defi i i  f fibe  c m i e ma e ial 

F be - e f ced c e  a e he e ge e  a e a  c g f a  ea   c b e 

c e : f be  e f ce e  (d c  ha e) a d a  (c  ha e). 

C a ed  he c e  e e e  a e, c e  e h b  ed h ca  a d 

che ca  e e . The a  e f he a    a fe  f ce  a d he echa ca  

e e  be ee  he f be   d ffe e  d ec . The a  a  be e -ba ed, e a -

ba ed  ce a c-ba ed. P e -ba ed a ce  a e he  c  beca e he  a  

c e  ha ed a   be a fac ed a  a ea ab e c . The e f he e f ce e   

 e e he echa ca  e e  f he c e  he d ec  f he f be , a d  a  

c  f c   d c  f be , a c e ,  e e a  c e . He e, he f be  

e f c g a e a   be f c ed   de a  e  a  h   he b ec  f h  d . 

1.2 Fib  ei f ceme  

A  e ed ab e, e e- e f ced c e  e ha ce he e a  echa ca  e e  

f he a e a  a  h gh f be  e f ce e . Th  e f ce e     de e de  

 he e f f be  a e a  ch e , b  a   he a ch ec e f he f be  c e a  e  a  

he e e  c f g a  f he c e  a . Te e e f ce e   a ca e 

he e ge e  c e (F g e 1.1). The f be  he e e  e e a  he ba e , h ch a e 

c b ed b  ec f c ce e  ch a  d g, b a d g,  eed g  f  a  h 

ec f c e f a ce cha ac e c . The e a  a e f he  e , ed, e , e c.  f  

e e  h a  c e  (F g e 1.2). The ca e c e c ce  f e e 

e f ced a e a   c c a . Th   beca e  c  f he echa ca  beha  f he 

c e a e a  b  ad g he a a ge e  f he f be , he ea g de  f he a , 

a d he h e a ch ca  c e f he e e. 

Bef e g g  de a ,   e  f  e e  a b ef d c  f he a  c e  f 

f be - e f ced a e a , a d he  c e  ( a  a d f be ). 
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Fig e 1.1 M l i- cale c e f fib  ei f ceme . 

1.2.1 S c e f fab ic ei f ceme  

I  c e  a e a , e e a  e  f e f ce e  c e  a e ed  add   he 

g e f a e  ed  he de  (b d g a d ha g f he a e a  a e  b  a e )  

g ( g he f be  a d a c e a e a ) ce e . The e ca  be d ded  he 

f g a  ca eg e , h   F g e 1.2 (Ha  O a a, 2018): 

 W e  fab c : The  a e ade b  e ea g ef  a d a  h ead , a  h   

F g e 1.2 (a, b).  

 B a d : B a d  a e c e  f ed b  c g a d ea g e e  e  each 

he , a  h   F g e 1.2 (c). 

 N -C  Fab c  (NCF ), h   F g e 1.2 (d): The e a e a  a e  ade 

h gh he ad a  ce  f ea g, b  b  ee g he f be  ge he  b  he  

ea , a   he f  f a a a e. Th  e f c e  cha ac e ed b  he fac  

ha  he f be  e a  a gh  d e  he ab e ce f e ace e ,  he  a e be e  ab e 

 ca  e e ad . 

 K : K  a e f ed b  e c g c   f h ead , a  h   

F g e 1.2 (e). The e c e  a e a  ed  de a g f ca  e a c beha  

f he e f ce e  bef e he ec  f he a .  

I  e  f he e f c e, e f c g a e a  ca  be f he  d g hed a  f : 

T -D e a  S c e  (2D): The e a e a  a f ed a  a e, h he f be  

f d g    d ec . Th ee-d e a  c e  (3D): he  f be  f d  h ee 

a a  d ec , d g be e  echa ca  e e   he h c e  d ec . 
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Fig e 1.2 Mai  c e  f e ile ei f ceme  (Ha  O a a, 2018). (a) 2D fab ic. (b) 3D fab ic. (c) 

B aid . (d) NCF (N -C im  Fab ic). (e) K i . 

A  he e e f ce e  a e c ed f a  a , he e e  a e c ed f h a d  

f f be . The cha ac e c  f he e e e e  a e de e ed  he e  a . 

1.2.2 Fibe  ei f ceme  c m e  

a) Ya  

I  he e e d , f be  a e a e b ed a d he  e he  ed  h ead   aced de 

b  de  f    a   b d e , a  a ed a  g. The e g a  

 he  a e  f a  a a e  f be . D e   c , he c he  f he a   

a  ea  a d  he  e ed b  g, h ch c   eg a g  h a e-

e a ed g che ca . The g c ea e  he a  c he  b  a  c ea e  a  

e g h a d ab a  e a ce, a d ed ce  a  ha e . The g e  ca  a  be ed 

 add ec f c e e   he f be . 

A  ed b d e ca  c a  h a d  f f be  h ch ca  be de c bed b  cha ac e c  

ch a  ea  a , he e f f be  c b a , a d he a e a  ha  a e  he f be  

( ee  F g e 1.3 (a)). S ch a  a a e  b d e  f f be  a e ab e  each a  e 

f ac  d g c ac . The  a e a  e ab e f  2D c c   b a  be e  

f a e  a d f  c e age f he ed face. 
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Fig e 1.3 S a le a d Filame  ( TEXTILES AND TEXTILE TECHNOLOGY,  .d.).  

T ed a   a ade b  add g a   a g e a  (  e a d  f a g e a ) 

d g he g ce . T   ed  de c be he be  f  (  e  ch)  

a a . I c ea g  e  he e g h, e a c , a d ab a  e a ce f he a . 

T ed a   d ded : g e a  (F g e 1.3(b)),  a  (F g e 1.4), a d cab e.  

 

Fig e 1.4 Si gle a  a d l  a  (TEXTILES AND TEXTILE TECHNOLOGY, .d.). 

b) Fibe  

F be  a e f e  cha ac e ed b  he  c e  a e a  a d ge e . Acc d g   

c ,  ca  be d ded   ca eg e : a a  f be  a d che ca  f be . Na a  

f be  ca  be d ded  a  f be  (f a ), a a  f be  ( ); A d che ca  f be  ca  be 

d ded  a f c a  f be  ( e e ) a d he c a d ga c f be  (g a  f be ).  

F be  f e  de g  face ea e , e ec a  c a g . The e ea e  a  be  he 

f  f che ca  c a g . The e   de ec f c h ca  a d che ca  e e  

e e a   he  ce g a d e d e. F  e a e: b ca g f be , e ha c g c he  

f ed a d , a d e f c g f be / a  b d g. 

F  a ge e c  f e , a f be   a  de c bed b   a ec  a  L, h ch  

def ed a  he a  f he f be  e g h 𝑙 𝑖𝑏𝑟𝑒   d a e e  ∅ 𝑖𝑏𝑟𝑒, 𝑳 = 𝑙 𝑖𝑏𝑟𝑒/∅ 𝑖𝑏𝑟𝑒. T  

e  f f be  ca  he  be d g hed: ( ) D c  f be , h e a ec  a   a  

e  ha  1000. The e f be  a e f e  ed  fab c  ha  a e a d f a   a d  d ec . ( ) 

C  f be  h h ghe  a ec  a . The f be   a  cha ac e ed b   c - ec  

ha e. S e f be  a  ha e a c - ec  f c e  ha e , e ec a  a a  f be . A  
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h   F g e 1.5, he c - ec  f c  f be   eg a . A f c a  f be  a e a  

 de ed a  c de  h c c a  c  ec . F  e a e, f  e  f be , he 

c  ec  ca  be c de ed c c a  (Da f , Y af, Se e , & P , 2022; Ga a a, 2016) 

(F g e 1.5 (c, d)). H e e , he  a   be e fec  c c a , h ch ca  ead  e 

d ff c e   f be  ca e de g. I  e  f he ge e c e e  f he f be , he c  

f he f be   a  e f  ge e c cha ac e c , def ed a  he a  be ee  he e g h 

be ee  he f be  e d  a d he a  e g h f he f be . I  he ca e f e e  f be , 

e ec a  f  he face cha ac e c ,  ca  be ed ha  he f be  face ha  ea  

a g  a , h ch a e d e  he g ce  (F g e 1.5 (e)) (B e , Rede , & Sch be , 

2023; Ga a a, 2016; Me ch e  e  a ., 2020). The ef e, he he    a  eg a  f be   a 

d f be ,  face   ab e  h. The e a e f c  c eff c e  be ee  f be , 

a d he c eff c e  f f c  de e d   he d ec  f e a e  be ee  he f be . A 

ece  d  a  he f c  be ee  f be  d e  de e d  he f be  a e a   b  a  

 he e a e d ec  be ee  f be  (Sha a , Ga a a, Ba b e , & S e , 2017; 

T a , B e , Fa , A a , & W e h , 2019). 
 

(a)  (b)  

(c)  

 

(d)  

 

(e)  

 

Fig e 1.5 (a) L gi di al f m f c  fibe . (b) C - ec i  f m f c  fibe . (c) C - ec i  f 

l me  fibe  (black) a d gla  fibe  ( hi e) (Da f  e  a ., 2022). (d, e) L gi di al f m f l me  fibe  

(B e  e  a ., 2023; Ga a a, 2016). 

1.2.3 M deli g cale f  fibe  ei f ced ma e ial  

The e  a fe  d g (RTM) ce   e f he ed ech g e  f  he a fac g 

f f be  c e a e a  f c e  ge e e . D g he f g age, he e  a g 
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e ac  be ee  he e f ce e  a d he d a  he ca e f  a   f be , h ch ca  

ead  defec , e ec a  e , age a d b c e , he a e  f h ch dec ea g he 

echa ca  e e  f he f a  c e a  (P. B e, Ha a, & Made , 2016; 

Sch ach e be g, Sch e Z  He de, & T e , 2005). 

The ef e,   a   ed c  a d c  he cc e ce f he e defec , h ch ea   

 ece a   de a d he echa ca  beha  f e f ce e  d g he f g 

ce . P ac ca ,  d be e  g a d c e   ach e e he d  f defec   

c de g e e e a  e h d   de   de a d he f be  beha  ch a  f be  

e a , a  e  a  , e c. S , e ca  a  a e eeded  c e e  he 

e e e . A  e ed ea e , f be  e f ce e   a - ca e c e. The ef e, a  

 be de c bed e  a ,   ece a   ch e he be  ca e  de   b a , a  fa hf  

a  b e, he ed f  f a  ab  he beha  f he f be - e f ced a e a . 

3 ca e  f de g a e c a ca  c de ed f  ha  e: 

Mac c ic cale: A  h  ca e, f be  e f ce e  c d be c de ed a  a c  

f  h ge e  a e a , a  h   F g e 1.6. F  e a e,  he ca e f 2D 

e f ce e , he e f ce e  ca  be de ed a  a e b a e  he . The h c e   

a  c a ed  he  d e . F be  e f ce e  de  d   e c  c de  he 

beha  a d e ea g f a   he e f ce e  a  h  ca e (F a e a, B a, 

Be ga d , & Sca a, 2021). 

 

Fig e 1.6 Mac cale ei f ceme  m deli g: Rei f ceme  i  ea ed a  a h m ge e  ma e ial 

(F a e a e  a ., 2021). 

Me c ic cale: Ya   c de ed a  a c  h ge e  a e a  (F g e 1.7). The 

c - ec  f he a   a  a ed  be a , e c a  b  e c e  ha e  ca  

a  be c de ed (We d g, H e , V da -Sa , & B e, 2014). B  h  ha e ca  ac a  

a  de e d g   ge e c  h  he e f ce e  a e a . A  h  de g 

ca e, he ge e  f he e f ce e  a e  e c  he e ac g f a   acc . 

Th  e e  eff c e  de g f he ge e c  f he a d  a d he c ac  be ee  
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he  (H e  & B e, 2008; R a d , B ac c , Ba e, Beg e , & C , 2012), a  e  a  he 

echa ca  beha  f he a   a c  a ach (Bade , Ga h e , V da -Sa , & 

B e, 2009; Ph e B e e  a ., 2010; Cha e a , V da -Sa , & B e, 2011). 

 

Fig e 1.7 M deli g f ei f ced ma e ial  a  he me c ic cale: he i ed fibe  b dle i  ea ed 

a  a h m ge e  ma e ial. 

Mic c ic cale: he ca e (F g e 1.8) he d d a  f be  ha  a e c de ed  be 

h ge e  a e a  (D. D e, 2011; Da e  D e, 2008, 2010) . The  a  ha e 

ea  e a c beha , e ec a   he ca e f he c f be . H e e , h  ca e e e  

e ab e de g f he f be  ge e , he   h  he a , a d he  e ac . 

 

Fig e 1.8 M deli g f ei f ceme  a  he mic cale: he fibe  i  ea ed a  a h m ge e  ma e ial. 

Each ca e ha    be ef  a d d a bac ; de  f  he ac ca e a e ab e f  

a g he echa ca  beha  f he e e a . H e e ,  d e   de ff c e  

f e da a  acc a e  ed c  he echa ca  beha  a d, f  e a e, defec  f a  

ce e  a  he f be  e e . H e e ,   f e  he a  defec  (  a   f be ) ha  ead 

 ed ce f he e f a ce f he a . F he , e c c ca e de  ca  de e 

de a  ab  he e g a d def a  f he a , h  d g a dee e  

de a d g f he beha  f he e f c g a e a . H e e , he c e  e c c 

de  a e  ade a e  acc a e  ed c g he echa ca  e e f a , h   

ca  f  -de h e ea ch a d ef e e . I  de   ha e a e c ehe e 

de a d g f he h ca  echa  f f be -f be  e ac , c ca e d e  a e 

c c a . A  he a e  ca e f d e , he f be  a e he ba c  c g he 
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e f ce e , a d he  beha  a d e ac  d ec  affec  he e e  f he h e 

a . 

 

Ha  c ea ed he f  c  a  e a  (Ha  O a a, 2018). H   a e   

a e he c ac  beha  f a f be  b d e (0.5  d a e e , 39 P e e  f be ) a d 

a da e   g X- a  g a h  ea e e . Ha   de a e  he fea b  

a d c e c  f h  a ach. I  h  , he f be  b d e (39 f be ) a  ec c ed b  

XCT ech e: he e ca  f be  b d e ce e e a  b a ed b  ce g he XCT 

ce  f he f be  c  ec . The c ac  a  f he f be  b d e h bea  

e e e  (B31) a  e f ed b  ABAQUS /EXPLICIT. A d he c ac  a  

eed ( 𝑉 = 1000𝑚𝑚/𝑚𝑖𝑛 ) a d da g ( 𝛼 = 105 ) e e ed b  he ea a ge e  

a  f 3 f be  (F g e 1.9). B  de e g he 𝑉 a d 𝛼 a a e e , he CPU e f 

he ea a ge e  a  f he f be  a  ed,  e e ha  he c ac  a d 

ea a ge e  f he f be  e e a - a c (F g e 1.9 (b)) de  he e a a e e , a d g 

e a  effec  (F g e 1.9 (c)) . A d he a a e e  f he  c ac  e e de e ed b  

c ac  f  f be . 

(a)  (b)  (c)  

Fig e 1.9 Rea a geme  im la i  i h 3 beam . (a) I i ial m del bef e c m ac i . (b) Q a i- a ic. 

(c) I e ia effec  (Ha  O a a, 2018). 

B  a g he c ac  f 39 f be , a c a  f he a ed a d e e e a  

c ac  c e , f be  , a d 3D e de g f f be  b d e  a  b a ed a  h  

 F g e 1.10. Ha '   de  a  a da  f he fea b  f e ac g e ca  

f be  b d e  f  ea  f be  b d e , a  e  a  e f g  acc ac  h gh c ac  

a . H e e , he e   a  e  be ee  he e e e  a d he a   e  

f he ce e e  f he f be , a d Ha  d e   def e h  e  a d a a e he ea  

f he e . H  d  f c c e  e  he  f f be , b  he c ac  

be ee  f be , c a e a d e a  f f be  a e  cha ac e ed. The  de e e  

f he  de e e  a d e ea ch: ( ) e he acc ac  f Ha  de ; ( ) cha ac e e 

he c - c e d ca  f he f be  b d e, a d a a e he e a h  be ee  he e 

d ca  a d he c ac  beha  f f be  b d e. 
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(a)  

(b)  

(c)  

Fig e 1.10 The c m ac i  im la i  f 39 fibe . (a) The ela i hi  be ee  di laceme  f 

c m ac i  la e a d c m ac i  f ce. (b) Ce e li e f fibe  b dle a  he la  c m ac i  e . (c) 3D 

ge me  f fibe  b dle a  he la  c m ac i  e  (Ha  O a a, 2018). 

The ef e, h  he  b d   he a  e ca  e a  de e ed b  Ha  a d e ha ce  

  e  f f be  ec c  a d a  a a e e  (  ABAQUS ) (Ha  e  a ., 2023; 

Ha  O a a, 2018). I  add , e e a  g a h  c ac  e e e  a e c d c ed 

 e f  he acc ac  f he de e ed de . F he e, cha ac e a   f c -

d ca  (c ac  be ee  f be , c a e f f be , e a , e c.) e e de e ed  

a a e he e a  c e f f be  b d e. The e  be ee  he c ac  e e e  

a d he a ed f be   e e a  cha ac e ed. The e  de e ed  he    

a a e  de h he e a h  be ee  he ge e ca  a a ge e , e a  a d 

echa ca  beha  f he f be , h ch ea  ha  he e ac  be ee  f be  affec  he 

echa ca  e e  f he f be  b d e. 

I  add , h  he  e e  a a eg   c ea e a ge e a  f  a  e ca  a d  

f be  b d e . The a eg  a   e : f be  e ( e de e  a ), be  f f be , 

c a e f f be , e c. The f e ce f f be  c a e, c ac  a h, f be  a ec  a , 

a d f c  c eff c e   he beha  f f be  c ac   d c ed. 

1.3 C cl i  

I  h  ec , he d ffe e  c e  f f be  e f ce e  a e e e ed. The e 

e f ce e  a e - ca e c e  ade f a , h ch he e e  a e c ed f 

h a d  f f be . D g he f g e  f RTM, f be  e f ce e  a e b ec ed  

d ffe e  echa ca  ad , e g  e a e e e  a d def a  a  he a  a d f be  

e e . The ef e,   ece a   de a d a d de  he he e a cc g d g h  
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c ca  age. F  h  e, h ee e ca  a  ca e  e e e e ed a  a 

c e e  f he e e e a  e h d . C e d g  he - ca e c e f f be -

e f ced a e a , e ca  a  de  ha  e   he e a e e e e ed 

f  he h ee ca e  f a f b  c e ( ac c c, e c c a d c c c). 

Th ,   c c ded ha  de g a  he c ca e (f be  e e )  e e g a d  he   

 de a d a d de  he e a a  he f be  ca e. Th gh h  e ea ch,   f d ha  

he c e e  f be  ec   a eg a  c c e,  e ca  de g f he f be   

fea b e, a d de g f  he eg a  c - ec  f he f be  ca  be c de ed. H e e , 

 face   h, a d  face f c  h d be c de ed. 

Th  ec  a  e e  he f be  c c c e ca  e a  ha  ha  bee  de e ed  

a e   (Ha  O a a, 2018) h ch e   he ece  f f he  e e . 

M c c c e  a a  d ca   be de e ed  d c  he e a h  be ee  

f be  b d e c c a  a a e e  a d echa ca  beha , a d a ge e a  f  a  

e ca  a d  f be  b d e  ha  a   be de e ed. 

The e  ec  a a e  he ad g a h ed  he f be  e f ced a e a  d g he 

d g ce , a d he e ac  f he ge e c de  f he f be  a e a  h gh 

c ed g a h  ech g . 
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Section 2 Beha i  f fibe  ei f ci g ma e ial  d i g c m ac i  a d 

cha ac e i a i  me h d  

2.1 L adi g a h 

D g c e f g, e ec a   ce e  ch a  RTM, f be - e f ced a e a  

de g  c e  echa ca  ad g. The e a e a , d e  he  he e  ca e a e, 

e h b  ec f c def a  beha  a  d ffe e  ca e  f c e d g ad g. The ef e, 

he  de a d g a d ed c g he beha  f a e a ,   ece a   a e a  e e  

 acc  f  he ac c c  he c c c.  

T  acc a e  de  a d ed c  he c c c def a  echa , ch g he 

a a e ad g a h  c c a . I  ac ce, h  ea  ha  e eed  ha e a dee  

de a d g a d c  f he e ad g a h ,  e d ce  a  f he def a  

a e  b e ed  e e e . L g a d C ff d de c ed he echa ca  ad g a h f 

f be  e f ced a e a  (L g A C & C ff d M J, 2007). C e e  a ed he 

c ca e def a  echa , h   F g e 2.1(C e e , 2013).  

L g A C a d C e e   he ed  def e he d ffe e  def a  echa  f he 

f be  ha  a  be e e e ced d g he f g ce . 

C e e  a a ed he e f  ad g a h  f he e e, he cha ge   he f be  a  he 

c c c e e  c e d g  each ad g. Th    a ed he e. The a e 

he e  ha e  f f  ad g a h   c  e e : e a e d g be ee  f be  

acc d g he g d a  a d he a e e d ec , a d f be  ea a ge e . B  he 

d ffe e  beha  f  f g ad g a h: 

 Te e: A d he f be  e e  a g he g d a  a . 

 Be d g: F be  e a e  b  be d g.  

 Shea  a d c ac : F be  e a e  gh  be d g. 
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Fig e 2.1 The i ci le f mic c al def ma i , a d he ela i hi  be ee  mac c al 
def ma i (L g A C & Cliff d M J, 2007). 

I   f he e echa , f be - -f be  f c  a  a e  e. The  e e g e 

f ad g g a  he e echa   be d ed a  he c  ca e  c ac . Th  

 beca e, c ac  ad g a h ha    e   d ce he he e  f f be  

d ace e  h  he f be  a e b age. Th  he e  ef ec  he ea a ge e  a d he 

d g be ee  f be . The ef e, he c ac  a h  be c de ed  he e e   

a d ed  he echa ca  e e e  f he f be  ed . Th  c  de    he 

de e e a  a d a da  a e, a d he  c de g c ac , he f be  ea a ge e  

a d d g a e ff c e   cha e ge he acc ac  f he de . I  add , he c ac  

ad g  f e ce f be  d ca  ch a  c a e, e a  a d he c ac  be ee  

he f be . S  ha ,  b e  a a e he c c e f he f be  h he c ac  

ad g a h. The he  ad g a h  f f be  gh  be ed  he f he  a da  f he 

de . A d, a  e  d c ed, he  echa ca  c a  a  d ce c ac  

be ee  f be , a d be d g def a . The c c c effec  f he e echa ca  a h  

a e c e  e a ed. 

A c -c ac  ach e  c e e  ed  fac a e he c b a  h he 

g a h  ca e . I  add , a  acc a e de  f he f be  ed   a   be 

e ga ed  h  he . The de  b a ed f  ea  f be  ed a, a d e ac g he f be  

ed a b  g a h   a ea ab e a d acc a e e h d, h ch  be d c ed  Sec  

2.6 
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2.2 Phe me l g  f ei f ceme  fibe  c m ac i  

Bef e a g  a a e he de g a d a  f a f b  ed   c e ,  

 ece a   a a e h  e f ad g a d  e e e a  e g  d ffe e  e  f 

f be . F g e 2.2 (a) h  he c e  c e  b a ed af e  e g a f be  a e b age f 

d ffe e  a e a  (g a , ee , c , ha , e c.) (Me e , B e , H e , & P , 2009; 

P , V g e , & A d e , 2005). U ad g a  a  e f ed a  he a e ad g a e 

(6 / ). The beha  b  de e d   he a e a  f he f be , a d he ha e f he 

c e  c e   he a e f  a  e ed a e a . I  fac , he beha  f he f be  

a e b e   c e   ea  a d e h b  h e e . F  a  a e a , a e a e  

def a  a  b e ed. Th   a b ed  he e e b e ea a ge e  f he f be  

d g c e e ad g, h ch de e d   he e  f he ad g. I deed, f he f  

c e e ad g  g e gh, he f be   ea a ge b  cha g g he h g  f 

he f be  a e b age. The a e b age   ega   a  h g  d e  a c 

def a  f he f be  ( ee  ) a d f c  be ee  he f be . F  e a e, g a  f be  

e h b  he g ea e  e d a  def a . Th   beca e f he a ge h a d eg a  face 

f he f be , h ch e  f c  a d e  ea a ge e . I  add , he 

c ac  c e  f e a g ed ( face deb ed) a d -e a g ed ca b  f be  a e 

a ed  F g e 2.2(b). E a g e e  a  he f be   e a d ea a ge e ea  

a  e  e e , h ch e   a a ge  e a  he beg g f he c ac  c e. 

(a)  (b)  

Fig e 2.2 C m e i  effec  f diffe e  e  f fibe  a embl . (a) i h ame i i ial de i  150𝑲𝒈/𝒎𝟑 

( P  e  a ., 2005). (b) c m e e  def ma i  a  6 mm/mi  (Me ei  e  al., 2009). 

The e  e e ed  F g e 2.3 (a) c de  he a  e a e de  f he a e b age 

(Me e  e  a ., 2009). The a  c e f he f be  a e b e   a  a e  a a e e   

c e  d e . A  h gh a  de  (200 𝐾𝑔/𝑚3 ), he e f he e  f he 
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c ac  c e  a ge. Th   a b ed  he fac  ha  he e ac  be ee  he f be  

affec  he c ac  ce  ea e , a g h ghe  e ed e e   ach e e f he  

c e . I  c a , f be  a e  h  a  de  (100 𝐾𝑔/𝑚3) a e e ea  

c e b e d g he a  c e  age. H e e , he  b e e  c e  

bec e  e d ff c  a  he d  dec ea e. The a  e a e de  f he f be  c e 

f e ce  he  be ee  he f be , a d h  de e e  he ab  f he f be   

d ace be ee  he . 

S d e  c d c ed  f be  a e b e   c e / ad g c c e  ha e h  ha  he 

c c e f he f be  ed  cha ge  a  he be  f c c e  c ea e  (C a -Ca d a, 

Le G g ec, B e , & K a c a , 2007; L g L , Zha , Ya g, Zha g, & D a , 2015; 

R b a e & Ga , 1999; S a c, 2008). H e e , a g f  a a c a  be  f 

c c e , he c ac  beha  h  a eg g b e e . T  a e h  , a 

ad g/ ad g c c c e  a  ca ed   a ca b  NCF , a d he e  a e h   

F g e 2.3 (b) (L g L  e  a ., 2015). I  d ca e  ha  he c e  beha  cha ge  e  

e f  4 h c c e. I  fac , af e  he f  fe  c e  c c e , he h g  f he f be  

a e b age, a  e  a  he e e  a d c ac  be ee  he f be , a  ba e  e  f 

he c c e d g he he  c c e . 

 

(a) 

 

 

(b) 

Fig e 2.3 (a) C m a i  f c m e i  e / ai  c e  f  diffe e  i i ial de i ie  (Me e  e  a ., 

2009). (b)Effec  f he mbe  f l adi g c cle   c m ac i  (L g L  e  a ., 2015). 

2.3 Effec  f l adi g eed  fibe  c m e  

S a he a  ca ed  c ac  e   c  f a e  a d  a  h d ffe e  

c ac  eed  a d f a  𝑉  (S a he a , 2009. F g e 2.4 (a)). A  he c ac  eed 
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c ea e , he c e e e  c ea e  f  a g e  a . Th  ea  ha  a  fa e  eed , 

a g ea e  f ce  e ed  c e  he a e a   he a e a . I deed, he ea a ge e  

f he f be  d a e   he ea  age  f c e , a  h  b  he a ge a a  f 

he f be  e f ac . Th , he beha  f he f be  a e b age  f e ced f  he 

beg g b  he e a e  be ee  he f be . Th  e a e   de e de   he 

c e  eed: c e  a  e  eed   a  he f be   ea a ge a d f  he 

a ge  d  h  he f be  ed , ead g  h ghe  c e  a e . Th  a  e a  

h  he e a a  a e  h ghe  a  he eed c ea e  (F g e 2.4(b)):  h  ca e, he c ac  

f ce  be ee  he f be  c ea e a d  h e he d  be ee  he f be  a e  c ea g. 

O ce e a ed, he f be  beg   e ga e a d a g  a d  a  e a  e b  a e a d 

he c ac  f ce  dec ea e. I  h d be e ha ed ha  he a e f e  e a a  de e d  

   he ad g a e, b  a   he e a  f he f be : he be e  he f be  a e 

a g ed, he e  e a a  he  e e e ce (K , McCa h , & Fa cc , 1991). 

I  add , F g e 2.4(c) ef ec  he c ea e  e  e a a  h c ea g f a  

c ac  e f ac . The e  e a a  cc  af e  he ce a  f c ac  d e 

 he fac  ha : e f he f be  e e e ce a c def a  d g c ac , a d af e  

he ce a  f ad g, h  a  f he f be  ea a ge  e f  f d a e  e e g  a e  

ee  ab . A h gh c ac  e f ac  ea  ha  he f be  a e e gh  

a a ged, he  he c ac  be ee  he f be  c ea e  a d he f c  c ea e . Th   

beca e gh e  c ac  e   e c ac   be ee  he f be  a d e e a  

f c , e g  h ghe  e e  a  he a e a . The ef e, af e  ad g  ed 

aga , he ea a ge e  f he e a  c e a d fe e  c ac   ha e a g ea e  effec  

 he e e, a d e  e a a  bec e  e ced. 
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(a) 
 

(b) 
 

(c) 

Fig e 2.4 C i  Filame  Ra d m Ma  (CFRM) C m ac i  e . (a) C m ac i  eed e , 𝑽𝒇 

( l me f ac i  a  e d f c m ac i ) = 0.415. (b) C m ac i / ela a i  eed e , 𝑽𝒇 = 0.415 (c) 

C m ac i  le el (𝑽𝒇) e , CS=2.0mm/mi  (A c  A ga  S a he a , 2009). 

2.4 Cha ac e i a i  f he c m ac i  beha i  f fibe  a emblie  

The e  ec  h gh gh ed he ea  beha  f f be  a e b e  d g c ac . 

Th  beha   f e  de a ed b  he a a  f he c e e e  (def ed a  

he a  f he c e e f ce  he a a e  c ac  a ea be ee  he  a d he a e) 

h he f be  e f ac  𝑉 . Th  a a   de c bed  f be  ed a c ac  a  

a e  a  e a h , a  de c bed  he f g e a  ( a  W , 1946): 𝑃 = 𝐾𝐸𝑚3𝜌3 1𝑉 3 − 1𝑉 03                         (2.1) 

Whe e 𝑉  a d 𝑉 0 a e e ec e  he e d a d a  e f ac  f f be  a e b . 𝑉 0 

 dea  he a e f 𝑉  f  he c e ed a e. The fac  𝐾  ad ab e a a e e  

 acc  f  he  a a e e   de c bed  E a  2.1, ch a  f be  e a  a d 

. 𝐸  he Y g'  d  f he f be , 𝑚  he a  f he f be  a e b  a d 𝜌 

 he de  f he  (ab  1.3 𝑔/𝑐𝑚3) (Be  & R be , 2002; a  W , 1946). 

The c e e beha  f he f be  a e b age ca  be d ded  h ee age . The e age  

ha e bee  a ed b  T   a a a e a e  f  he a  e  f f be  a e b age : 

h ee-d e a  a e b age   h ch he f be  a e a  a d  e ed, a d -

d e a  a e b age   h ch he f be  a e a d  e ed  a a e  a a e  

(T , 1998). F g e 2.5 a e  h  a a e d ffe e a  f c e e e  𝑃 

e a e  e f ac   ∅  a 𝑙𝑜𝑔/𝑙𝑜𝑔 c d a e e . I  he f  age, he  he 

e a e de   be  ∅0 , he echa ca  e e f he f be  a e b age  a  
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eg g b e. I  he ec d age, he f be  beg   ea a ge a d a   c ac  each he . F  

e a e,  he ca e f c ed, f be  a  de g  e a c def a  ch a  be d g. Th  

age  a  e e e ed b  a c e  de   h ch he echa ca  beha  f he 

f be   c de ed e a c (E a  2.1). Whe  he c e e ad  h gh e gh, he 

beha  f he f be  a e b age e e  a h d age,  h ch he f be  def   e a c 

eg  (F g e 2.5). De e d g  he a e f he f be ,  de  f beha  ca  be 

d g hed: ( ) he beha  f b e f be ,  h ch he f be  a  b ea , e g  a  

f ff e  f he f be  a e b age. Whe  he f be  f ag e  a e ab e  b ea  f he , he 

ff e  c ea e  aga . ( ) he beha  f d c e f be ,  h ch he f be  de g  a c 

def a . H e e , h  d e   g f ca  cha ge he e  f he c e  

c e. 
 

 

Fig e 2.5 Th ee ha e f he c m e i e e e f a ge e al fibe  a embl  (T , 1998). 

2.5 Effec  f he m h l g  f he fibe  c m e  

F be  a e b e  ca  a e d ffe e  h g e , ch a  3D (a ba  f ), 2D (a a ) 

 1D (a b d e f g). The a  ge e c h g  f a f be  a e b age  

cha ac e ed b  e e a  a a e e , c d g he e a  f he f be . Th  a a e e  

( ch a  h g ) ha  a g f e ce  he c e  beha  (Ma e, Sa , 

R d e , B che , & B a , 2006; T , 1998). I deed, he d ce  𝑛 a d 𝑚 ha  de e e 

he c e  c e, a  e  a  he a  e a e de  𝑉 0, a e e a ed  he h g  

f he f be  a e b age: 

T  h he ed ha  he be  f c ac   a   he e f ac , , he 

ded ced a e ge e a  c ac  a  ha  a  W  (T , 1998):  𝑃 = 𝐾𝐸 𝑉 𝑛 − 𝑉 0𝑛                         (2.2) 
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Whe e he 𝑛  he e e . Whe  𝑛 = 3, e a  2.2  Va  W  c ac  e a  f 

 a e b e  (Be  & R be , 2002; a  W , 1946)]. Ma e a da ed he e a h  

be ee  Y g  d  𝐸 a d de  𝜌 Masse et al., 2006 : 𝐸 = 𝛽𝜌𝑚                             (2.3) 

Whe e he 𝑚   he e e , 𝛽   he c eff c e . C ac  f f be  a e b age  f 

d ffe e  h g  e ,  a c a   (3D), a  (2D) a d d ec a  g ha e 

bee  d ed. The a a  f c e e e  h e a e de   de a ed  

he 𝑙𝑜𝑔/𝑙𝑜𝑔 c d a e e  f F g e 2.6 (T , 1998). 

The 3D h g  ead   a  e e  𝑛 =  3, he ea  g, h e f be  a e a  

a a e  (1D h g ), a e a ge  a e  f he e e  𝑛. Th  ca  be e a ed b  he 

e e ce f ea  c ac  be ee  he a  a a e  f be   g, he ea   he  e  

f f be  a e b age  he c ac  a e a  c f . 

(a)  (b)  

(c)  

Fig e 2.6 Effec  f he m h l g  f  he fibe  a embl  (a) 3D (𝑷 = 𝑲𝑬 𝑽𝒇𝟑 − 𝑽𝒇𝟎𝟑), (b) 2D (𝑷 =𝑲𝑬𝑽𝒇𝒏), (c) 1D (𝑷 = 𝑲𝑬𝑽𝒇𝒏) (T , 1998). 

Me a c  h d ffe e  a   a ea a e  e e e ed,  he a e  h d ffe e  

a  e a . The a ge  he a   a ea a , he e he f be  e d  a g   a 

efe ed d ec  (a  he ed  bec e  de e ). Th , he a   a ea a   a  

d ca  f f be  e a . Th  d ca   a c a ed h  d ce , 𝑛 (E a  2.2) 

a d 𝑚 (E a  2.3). I deed, F g e 2.7 h  he a a  f d ce   a d  h a  
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 a ea a . The d ce  a  be ee  3 a d 5, h ch  c e  h he 3D h g  

( =3) a d 2D h g  ( =5) f d  he  f W  a d T  (T , 1998; a  W , 

1946). 

 

Fig e 2.7 Va ia i  f he  e e  𝒏 a d 𝒎 i h he i i ial face ma  (Ma e e  a ., 2006) 

The f be  e a   a  cha ac e ed b  he e a  e  𝐴, he e he c e  𝐴𝑖𝑖 de e  he deg ee f a g e  f he f be  a g he d ec  f 𝑋𝑖. he ca c a  f 𝐴 h  ha  𝐴22  he d a  e , h ch c e d   he e a  f he f be  

a g he d ec  f 𝑋2 a  h   F g e 2.8(a). F g e 2.8 (b) h  he a a  f he 

a   a ea a  f he ee   hee  e  𝐴22. The a  e   a ea he e  def ed 

a  he a  f he a  a  f he a e  he face a ea e e d c a   he d ec  f 

c e . Th  face a ea e a  f ed d g he c a ed c e .  

 
 

(a) 

 
 

(b) 
 

(c) 

Fig e 2.8 The ela i hi  be ee  i i ial a e f fibe  a embl  a d fibe  ie a i . SEM ie  f he 

me allic l  i  he hick e  i  a ba d f face ma : (a) 0.7 a d (b) 1.3 𝒌𝒈/𝒎𝟐. (c) I fl e ce f 

face ma   he c m e  𝑨𝟐𝟐 f he ie a i  e  f he fibe  (Ma e e  a ., 2006). 

I  add , he e a  f he f be  h  he f be  a e b  a  be d ca ed b  he 

def ec  a g e, h   F g e 2.9 (Cha , B e , M ch , & P , 2020; C aba , 

R cc , & Wh ac e, 2014). The e  de a  f  he b e e  c ea  f f ee 

b  b ded b  ce a  e a  f be  b d e . 
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(a) 
 

(b) 
Fig e 2.9 Fibe  ie a i  e e ed b  deflec i  a gle. (a) PDF f fibe  mi alig me  a gle 𝜶 ela i e 

 he -a i  a d he 3D CAD e di i  f he egme ed fibe  i h c l  cheme e e e i g he 𝜶 

(C aba  e  a ., 2014). (b) Diffe e  fibe  ie a i  di ib i  cha ac e ed b  he a gle be ee  he fibe  

di ec i  a d he e ical Z-a i  𝜽 (Cha  e  a ., 2020). 

2.6 Cha ac e i a i  f fibe  media b  X- a  m g a h  

C ed T g a h  (CT)  a d f h ee-d e a  ag g ech e. Acc d g  

he h ca  g a , CT ech g  a  c de  X- a  CT, ga a- a  CT, e ec ca  CT, 

a d ac c CT. B h f he e CT ech g e  e d ffe e  e  f h ca  g a   

a  h gh he b ec  de  e , a d ec c  he e a  c e f he b ec  ba ed  

he cha ge   he ece ed g a  (Me g, 2022; Zha g e  a ., 2023). F  e a e, ( ) X- a  

CT a d ga a- a  CT a e a  ed  b a  h gh- e  age  f e a  c e  

a d a e f e  ed f  ed ca  a d d a  ec  (V a aga-G e , He a , & S h, 

2019; W he  e  a ., 2021); ( ) E ec ca  CT ech e  a e a  ed f  d a  ce  

g a d a e ab e f  ea - e ag g f d a c ce e  (Me g, 2022). Of he e, 

X- a  CT (XCT)  de  ed  he d  f e e c e . The XCT ech e  ab e 

 e ea  he c e  e a  c e f f b  ed a a  c - a d e c c ca e . I  

de  d ec  a  f a  a d a a e da a f  de a d g  def a  

echa  de  d ffe e  ad g c d . ( ) Th gh 3D ec c  f h gh-

e  XCT age ,   b e  b a  a de a ed b e a  f he a g e , 

d b , a d c a e f f be . I  add , ( ) he -de c e ec  fea e f 

XCT a  c  b e a  f he a e a e a  d ffe e  ad g age . The ef e, 

  b e  ac  a d a a e he def a  ce  f he e a  c e f he 

a e a  de  he ad g a h, a d e ea  he c c c echa  f  def a . Th  
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f a   e e a  f  b d g e acc a e echa ca  de , ed c g he 

echa ca  beha  f a e a , a d g he de g  a d a fac g ce  f 

c e a e a . 

2.6.1 The ki g i ci le f X- a  C m ed T m g a h  (XCT) 

Th  a ag a h  b ef  de c be he g c e f XCT, he f a   b a ed 

h (P abh , Na ee , Ba ge a, & S b ah a a Bha , 2020). 

F  he e ec e f a e- a c e d a   a  echa c , X- a  ca  be de c bed 

b h a  a e  a d a  a c e . Th  ea  ha  he X- a  ca  be e ed a  a e  f f e e c  𝑣 ,  a e  f a c e  h h  e e g  𝐸 =  ℎ𝑣. X- a  e e d c e ed  1895 b  he 

Ge a  h c  W he  R e ge , h  ea ed ha  he e a  c d e e a e b g ca  

ga a , a d  . A  a e , he  e e a  ed  ed ca  c e ce. Af e  a g 

e d f de e e  a d e ea ch, h  ech g  ha  bee  e a ded  d a  

a ca . A d   e  ed f  he d  f he e ge e  a e a , ch a  f be -

e f ced a e a . The ce  f X- a  cha ac e a  f a  b ec  c  f  a : 

( ) a 2D ec  f he a e f  d ffe e  e , a d ( ) a ec c  a g h   

ed  b a  he 3D c e f he ca ed a e f  he ec . The a  e  f 

he ce  a e h   F g e 2.10. X- a  a e ge e a ed b  X- be, ch  Rad a , 

f e d e  X- a  a d  .  

 

Fig e 2.10 The mai  e  f he XCT a al i  ce . 

F g e 2.11  a che a c d ag a  f he e a  f a  X- a  be. The e e a  c e  

f a  X- a  be c de a g e  f a e  f  he a de a ge  a d he ca h de. The ca h de, 

c ec ed a a e  ,  hea ed b  he J e effec , ca g he ca h de e e a e  

e. Th  c ea e  e e a e ca e  a  c ea e  he e c e e g  f he f ee e ec , 

h ch ca e he e ec  b a . Whe  he e c e e g  f he e ec   g e gh 

 e c e he e ec a c b d h he a  f he g e  f a e , he e e ec  b ea  

a a  f  he e a  face a d e a d  he a de acce e a ed b  he e a  d ffe e ce. 

I  he ce , he a de  g  b ba ded b  h gh- eed e ec . I  b ef, he  he 

h gh- eed e ec  ge e a ed a  he ca h de h  he a de a ge , he e e g  f he    



61 

 

a a  c e ed  he ad a  e e g  f he X- a  h , h ch a e e ed  he f  

f X- a . 

 

Fig e 2.11 P d c i  f X-RAYS i g X-RAY T be (P abh  e  a ., 2020). 

X- a  f a e e g h  a d e  𝐼0 𝜆  e ed f  a  X- a  be a e  h gh a a e 

f a h c e  . The e ac  be ee  he c de  X- a  a d he a e a  e h b  a  

he e a a  h   he F g e 2.12. A  f he X- a  deca   e  af e  a g 

h gh he a e a   he e e  h  : 𝐼 𝜆 = 𝐼0 𝜆 𝑒− 𝜇𝜌 𝜌𝑡 = 𝐼0 𝜆 𝑒−𝜇𝑚𝜌𝑡 

Whe e he 𝑡   he h c e  f a e, 𝜌   he de  f he a e, 𝜇𝑚   he a  

ab  c eff c e  f he a e. Th   e a ed  he e  f he c de  X- a , he 

e e  f he b a ce, c d g he c  a d de  f he b a ce, a d  . 

The a e a   f he be  f h   he X- a ,  he e e g , a d he a ed X-

a  e e a  aga e  he  g a  d ec . Whe  c de  X- a  a e ab bed b  

a e, he  a  d ce he h e ec c effec , f e ce  ad a , ca e ed a , a d 

he a  e e g . Ab  99% f he e e g   c e ed  hea , h e he e a g e e g   

c e ed  X- a  (L a g Y , 2007). 

 

Fig e 2.12 The i e ac i  be ee  he i cide  X- a  a d he ma e ial e hibi  a i  

he me a(L a g Y , 2007). 
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The ge e a  c e f ec c   a ed  F g e 2.13 (THIERY, 2013). I  de  

 ec c  a  age ade  f    , ca ed e  ( age e e e ), he ca ed 

b ec   be a ed   . A  a e e, ec g each  𝒑 (1 ≤ 𝒑 ≤ 𝒏) 

  de ec . 

 

 
 

(a) 
 

(b) 
Fig e 2.13 XCT ec c i  i ci le (THIERY, 2013). 

A d each a g ed a  ab  c eff c e  𝜇𝑖  ha  eed   be de e ed. The e  

ea ed b  de ec   he  he de ec  a a     1(𝐼1𝑘): ln 𝐼0𝐼1𝑘 ∞ 𝜇𝑖𝑖  

2.6.2 X- a  m g a h cha ac e i a i  a  he me - a d mic c ic cale 

The a  f h  ec    a e he c b  f X- a  g a h   cha ac e g 

a d de a d g he beha  f f be  b ec ed  ad g a h. S d e   be ca ed  

 c c c a d e c c ca e . The ea  f  d g f  he c - ca e  ha  h  

a e  e ga e  he echa ca  e e f f be  b d e  de  he c ac  a h. The 

e c c ca e  d ed beca e he de e ed de   be ed f  e c c ca e 

de g. 

Me c ic cale 

D g he e- d g age f he RTM (Re  T a fe  M d g) ce , he g  he 

f be  e f ce e  de g e  g f ca  d ace e  a d def a : c da , 

e ch g, be d g, g, hea g a d c ac  (H a g, U , & K , 2023; Je  e  a ., 

2023; S e a  V L , 2011; X a , Wa g, S a , & Ga , 2020; X a , Wa g, S a , Leg a d, 

& Ga , 2019).  

A.A. S a he a  e ga ed he e a e  a d e a c def a  f a b a a  ched g a  

(BSF) f be  e f ce e  d g c e  b  c -CT ech e (A. A. S a he a , 
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B c e , & Bha acha a, 2011). A.A. S a he a  d ed he c  ha e f ef  a d a  

a  af e  c ac  h d ffe e  c d  ( eed, a  c e f BSF), a da ed he 

h he : he c - ec a  ha e a d e f he f be  b d e f e ce he e a e  a d 

e a c def a . I  add ,  e ed he e a h  be ee  def a  e  e 

a d f be  b d e d ace e   he d ec  f he c ac  ad. 

Wa g ec c ed he f be  fab c bef e a d af e  c ac  b  XCT, a d c a e he 3D 

ha e  f a  h a  a d e e e  af e  ad g (D. Wa g, Na a , V da -Sa e, & 

B e, 2018). I  add , he P '  a  f he a   he de  a  de e ed b  

g d a  c ac  e e e  (F g e 2.14 (a)). The a  f he g d a  

c ac  a d a e e e e  f he fab c  he d-c ce a  ca e  h   

F g e 2.14(b, c), a d he a   c de ed a  a h ge e  ed   he a . The 

def a  a e f he a  b a ed f  he a   c e  h he def a  

a e b a ed f  he XCT ec c . 

 (a)  

(b)  (c)  

Fig e 2.14 C m a i  f he 3D ha e . (a) The a , e e ime  (lef ), im la i  ( igh ) (b) X- a  

m g a h . (c) i h l gi di al c m e i  a d a e e e e i  m del (D. Wa g e  a ., 2018). 

Zhe g c ea ed  ha  a a ca  de f  e h c fea e  f da aged e  

c e fab c  h XCT (Zhe g e  a ., 2024). The b a ded c e a e a  a  b ec ed 

 c ac  e e e , h ch e ed  da age (c ac ), def a , a d f ac e 

h  he a e. A   a a ca  ec c  he 3D c e f he a e  c ea ed 

b  3D ec c  f he a e g XCT ech g  a d e a  e  a g. 

A a ed he da a f e h c a a e e  ( c d g c ac , def a  a e , a d 

f ac e a e ) f da aged a e , h   F g e 2.15.  
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Fig e 2.15 3D l me e de i g image . (a) he 3D XCT ec c i . (b) he 3D m del f he damaged 

b aided c m i e fab ic (c) c ack e i ed i  he i di id al a . (c) he c ack  e i ed i  ma i  (Zhe g e  

a ., 2024). 

 

Mic c ic cale 

Ma e (Ma e e  a ., 2013; Ma e & P , 2013) a  ed X- a  g a h   

cha ac e e he  a e b  c e. A  a e h a  a  e a e de  f 2.5% 

a  ed, h e c e  f be  e e eg a   ha e a d e g h ( ea  e g h = 5.6 , 

ea  d a e e  = 80 ). The c a  cha ac e a  a  ba ed  XCT age  a d he 

e e ed c e f he a e  a  e ac ed (Ma e e  a ., 2013). T da a  a a e  he 

c e f d d a  f be  a d  (b d e ) b  ea  f XCT (T da, G ab a, & 

C e e a-W be , 2017). 

La  (La , O g a , Ge d ea , D , & R a d d  R c a , 2011). de a e h d  

a a e  a a e he echa  f f be  b d e def a  The e h d  ba ed  he 

ca g f f be  b d e  b  ea  f he XCT ech e a d he a a  f ce  f f be  

b d e . The d ed a e  e e e ac ed f  f ca b  (PVDF) f h g e c a g 

69 f be  h e g h L=11 , d a e e  D=150 𝜇𝑚 a d Y g'  d  E=2 𝐺𝑝𝑎. The 

a e  e e a ed  e  a  5 C  a a e he he g ca  effec  f he e  

c ec e  a d  de a ce a  c e c  ea e   he f be  ed ,   

echa ca  e g. S g e c ac  e e e  e e e f ed  he a e . La  

e e ed he ec c ed c c a  de  f f be  b d e , a  h   F g e 2.16. 

A d he c ac  a d c a e cha ge  a  d ffe e  c ac  age  a e d c ed. Th  d  

de  f be  ec c  dea  f  he e e  he . 
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(a)  (b)  

Fig e 2.16 3D ge me  a d ce e li e f ec c i  f 69 fibe . (a) bef e c m ac i . (b) la  

c m ac i  e (La  e  a ., 2011).  

2.7 C cl i  

C ce g he echa ca  ad g a h, a a a  c ac  a h  c de ed. U e 

a e a e ad g a h  ch a  e ch g a d be d g, he c ac  a h a  

ed a  ed  a ed c   he e f ac , a d a ea a ge e  be ee  f be   

e a  c e f he f be  b d e. I  he  d , he c ac  ce   ca  

a c a ed h cha g g  he de  f he f be  b d e a d he e -f be  e ac . I  

add , a  a a  f he b b g a h  h  ha  e e  f e h ca  he e  a d 

a a e e  ha e bee  ed , he c ac /c e  beha  f a f be  b d e  

fa  f  be g e fec  de d a d a e ed. M de  ed f  h  beha  a e he  

ba ed  e ca  a ache  e g a  e e de f ca  f c eff c e   a  

e e e . Th  e a h  be ee  he e c eff c e  a d he a  e e / a a e e   

 add   e ab hed. C e e ,  he ad  b a  a h ca  ba ed beha  a  

f a , he c ac /c e  beha   d b ed  he  a  a d 

e e g a d  f c   a e   h  d c e . 

 

Th  ec  e   c c de ha  he e a d - ea e  f XCT d g he c e  

gh  e ab e  eb d he c c e a d he   cha ac e e  a  a f c  f he ad. 

I  he  a ea  a  he e e a    b d he a  c c e f ea  a e, b  a   

a da e he e ca  de g. 

I  add , a a g e  d e   h  c  he e a e, e ca   def e e 

e a  a a e e  ba ed  ha  ha  bee  e e ed  fa : 



66 

 

 M de g ca e: a  d c ed  he e  cha e  a d  he ge e a  d c , 

he de g  be e f ed  a c c c ca e. 

 S c e f he de  ed : I  acc da ce h ec  1.3.2, ed b d e  

(c g f f be  aced de b  de, gh  a g ed a d a  a a e )  be 

c de ed. The ef e, he de  ed   be a c ec  f a g ed a d a  

a a e  f be . 

 N be  f f be : Th  a a e e  e e  a cha e ge  c ca e de g, a  a  

ed b d e c a  h a d  f f be . G e  ha  he g a    def e a e ea ch 

ed , e - ce g a d e  a   be e ed, h e ce g 

e de e d   he be  f f be . The a  g a    def e a d a da e a  effec e 

a eg , h ch f  h  d   be c de ed f  ab  d e  f be  (40 f be ). 

 Ma e a  a d ge e  f he f be :  de   be ab e  e e e a  cha ac e e 

he  g ea ab e ech ca  ea , e e  f be  h a d a e e  f 0.5  a d a 

e g h f 15 , ed b  LPMT  M h e,  be ed. M e e ,  echa ca  

beha  a d f c  c eff c e  ha e bee  d ed  ece  e a e (Ga a a, 2016; 

Ga a a, Ba b e , Wag e  K che , S e , & P , 2018). 

 The c - ec  f he f be   c de ed a  a c c e, a   f  he 

a a ca  ce . P e a  c c  f he de  (c c  f he e ca  

de  f he f be  b d e): a  X- a  g a h  ca e  c b ed h a c -

c ac  a  ed  c c  a e ca  de  f he f be  b d e bef e a d af e  

c ac . I  he g a h  ce , he f be  ec  c d be c de ed a  eg a  

c c e, h ch c e  h he c d  e ed ab e ha  f be  a e ega ded a  

c c e . 

 

If he a  ge e  f a ea  a e ca  be b a ed eff c e  h gh XCT ca , he 

a a e c d , e ed  de a d he f e ce f he ge e ca  a d a e a  

a a e e  f a a , e   be ab e  b d  e g f be  b d e  h c ed 

a a e e . The e  ec  he  e  dea  f  c ea g   a  f be  b d e 

de  a  e  a  a d c  f he a  a a e e   he de . 
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Section 3 C ea i  f i al me ical m del  f fibe  media 

Acc d g  he ab e e , he e ha e bee  a a ge be  f e ea che  h  ha e c ea ed 

ge e c de  f he f b  ed  h gh XCT ech g  (La  e  a ., 2011; Ma e e  

a ., 2013; D. Wa g e  a ., 2018). H e e , he e ge e ca  de  a e c e e  de e de  

 he XCT e e e , h  b   he e e ce f he b d e a d a e ed  he 

e c . The ef e,   c c a   c ea e a  a  eff c e  ge e a  ha  ca  ge e a e a 

a ge be  f a  e e a e . The e a e c e  ch a  c ea g a  f be  ed a 

f  e c c a d c c c e ec e . 

3.1 C ea i  f i al fab ic  a  he me c ic cale 

Re a d G. R a d  (R a d  e  a ., 2012) de c be  a  eff c e  e h d  ge e a e a  e e 

c e ec e  a M e Ca  a g h  a d Ma  cha  e a . The a  

de  c ea ed  ba ed  ge e c da a f he ac a  e e c e c ec ed g h gh-

e  X- a  c -CT ech g , a  h   F g e 3.1 (a). A d f ed b  a g h  

 ge e a e a  e e e a  f h ee-d e a  f be  b d e  ( ), h   F g e 

3.1 (b). The a a  ce  e  he def  f g ca  a d ge e ca  e   

c ec  de  he e ea g a d a g e  be ee  f be  b d e . 

 

Fig e 3.1 The a gle i e l ck a chi ec e f he bjec  ma e ial: (a) 3D mic -CT image, (b) ical 

image f a c - ec i  al g he a  di ec i , (c) ideali ed chema ic f he i  cell (R a d  e  a ., 

2012).  

The  ge e   de c bed  e  f he  c - ec  e e d c a    a  

a , h ch  a  ch e   be he a   he g ba  Ca e a  e . F  each  ( ), 

he c d a e  f ce d f  c - ec , 𝜉, 𝑧 𝑚  (𝜉 ≡ 𝑦 f  a  , 𝜉 ≡ 𝑥 f  

ef  , 𝑧  f  h c e  d ec ) a e ec f ed a  c  a g f c  f 
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 a g he . 𝜉 𝑚 , 𝑧 𝑚 , 𝐴 𝑚 , 𝑎𝑟 𝑚 , 𝜃 𝑚  de c be he ge e  f   a  each 

e e ce f ec , he e 𝐴 𝑚     a ea, 𝑎𝑟 𝑚    a ec  a , 𝜃 𝑚    e a  

( a  ab  he  a ). 

The c c  h gh gh  he ab  f h  e h d  de acc a e c c a  de  

f  he a  f he echa ca  e e  a d da age e  f f be - e f ced 

c e , h e e e g he a ca  cha ac e c  f he c e  e ac  be ee  

f be  b d e . Th , he e e e a  da a a e e e ed  e  𝜉 𝑚 , 𝑧 𝑚 , 𝐴 𝑚 , 𝑎𝑟 𝑚 , 𝜃 𝑚 .  

The ge e a  e  f 3D a  ea e fab c h   F g e 3.2 (a) h gh he d f ca  

a d ad e  f a  a d ef  , a d he a  e e e a , h   F g e 3.2 

(b). I  add , he f a  3D a  fab c ge e   h   F g e 3.2 (c, d). 

(a)  

 

Fig e 3.2 (a) Ge e a i  e  f 3D i al fab ic. (b-d) Vi al ecime  e i  cell i  i e, defi ed  
a g id i h N 120 a d N 60: (b) Ill a i  f i e e e a i  em al   diffe e  c  

ec i . (c) 3D e de i g f he  c ec ed i al ecime . (c) 3D e de i g f he  a  

 l  (R a d  e  a ., 2012). 

F a , c a e he c - ec a  a ea, a ec  a , a d  a d  c d a e  f he  c  

h e e e a  a d a  e . The e g a  de    acc a e  

ef ec  he a a ge e  a d e ea g f a  ge e , b   e e e  a  a d 

a ca  he c c a  e e  f ac a  a e a . 

O he  a h  ha e ed  e XCT ca  a d age ea e   b d a c e  a d 

e e e a e ge e  a d a f e e e e  e h f  echa ca  a  (F e  e  a ., 
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2023; Na a , V da -Sa , Sch e de , Ma e, & B e, 2014) f  a ce. H e e , ce he 

e ca e  c de ed,  c  de g ca  be d ec  ed b  he a e . 

3.2 C ea i  f i al fibe  b dle ( ) a  he mic c ic cale 

The de g f f be  b d e  f  he c c c ca e ca  de f a  ab  f be  

def a , ea a ge e , a d he c ac  h  f be . I  he efe e ce , f be  a e a  

de ed  he f g e h d : 

 U def ab e d c e e e e e . 

 Def ab e f e e e e . 

3.2.1 C ea i  m del i h di c e e eleme  me h d (DEM) 

The D c e e E e e  Me h d (DEM) e  de g c  be ee  d c e e a c e  

a d h he  face   ha   a  a  e c  d a c  a . Each a c e  

de ed b  a g d he e/ hed  (  he ca e f a c e )  c de  (  he ca e f f be ) 

h deg ee  f f eed  f  e e  a d a . The    g e ed b  c a ca  

e b  e a  a d e ac  a e a  de ed b  c b a  be ee  g  

a d da e . O he  c ac  e e g  e a  ed b  ec a  d a c  ca  a  be ed.  

 

G  e e  a a a  c e  de  f f e b e f be  ba ed  he d c e e e e e  

e h d (DEM) (G  e  a ., 2021). The f e b e f be  de  ba ed  b ded he -c de  

 de c bed  de a  a d he acc ac  f he de   e f ed e e e a . The f be  c  

f a c ec ed a  f de ca  he ca  , each f h ch c  f a c de  a d 

he he e  a  b h e d . Ba ed  he  f K d  (K d , A a , & Sae , 2015), he 

c ac  f ce  e e acc a e  ca c a ed b  ea  f d ffe e  c ac  e  be ee  he 

he ca   (F g e 3.3), a d a ec f c c ac  f ce de  ec f ed f  each c ac  e. 

I  a c a , he a  e  a e  g d ag ee e  h he e e e a  e  he  

he M d  de  a d he ge e -de e de  a  c ac  f ce de  a e ed. 

 

Fig e 3.3 C ac  m del (a) Hemi he e-hemi he e c ac , (b) hemi he e-c li de  c ac , (c) 

a allel c li de  c ac , a d (d) ke ed c li de -c li de  c ac  (G  e  a ., 2021). 
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I  add , he a  e  h ed ha  he f be -f be  f c  c eff c e  a d he f be -

a  f c  c eff c e  ha e a g f ca  effec   he c e  f ce (F g e 3.4). A  he 

f be -f be  f c  c eff c e  𝜇  c ea e , he c e  f ce a  c ea e  a d 

e e a  a a e . The c ea e  f be - a  f c  c eff c e  𝜇   ead   a ea  

c ea e  c e  f ce a d a  hea  f ce h e ec   he a  f ce a . 

(a)  (b)  

Fig e 3.4 Effec  f (a) fibe -fibe  f ic i  c efficie  𝝁𝒇𝒇 a d (b) fibe - all f ic i  c efficie  𝝁𝒇𝒘  he 

l adi g c e  i  he ia ial c m e i  e (G  e  a ., 2021). 

I  a a  c e  a  f f be , he effec  f a c f c   c de ed. I  

a c a , a c f c   e d a  ha  d a c f c  he  he f be -f be  f c  

c eff c e  c ea e , h   F g e 3.5. 

 

Fig e 3.5 Pe ce age  f a ic f ic i  c ac  i h a i  fibe -fibe  f ic i  c efficie  𝝁𝒇𝒇. The 

fibe - all f ic i  c efficie  𝝁𝒇𝒘 i  e   0.6(G  e  a ., 2021). 

G '     c de ed he effec  f he f be -f be  f c  c eff c e  a d f be - a  

f c  c eff c e   he c e e beha , b  a  he f e ce f a c f c  be ee  

f be . H e e ,  h  de , he d d  c de  ha  b h f c  c eff c e  ha e a g ea e  

effec   he c e e beha  f he f be . H   ha  ded e  dea  f  h  d , 

a d  a  be ece a   c de  he f c  f ce be ee  he ed  f be  a d he 
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c ac ed cha e . 

 

I  de   a a e he e de  ha e  a d f e b  f a e a  ch a  fab c   f be  

( g ), Pa  de e ed g a d f e b e ge e c de  f f be  de  g d c e e 

e e e  (DE) c a a  e h d . The  ca  be f he  c a f ed a  g d f be  (RF) de  

a d f  f e b e f be  (CFF) de  (Pa  & Ka g, 2009). RF de  a e ab e f  

a g d a c b e  h g d b ec , h e CFF de  a e ef   dea g h 

d a c  a d b a  f f e b e a e a , e ec a  he  a ge def a  a d ea  

effec  eed  be c de ed. Sh   F g e 3.6 (a), he RF de  h  a g d ag ee e  

be ee  he a  e  a d he a a ca  . The e  f he a  c ea e  

h he a  d a g e, b  he a  e   ab  2%. The a  e  f he 

CFF de  a e ab e  acc a e  ed c  he d a c a d b a a  e e  f he b a g 

g. C a  a e ade h e ca   f ea  g de  ( ch a  he 

D ff g e a  ba ed  he K chh ff e a ). I  F g e 3.6 (b), he ca c a ed f e e c  

e  dec ea e  g ad a  h he c ea e f he a c e  be   he de , a d he e  

e a  h  2% f  d ffe e  a  a de c d . 

(a)  (b)  

Fig e 3.6 (a) Vel ci  a d e  f he igid fibe  af e  c lli i . (b) The e  f a ib a i g i g i  

f e e c  i h e ec   he mbe  f a icle  he  c m ed b  he CFF m del (A/L i  a 

dime i le  i al a ame e  ed  e e  he a i  f ib a i  am li de  i g 

le g h.)(Pa k & Ka g, 2009). 

F  Pa  de , he be  f a c e   he de   f e ce he acc ac  f 

a  e . Whe  he h e h d f be  f a c e   eached, he e  f he 

a  e  d e   cha ge. The ef e, he be  f e e e  f he f be   be 

d c ed  h  he   e he acc ac  f he de  h e a a g he a  

ca c a  e.  
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C a  e e ed a  a g h  ba ed  he DEM f  de g he beha  f e a c f be  

 f c a  c ac  (C a , 2023). The f be  a e de ed a  cha  f c d ca  eg e  

c ec ed b  g , a g  acc  e ga , be d g a d  f ce . The f c a  

c ac  be ee  he f be   a ed g he C da  a d S ac  de  c  ed  

g a a  a e a  a . 

F  he echa ca  beha  f g e f be , C a  e f ed c ac e  a  h 

e a c d  a d a c be d g-f ee a  h Ca a . The echa ca  e e f 

g e f be   b e ed a d a a ed b  a g d ffe e  f ce  a d e : he effec  f 

be d g a d f c   he e  d b . A  h   F g e 3.7 (a), he be d g 

beha  f he e a c d de  d ffe e   f ce  a  e  a  he  beha  a e  

g d ag ee e  h he he e ca  ed c  a d he a a ab e e e e a  e . I  

F g e 3.7 (b), The a d  f Ca a '  e a   de c b g he e  d b  f a e 

a ed a d a c de   de a ed. I a g he e f f c   he f be  e , 

e ec a   he a  a d d b  f f ce . S a c e a c  a  h 

be d g e a e he beha  f e a c f be  f g  c e  e e  e e a  

f ce  (F g e 3.7 (c)), e ea g he e f he f c   he f a  f he c e a d he 

a e a ce f  ab . The beha  f a f be  b d e  de   a d e   

a ed. The e  h  a g f ca  effec  f he  a g e a d he f c  c eff c e  

 he e g h f f be  e ac  a d e a  c a  ab . 
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(a)  

(c)  

(b)  

Fig e 3.7 (a) B ckli g f a  ela ic d. T e a lied a  e d  a  he i al b ckli g h e h ld a  a 

f c i  f he d le g h. (b) Te i  i  a lled i g a d a c li de : 𝑻∗  i  he e i  i  he i g, 

a d 𝜽 i  he lli g a gle. Ci cle  a e mb l, lai  li e i  a  e e ial fi . (c) Te i  a  a f c i  f 𝜺 =   𝒓/𝑹 f  f ic i le  a d f ic i al i g (C a , 2023). 

F he e, he effec  f he f c  c eff c e  f he f be   he c e e f ce a   

c de ed  C a ' . H e e , C a ' a  e  h  he a ce f 

f c   he e g h f f be  e ac  a d he ab a  f he f be  c e. The ef e, 

he f c  de he f be  b d e eed   be c de ed  he f be  b d e de . 

S b a a a  a d P c  (S b a a a  & P c , 2011) ed a e ca  de   e ga e he 

echa ca  beha  f b ded 3D a d  f be  e  de  a a  c e . The 

de  h  he e  a  de e de ce f e   e c a  a d he h e e  

he e  d g ad g a d ad g. Af e  he f  ad g a d ad g c c e , a ab e 

h e e    f ed. 

F g e 3.8 (a) h  he e  cha ge  c e d g  be d g, e e  a d f be  c ac  

( b a ed b  a a  de a e  f he be d g, ac  a d c ac  e e g e  h e ec   he 

e a e de , e ec e ) a  a f c  f ∆ =  𝐸𝑖𝑖 (   he ace f he def a  e  

a d he ef e he e cha ge). The e   e e  a   he e a e de  𝜑. 

I  he ea  age  f c e , he a  e e g   a  a c a ed  he be d g f he 

f be , h e a  h ghe  de e    a  ed  he a a  def a  de.  
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H e e , f  a ge  e a e de e  𝜑, he  ∆  a , he f be  e e  de d a e  

he be d g de. The c ac  e   a  de  f ag de e  ha  he he   e e . 

F g e 3.8 (b) h  a  c ea e   d a ce ( a ge a  e a e  𝛿|| ) a d 

e e e a  be ee  f be  ( a  e a e  𝛿  ) a  he c ac  ce  

ceed . 𝛿||a d 𝛿  ee   be ed b  f c . C de a  f e -f be  f c  d e  

 cha ge he f c a  f   e e  f he e - a  e a h . The echa c 

d ffe e ce be ee  h  e  a d a b ded a d  e : he e a e d g f he f be  

c ac   a d he c e e  ea a ge e  f f be   a  b ded e . B  

e g d g, a ffe  e e ca  e . The e e  d ca e ha  he e e  f he 

e - a  e  a   de e ed b  he f be  be d g a d he f a  f e  c ac . 

I   a  affec ed b  he e a e d g be ee  f be  a d a a  def a . 

(a)  (b)  

Fig e 3.8 C m ac i  f a 3D fib  a embl . (a) E l i  f fibe  c ac , be di g a d e ile 
e e  a  a f c i  f . (b) E l i  f ela i e lidi g a d i e e e a i  di a ce  be ee  fibe  

f  diffe e  f ic i  c efficie  (S b ama ia  & Pic , 2011). 

S b a a a  e  a . h  ha  he a  e e g   a  e a ed  he be d g f f be   he 

ea  age f c e , h e   a  ed  he a a  def a  a e  a  h ghe  

de e . Th  gge  ha  e eed  c de  e de  f f be  def a  a d he  

d a c a f a  h de  cha ge   he a  ce . I  add , he e a e 

d g be ee  f be  a d he ea a ge e  f c ac   ha e g f ca  effec   he 

echa ca  e e f he e . A d  eff c e   de a d he c ac  beha  

f  e e g  e ec e. 

 

T  e e e  cha  a e c a  e  c g f e a gh  bea . Each  

e e e  ca  ha   de  a d  a ed  ha e a c - ec  ha  e a  c a  

a g  f  e g h. T  e e e  a e b ec ed  a a  e e  c e e f ce  . I  
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d e   ha e he ab   a e be d g, hea ,  . I  ca e e ca  de , 

cha  f  e e e  a e ed  c c  a  f be  ha  c e a  a d a e  f  

e  c e . Wa g de e ed a c ca e c a a   ba ed  he e c  d g a  

e e e  e h d (F g e 3.9) f  e ca  a  f ba c ac  a d e e a  f 

e e fab c  (Y. Wa g e  a ., 2010). The a h  ha e g e h gh e e e a  ba c 

ac  e e e  f  c a  a d he a  a a e he e e e a  e . 

 

Fig e 3.9 C ce  f digi al eleme  (  eleme ) im la i (Y. Wa g e  a ., 2010). 

 

D c e e e e e  de g e ha e  he effec  f f c , c ac , a  c e, a d 

e ac  be ee  f be   f be  e  beha . I  add , he beha  f f be  

e  ca  be de d h gh e e g  d e , h ch ca  de a d he e ac  a d 

def a  f f be   he c ac  a . The ef e, h  d   a  a e e f 

h  e h d. H e e , he e de  d ca e ha  g d e e e  e e he e f ea  a d 

a  g   a e he def a  f he f be , a d he e ac   de ed b  a 

c b a  be ee  he g a d he da e . The -def ab e d c e e e e e  a e 

a  ba ed  he d a c  f g d b d e . I  h  he , he echa ca  a  f f be  

b d e de  h d   c de  he d a c beha  f f be , b  a  a  c de  

he def a  f f be . A   ha  bee  d c ed a  ech e  a d e e  ha e 

bee  ade  d c e e e e e   acc  a d de  he f be  def a , h e e , h  ead  

 a de c ea e f he c e  a d ca c a  e beca e     a  e.  

S , de g h gh d c e e e e e  ee    be he  ab e e h d  de   

ach e e he e f h  he . The ef e, e g def ab e f e e e e  de g 

bec e  e ece a . 

3.2.2 C ea i  m del i h fi i e eleme  me h d (FEM) 

I   f e e e e  de  f f b  ed a, he f be  a e e de . The f be  a e de ed 

h bea  e e e   e he c a  e. 
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X g de e ed a c echa ca  de  f a g ed f be  b d e  h h gh f be  e 

f ac  (X g, Che , & L , 2010),  d  he e a c def a  beha  de  b  

c e e e e a d g d a  e . A  ed e e e a e f be  ce  a  e e  

 ge  he def ec  f a be d g f be  de  a e e a d a a  f ce. N e ca  e  h  

ha  he a e e c e e e  a d  def a  a e e a ed  he a e a de a d 

he a a ab e f be  e f ac . The def a  beha  f e -a g ed f be  b d e  

de  c e  a d a a  e e  a  b a ed g a a  a ach  he Ca  de . 

The g ea e  a e e ff e  d ca e  ha  he de   ab e  a g  he f be  b d e  e  

a  h gh f be  c e .  

 

Abd E -Rah a  a d T c e  cce f  c ea ed a  f be  e  h ac a  f be  e 

f ac  f  he RSA e h d (Ah ed I. Abd E -Rah a  & T c e , 2013). a d e f ed 

c ac  a  h a  f be  e  (A. I. Abd E -Rah a  & T c e , 2013). The 

de  c  f 5000 f be  f e g h f 100  a d he c e  ce  f he f be  

e   a ed g he f e e e e  e h d. I  F g e 3.10, he c ac  e 

f ac  g e  f  5%  25% he e each f be   e e e ed b  a 3D bea  e e e . E c  

e eg a  a d ge e a  c ac  a g h  ce g e e e f ed h gh 

ABAQUS/E c . Ma  ca g a d c ac  a a  (c ac  da g) a e ed  

c  he c a a  e a d de  ab e , a  e  a  c a   he e , 

e ec e . 

(a)  (b)  

(c)  (d)  
Fig e 3.10 (a) A ical i  cell, c ai i g 692 child fibe . (b-d) Th ee e  f c m ac i  im la i  

i h 5000 fibe (A. I. Abd E -Rah a  & T c e , 2013; Ah ed I. Abd E -Rah a  & T c e , 2013). 

The c ac  c e  b a ed f  3 f c  c eff c e : =0.3, 0.6 a d 1.0, a  h   

F g e 3.11. The e c e d g  =1 (  dec ea e ) ee   be c e  h Va  
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W '  he  ( ce h  he  eg ec   be ee  f be ) f   e f ac  (𝜑 < 

15%). The e  f he be  f c ac   a  e ga ed f  =1, h e  a  

 T '  he . N  a da  aga  e e e a  e  a  ca ed . 

 

Fig e 3.11 The i fl e ce f he f ic i  c efficie   he c m a a i e c m ac i  beha i  c m a ed  

Va  W k m del (A. I. Abd E -Rah a  & T c e , 2013). 

Th  de  h gh gh  he c b  f e c  e c ca c a   he a age e  f 

c ac  be ee  f be  a d c  f c a a  e, a  e  a  he ef e  f da g 

 ab  a . B , h  de  c de  he h gh e a g ed f be  e , a d  

c de  he f be  h a  g e d ec . 

 

D e e e ed a a  f c ac  f e a g ed f be  b d e  g he f e 

e e e  e h d (Da e  D e, 2005). I  h  de , he f be  a e de ed a  bea . I  

fac , he c - ec a  e a c  f each f be   de c bed b  h ee ec : e f  he 

a a  f he c - ec a  ce e  f a , a d  he   de c be he a a  a d ea  

def a  f he c - ec . N a  c ac  be ee  f be   de ed b  a e a  

f c  a  ha  e a e  a  f ce   a  e e a . F c   de ed h gh 

C b'  a . The effec  f f be  be d g a  e ga ed b  c ac g a f be  c b a  

c a g 50 f be  h a d a e e  f 0.015 , he ge e e  a e h   F g e 3.12. I  

F g e 3.13, he e  h  ha  f   c ac  a e , he c ac  c e  a e 

c e  h Va  W '  he . The c e a  h h  he   be e  a  c ea g f be  

. F  h ghe  c e  a e , he beha   c e   ha  ed c ed b  Ba de  

(Ba de , R che , & R , 1999), h  d ed he c e  f g a   a e  

  95% c e .  
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D e a  d ed he be  f c ac  a d f d ha  he a a  f  a e a h  

a   he e a e de  𝜑23 : 𝑁𝑐 ∝ 𝜑23, h   F g e 3.13(b). 

 

Fig e 3.12 I i ial a d fi al c fig a i  f he 3 am le  f  he h ee diffe e  c im  (Da e  

D e, 2005). 

(a)  (b)  

Fig e 3.13 (a)C m a i  f l adi g c e  i h a  W k  he . (b) C m a i  be ee  he 

e l i  f mbe  f c ac  e  l me f ac i  (Da e  D e, 2005). 

D e ed ha  he be  f c ac   a   he e f ac  f he f be  

e . W h he c ea e f c , he be  f c ac  be ee  f be  a  c ea ed, b  

 cha ge a   b   he  e f ac  a . A  he e d f c ac , he 

be  f c ac  h d ffe e  c   ba ca  he a e. Th  he e   h  f 

e f ca , a d a  d a e e  f be  a e ed  h  de ,    h c de g he he  

he a e e  ca  be b a ed f  he f be  ed  h  he . 

 

D e ed a f e e e e  e h d f  a g he echa ca  beha  f e  e e 

a e a  a  he f be  e e  (D. D e, 2011; Da e  D e, 2008, 2010). The de g 

ce  de  he f be  a  3D bea  e e e  a d a e   acc  he c ac -f c  

e ac  be ee  he , e ab g he a  f a che  c ed f h d ed  f f be . 



79 

 

The a  c f g a  f he e  c e  de e ed b  a g he ea g 

ce , a  h   F g e 3.14.  

 

Fig e 3.14 H i al ai  i  a  ge e a ed b  he im la i  f he ea i g ce  (Da e  

D e, 2008). 

The echa ca  e e  f  e  f e  fab c  ( a  a d ) e e e ga ed b  

a g d ffe e  ad g a h (b a a  e  ad g, hea  ad g). Th , he c e  

f he fab c beha  a d e  d b  a  he f be  e e   e ea ed. The c e de c b g 

he a a  f ce a  a f c  f a a  a  F g e 3.15 (a), e h b  - ea  beha  a  he 

a  c e e  f he ac  a . Th   a b ed  he ea a ge e  f he f be  

a d he ed c  f he  c a e  de  he ac  f ce. Rega d g hea  beha , he 

c e f hea  f ce a  a f c  f hea  a g e  F g e 3.15 (b)  - ea , a   he 

e  f (Ca  e  a ., 2008). The hea  f ce c ea e    eache  a a e c e d g  

he c g a g e f he e f ce e . 

 

(a) 
 

(b) 
Fig e 3.15 (a) Sim la i  f he bi-a ial ac i  f ill a d lai  ea e fab ic: a ial f ce a  a f c i  

f he a ial def ma i . (b) Sim la i  f hea i g f lai  ea e: hea  f ce a  a f c i  f hea  

a gle(D. D e, 2011). 

 

S b e e , M aghf  de c be  a e h d g  ed  ge e a e a ge e c de  f a 

f be  b d e, he  he echa ca  a  a e e f ed (M aghf , E -Ghe a  Jeg , 
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D e, F a e, & Wag e -K che , 2013). The ge e ca  de  f he g a  c ea ed 

ba ed  he D e  de , he 3D ge e  f d ffe e   g h   F g e 3.16. 

 

Fig e 3.16 R i g ge me ie  i h diffe e  i  a d a e e c m e i  im la i (M aghf  e  

a ., 2013). 

The , he g de  a  a ed h a e e c ac  g FEA e h d. I  h  

a , he c ac  a e  c de  a  g d a . B  c a g he e e e a  da a 

h he a  e , he d  e f ed he acc ac  a d e ab  f he de  (F g e 

3.17).  

 

Fig e 3.17 Valida e he im la i  i h e e ime  (M aghf  e  a ., 2013). 

A  h   F g e 3.18 (a), he a e e c e  ff e  f g c ea e  he   

 c ea e. Th   ce ed g a e   e d ff c  f  he f be   de a d 

ea a ge each he . I  add , he cha ge  he c eff c e  f f c  ha  he a e effec   

he de  a  h   F g e 3.18 (b), he e he c ea e  he c eff c e  f f c  a  

e c  he d g be ee  he f be . The e ca  e  a e c a ed h he e  ca ed 

 b  Jeg  (E -Ghe a  Jeg , F a e, Wag e -K che , M aghf , & D e, 

2012). 
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(a) 

 
(b) 

Fig e 3.18 The c m e i  f ce i  f c i  f di a ce be ee   c m ac i  la e . (a) i h 
diffe e  i g ge me . (b) i h diffe e  f ic i  c efficie  (M aghf  e  a ., 2013). 

M aghf  e  a  '  a a ed he c ac  beha  f a  h d ffe e  , b  he  d d 

 c de  he e f ac  f f be   e a   d ffe e  a . I  add , he 

c ac  e e e  a  c a ed c ac . 

 

Q. H a  Pha a f c ed  he a e e beha  f a Ke a  KM2 a  a  a c c c 

a d h ge ed ca e (Pha  e  a ., 2020). A a  c g f h d ed  f f be  a  

de ed c c ca  de  he a  f 2D a e a . A  h   he F g e 3.19 

(a), he f be  a e c e  a g ed de he f be  b d e. 

(a)  

(b)  
Fig e 3.19 (a) Ge me  f he me ical m del. (b) T e ai  i  YY di ec i  a  di laceme  34.5 𝝁𝒎 𝐏𝐡𝐚𝐦 𝐞𝐭 𝐚𝐥. , 𝟐𝟎𝟐𝟎 . 

The , ba ed  he c c c beha , he e ca  h ge a  ech e a  ed  

b a  he effec e h ge a  beha  a  f he a . The h ge a  beha  

a  e e e e ed  ABAQUS®/S a da d h gh e  b e . The a e e 

c e e beha  a  e f ed h h ge ed a  a d c c c a . The e 

a   YY d ec  h d ace e  34.5 𝜇𝑚 f c c c a  h   F g e 3.19 

(b). A d he c ac  beha  f he e  de  h   F g e 3.20. 
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Fig e 3.20 The c m a i  be ee  mic c ic a d h m ge i ed m del (Pha  e  a ., 2020). 

The d  ea  a d c e  a g ed f be  e e b ec ed  c ac  a . The 

e ab  f c ea g f be  b d e  a d e f g c ac  a  e f ed b  c a g h 

h ge ed de . H e e , h  a a ge e  f f be   dea ed, f  h ch a de  f 

f ee  a a ged f be  b d e  a  c ea ed  h  he . 

 

L  e e ed he ce  f c ea g a a  3D f be  b d e c e  ANSYS® (L  e  a ., 

2011). Th  a eg  ( ) ge e a e  a d  f be  c  ec   2D a e  a d e e ha  he 

c c e d   de g  a  e e a ; ( ) Ge e a e f be  c  ec   2D a e  aced 

a    he d ec  f f be  e g h, e e e ed a  f be  ce e  c d a e 𝑥, 𝑦 . A d    

ge e a e 𝑛 2D a e ; ( ) The ce e e  f each f be  a e c ec ed, a d ( )  e de ed 

3D c e. Th , h g  f f be  b d e  c  ca e  e d ced, a d f be  b d e 

de    a d a  b a ed. 

 

Fig e 3.21 C ea i  e  f 3D fibe  b dle c e (L. L  e  a ., 2011).  

L  c ea e  f be   a a e  c e  h he he  f g a h c ec c  f f be : 

c ea g a ge e c de  f he f be '  ce e e. Th  de  a  dea f  he c ea  f a 

f be  b d e de  h a f ee a a ge e  f f be   h  he . 
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3.2.3 C mbi e he DEM a d FEM me h d  

Dae e a  c b e he ad a age f DEM a d FEM e h d, c ea ed a h b d a  fab c 

de  a d a ed  c ac  beha  (Dae e a  e  a ., 2021). I  c b e   

e e e   de e e e e   he d ec  f he f be , a d bea  e e e  f  f be  

be d g, h   F g e 3.22 (b). The ba e c e f he f be  fab c a  c ea ed g 

D a c Fab c Mecha ca  A a e  (DFMA, .fab c echa c .c ). DFMA a  

c ea ed b  WANG (Y. Wa g e  a ., 2010; Y. Wa g & S , 2001; Zh , S , & Wa g, 2004) f 

he Fab c Mecha c  g  a  Ka a  S a e U e . The a e  e e a  ca ed b  

c -CT  c a e he c ea ed a  fab c h he c c e f he a e , h  

 F g e 3.22 (a). 

 

Fig e 3.22 (a) C m a i  f eal fab ic f m Mic -CT e e ime  (lef ) a d im la ed fab ic 

(mic -)ge me  ( igh ) h  g d i al ag eeme  be ee  b h. (b) The fab ic i  c c ed f 
h b id i al fibe  ha  c i  f a chai  f beam eleme  f  be di g iff e  a d  eleme  f  

e ile iff e  (Dae e a  e  a ., 2021). 

I  he a  a a  f e ca  c ac  f f b  fab c , e e a  a  

a a e e  a e d c ed, c d g f be  e (𝐿/𝐷  a ), c eff c e  f f c  (𝜇 ), a d 

be d g ff e  f f be  (𝐸𝐼). The e a h  be ee  he c ac  d ace e  a d he 

e e  h   F g e 3.23. L e  L/D a  (𝐿/𝐷 =  1 a d 0.5) h ed h ghe  be d g 

a  e e g   he a , h ch e ed  e b c g f he a  f be  d g 

c ac . Th  e a  h  he e a  h  a e g d c ac  e e. A 

h ghe  a ge f f c  c eff c e  (𝜇 =  0.3 − 0.4) a  c de ed e a a e d g 

c e  h gh he g d a  d ec , c de g ha  a   - a e e e 

f ce  a e ed. I c ea g he be d g ff e  had a g f ca  effec   he c e  
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e e f he a ed fab c . F  he ba e e be d g ff e , he a ed fab c 

h c e  a  gh  de e a ed f  e e e . H e e , he a ed c e  

c e  e e a   he e e e a  e . The ag ee e  be ee  a  a d 

e e e  e  a  he be d g ff e   c ea ed    f e e  he ba e e. 

H ghe  be d g ff e e  ( 10 𝐸𝐼  100 𝐸𝐼  ) e ed  a  e e a  f he 

c e  e e a   c e  e e , gge g ha  a e   h  a ge e e  

h gh. 

The ac c c c e  e e f he fab c a  e  ed c ed b  c ec  e g he 

a  a a e e . M e e , he c c c def a  echa  ( e f ed b  

M c -CT ca ), a  e  a  he h e e  e  e g f  f be  ea a ge e  a d f c  

e e a  e  ed c ed a d e a ed. The e g f be d g ff e  ca  a  acc a e  

ed c  he echa ca  e e f he f be  fab c d g g d a  c ac . 

(a)  (b)  

(c)  
Fig e 3.23 The effec  f he (a) L/D, (b) f ic i al a d (c) be di g iff e  c a   he c m e i e 

e e. (a) h  c m e i e e e c e ge  f  𝑳/𝑫  𝟏. (b) h  ha  highe  f ic i al 

c a  e l  i  be e  ag eeme  i h he e e ime all  de e mi ed e e. (c) h  be e  

ag eeme  be ee  he im la ed a d e e ime al e e  i  b ai ed f  a be di g iff e  i  he 

a ge f 25 (𝑬𝑰)mea ed (f m Pei ce  ca ile e  me h d) (Dae e a  e  a ., 2021). 

The ge e a  c ac  a g h  f ABAQUS/e c  a  ed   a . The ge e a  
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c ac  a g h   a e a c f c g a g h  ha  a  he c ac g face   

" e e a e"  each he  a  each e e      ( he e   he e a ed 

ff e ). Wh e h  de g  de  e f e b   dea g h he c ac  b e ,  

a  a e  face e e a  e ced de  h gh c e  c d , h  

 F g e 3.24. 

 

Fig e 3.24 C ac  e cl e / e e a i  ( f e i g) be ee  eighb i g fibe  cc  i  la ge 
am  a  e e  1.5 M a (Dae e a  e  a ., 2021). 

Dae e a ' d  f he e de e  a d f c  c eff c e  f f be  b d e  a  e a , 

b   d d  c e a e he e f ac  f f be   he e . I  he  d ,  a  h  

ha  e e a  cc  be ee  f be   a h gh- e e a e, h  he e  ha  a  a  

c f ed  h  he . 

3.3 C cl i  

A  d c ed  ec  1, f be - e f ced a e a  a e - ca e ed a, a d f be   he 

a e  h ge e  c e  . S , c - ca e (f be  e e )  he  acc a e e e  

 d  f be  a e a  h  a c  echa c  a ach. I  de   acc a e  d  

he echa ca  e e  f f be  b d e ,  ec  2,  a  c de ed  e he c ac  

a h a  he ad g a h  d   echa ca  e e . F he e, g a h  

ech g  c b ed h c -c ac  a ea  a  a  effec e a   e ac  he h ee-

d e a  h g  f f be  b d e  a  d ffe e  c ac  age . F a , he e g 

e ea ch  de g f f be  ed a a  e c c a d c c c ca e   d c ed. The e 

e ea che  c e e  h e e  c ed  e  f e e e a  e g ( ec  1). I  

a  de  a ba  f  he c c  f he f be  b d e echa c  a  de   

h  he . The c c a  a a e e  ca  be cha ged  d  he  effec   c ac , 

 (M aghf  e  a ., 2013), f c  c eff c e  (G  e  a ., 2021), e c. 

H e e , he e d e  d d  c de  he c ac  a  e h d b  e ac g ea  

f be  b d e , h ch  a  effec e e h d  e f  he acc ac  f he de  ( a  

a a e e ). La  (La  e  a ., 2011) e ac ed he f be  b d e de  h gh XCT ech g  

a d e f ed a c ac  a   , a d he a  a  a   he e e e . 



86 

 

B , he e a h  be ee  he e a  c a  a a e e  f he f be  b d e a d he 

c ac  beha  a   c de ed  h  d . 

D e e  a  (Da e  D e, 2005; L. L  e  a ., 2011; Pha  e  a ., 2020) e f ed 

echa ca  a  b  c ea g f be  b d e . The a   he e d e  e e 

c e  h e e e a   he e ca  e . 

The e  a e g f    a ach, h e e , e f he  ha e bee  ed a  

a  e a   de   e ga e he echa ca  beha  f he g a  a f c  f 

he  c . Th  cha e ge e  a  acc a e e e e a  a da   e e a h gh 

c e c  f he de , c ed  a e ca  eff c e c  f  he e  ca c a  

e ed  a f  he ac  f a  he a a e e . 

 

Th  ec  de  dea  f  c ea e f be  b d e  a d he a  a a e e . 

F  a f be  de g e ec e, g d d c e e e e e  a d def ab e f e e e e  a e 

e a  a a ab e. I  add ,  ha  bee  e ea ed  de a ed ha  f be  be d g  a 

a  fac   c ac  de g, e ec a   he ca e f a  be  f be . The ef e, 

bea  e e e  ee   be a ab e ch ce f  he de g f ch def a  (be d g), 

e ec a   he ca e f a ge be  f c ac . I  a c a , e ea che  e D e, 

T c e  a d O. Ha , ha e bee  ab e  de a e he  e a . F  c ac  a e  

(c ac  cha e ), g d b d  a  a  a e ed. F  a e ca   f e , 

he ABAQUS/e c   ed. B  f  a - a c a  ( ee he effec  f ad g eed, 

ec  2.2), he c a a  a a e e  c ac  da g a d a  ca g (a f c a  

a a  f he f e e e e  de ) ha e  be added  e c a a  e a d 

ed ce c a . F  f be -f be  e ac , he c ac  f ce  c  f a  f ce  a d 

f c - d ced a ge a  f ce ,  ge e a  c ac   ed. Re ea che  ha e e ha ed he 

a ce f he f c  c eff c e   f be - ca e de g. Ga a a ha  ece  ca ed  

a  e e e a  d  f f c  be ee  he e e  f be  ha   be ed  h  d  

(Ga a a, 2016; Ga a a e  a ., 2018), a d he e  b a ed a e   b e  de a 

ff c e  c eff c e  f f c  𝜇 =  0.2  be ed  h  he . 

 

A  e ed bef e, he e f h  a e    e a  e g a  f be  b d e 

e a  a d de e  f be  b d e c c e a a e e  a a  . A  he ab e 

de  a a e e  ha e bee  e f ed b  D . Ha  (Ha  O a a, 2018) a d he e ca  

de  f he f be  b d e c c ed  h  he   ba ed  he de  he ha  e  
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de e ed. I   e ha ced f  he f g e ec e :( ) Se e a  e e e  c b g 

XCT a d c ac  a e c d c ed  e f  he acc ac  f he de . ( ) E e e  e e 

e f ed g h ghe  XCT e  a d he - ce g de a  f he XCT age  e e 

e ha ced. ( ) C ea  f a f be  b d e c c e a a    d c  he e a h  

be ee  c ac  a d c c a  a a e e  (d c ed  Cha e  II).  

I  Cha e  III, he c ea  f a a  e ca  a  a a e  f be  b d e ge e a   

d c ed. I  he  e   b a  he f  a ge ed e  ab  he f e ce f he c a  

a a e e  ( d a , a g e , f c , e c.) b  a  f he ad g (c ac  a h, eed,) 

 he c e  beha . 
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Cha e  II De el me  f mic - c e a al i  l f  me ical fibe  
b dle 

Cha e  II c a  ec  4  6 e e g he e  f he c g a h  e e e , 

he ec c  f he f be  b d e , a d a ed e h d f  he c c a  a a  

f he f be  b d e . 

Sec  4 h  he ce  f a f be  b d e c -c ac  e e e , a d he e  

f he a a . 

Sec  5 de c be  he a  e ca  e a  h ch c  f  a : he 

ec c  f a e ca  f be  b d e ge e , a d he a  a eg .  

Sec  6 d ce  he c ea  f he a a   f  f be  c c e: f  f be  

  d ca  ch a  c ac  be ee  f be , c  a d e a . 
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Section 4 Mic -c m ac i  e e ime  i h m g a h : ce  a d 

e l    

Th  ec  de c be  he c -c ac  e e e   f be  b d e . The e e e   

c b ed h g a h  f    ag g f f be  b d e . The e e e  de  da a 

f  he a  e ca  e a   ec  5 a d he c c e a a    ec  

6. 

4.1 P e a a i  f am le  

T  f be  b d e a e  c g f 40 d  e e  f be , h  a   g, e e 

a a  e a ed, he e a g e f be  e g h  a a e  14-14.5 . The a e 

c a ed  40 f be  ce c de g ha  ( ) he e ca  a  e a     he 

a da ed age, a a ge be  f e ca  a  a e e ed, h a ea ab e be  

f f be   c  he a  e; ( ) he f be  a e  a e e a ed a a ,    

d ff c   e a e a a ge be  f f be  a e . 

D g he e a a  f a f be  b d e, he c g f f be  gh  affec  he c ac  

beha . The c  ec  f a g e f be  e a ed b   d ffe e  c g e h d  

a e  h  e: he f  e b  g c  he ea  he ec d de e d  a eed e  

c  he f be . The ec  b a ed b  he e  e h d  a e h   F g e 4.1(a-b). F g e 

4.1(c, d) h  he a  c c e  f he f be  b d e e d  f  a e  1 a d 2, 

b a ed b  he  c g e h d .  

The e e ce f eg a  b   he c - ec  f he f be  e d   a e1  d e  a 

a c def a  f he ec  he  he f be   c  b  c . 

B  a  affec  he e a e  f he f be  d g he c ac  a d cha ge he  

e a c . The eb  a e g he e a c  f he f be  b d e, e e  h gh h  d  f c ed 

 he e a   f he f be  b d e de  c ac . A d he b  affec   b da  

effec . A d he e b  a e eg a  ha ed,  d ff c     de . S , h  b da  

effec    be c a ed  he e ca  a  f h  d .  

I deed, he e f h  cha e    e ga e he e a c  f a -f be  a e b , 

a he  ha  he effec  f he b da  c d    . I  add , he c e   

he de g d ced f acc g f h  he e   h ge ce  d e  e ab e  

a e he c - ec  f he f be   be c c a  a d eg a . C e e , each f be  a  
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d d a  c , a d he c - ec  a  he  chec ed de  a c c e  e e ha  he 

f e a  f a  a d h.  

Bef e he a  f he c ac  e e e , a  a  ca  f he e a ed a e  e ed 

 de   ec c  a d    ABAQUS /CAE a  a ge e c de  f he f be  

b d e. The a  ca  f he f be  b d e  ed  chec  he he  he a e   

a  c ec  bef e a g he c ac  e e e .  

 
 (a)Me h d 1 

 
(b)Me h d 2 

  
(c) 

 
(d) 

Fig e 4.1 C - ec i  mic c e image  f i gle fibe  f  diffe e  me h d  f c i g fibe : (a) 

c i g me h d 1, (b) c i g me h d 2, m g a h  image  f c - ec i  a  he e d f fibe  b dle : 
(c) am le b ai ed i h c i g me h d 1, (d) am le b ai ed i h c i g me h d 2. 

The a e  aced  a a a e   f PMMA (P  e h  e hac a e) a  h  

 F g e 4.2 (a). Th  a e a  ha  a  ab  f X- a  a d  he ef e ed  he 

g a h  e e e   b a  h gh- a  age  (F g e 4.2 (b)), h e a e   

de a PVC  a d g a h  ca ed ca  e e  a e  age a  (F g e 4.2 

(c)). He e, he c f ed c ac   a  ed, beca e he e   adhe e be ee  he 

f be  (d  f be )  a  c f ed , he f be   a ea   a  f a  (F g e 4.2(a)-

gh ). I  h  ca e, c ac  f f be  b d e    be cha ac e ed b  g 

ea a ge e  be ee  f be , b  a  b  c ac  f he f be  c - ec  

(def a  f he f be  c - ec ). S , he f ee a e a  c d  e e  c de ed, 

h ch ca  b e ed d g he f g age f e e e f ce e   RTM ce . 
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(a)  

(b)  (c)  

Fig e 4.2 The am le ca e e f c m ac i . 

F  a e 1, he f be  ha e a e g h f 14 , a d he e f he a  c ac  ace 

a  5*4*14 . I  d ff c   ace he f be  a  he ce e  f he c ac  cha e  h 

a e e g h, ha  ea  he e d f he b d e a   ca ed c e e , a d ab  0.2  

a   d e  he fac  ha  he  he f be  e e aced, he e e , a d b  effec   

f e ce he acc a e f ge e a e e ca  f be  b d e ge e . The ef e, f  he a e 

2, he e h d f c g a d ch e  a g d e g h f he f be  a  cha ged  a d he e 

b e . I  add , he e g h f he c ac  cha e  a  c ea ed  15   e e 

ha  he f be  b d e a  c e e  de he c ac  . B  h  a , f be  a e 

c e e  ca ed, he ec c ed ge e  f he f be  b d e  c e e, a d b h e d 

f f be  ec  a  f a  (F g e 4.8).  

4.2 X- a  m g a h  a d mic  c m ac i  machi e 

a) X- a  m g a h  

Th  d  ed a  X- a  g a h  e  ( de  Ea T  Na  160, F g e 4.3 (a))  

ca  he a e . The g a h  ach e d ce  X- a  h a c ca  ge e , a  h  

 F g e 4.3 (b). The c ca  X- a  ac  he a e  h e he  a e f  0   360 . The 

ce  ( ec ) f he f be  b d e c - ec  e e b a ed b  h ee-d e a  

ec c  f he g a h  da a ce g b  g he f a e Xac .  

The  f he a e e a e  he X- a  ce a  a  a  e  he a  f 

he ca . The a a  e  ( e  e) ca  be c ed b  ad g he d a ce be ee  



92 

 

he e ed b ec  a d he X- a  ce (SOD), he d a ce be ee  he X- a  ce a d he 

c ee   SDD. The e  e a ge f he Ea T  Na  160 g a h  𝑃1𝑃2 = 𝑆 𝐷𝑆𝐷𝐷, he e 

P1  he e  e a  he SOD d a ce, a d P2  he e  e f he c ee . F  he -

ea e  f g a h  age , he f be  c - ec   ea ed a  a c c e, a d he e ca  

de  f he f be  b d e  b a ed b  e ac g he ce e   f he f be  c - ec . 

The ef e, he a a  e  ( e  e) f he g a h  age  a  f  he 

acc a e e ac  f he ce e   f he c c e , b  a  f  a  acc a e e a a  f he 

c c e ad . The h ghe  he a a  e , he e e   ha  a e  a g e f be  

c - ec , a d he e acc a e he e ac  f he ce e   f he "c c e". H e e , 

he ace cc ed b  he c -c ac  ach e  be c de ed, a d he  ca g 

he a e, he a  a e  be ca ed. I   e e e , he e g h f h  a e  

16 . Th  e g h d e   a  he SOD  be  a . The ef e, he  e  e 

ha  e b a ed a  9 . 

The a a e e  f he X- a  ca g e  f  e e e  e e: he be e  f 12 W f  

he X- a  ge e a , he be age f 60 KV ( a : 160 KV), a d be e  f 200 A. 

 
(a) 

 
(b) 

Fig e 4.3 (a)X- a  m g a h  em, (b) Schema ic diag am f he effec  f am le l ca i   a ial 

e l i  ( el i e). 

b) Mic  a ma ic c m ac i  machi e 

The c -c ac  ach e (Debe , F g e 4.4)  e ed h  c ac  a e , 

e  a d e . The e  c ac  a e  a a  f e, h e he e  e  ab e 

a d c ec ed  a e e ec c ea   a ed a  he b  f he c ac  ach e. 

The a  d a ce be ee  he  c ac  a e   15 . The a e  

c e ed e ca   he " ca  cha e ". The e   ca ed  he e  a  f he 

ach e Debe , a d he e a e  f ce e : 500 N a d 5000 N. D g h  e e e , 

he e  f 500N a  ed a d ha  he f g cha ac e c : 
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o The ec  c a  f he e   he c a  1. 

o Whe  he ea ed f ce  e  ha  2 N, he ec    e ed (  g a a eed). 

o Be ee  2 N a d 500 N, he acc ac   1% f he ea ed a e. 

o T  a d he f e ce f e a  effec   he f be  ea a ge e ,  a  c c a   

a a  a - a c c e . The eed f c ac  a  f ed  Vcompaction =1 

/ . 

o The a g e f he c ac  e e e  da a a  100 . 

 
(a) 

 
(b) 

Fig e 4.4 C m ac i  machi e (Debe ). 

D e  he  acc ac  f he e  d g he a  c ac  a  (c ac  f ce < 2 

N), he c ac  e e e   be c ed b  d ace e . The e  a d e  

c ac  a  f he a e a e f ed a  he e  a d e  c ac  a e  f he Debe , 

e ec e . The e  a  ( e  a  f he a e )  f ed  he ce e  f he e  

c ac  a e, a d he  he e  a e a   c a ed b  a  adhe e a e a   be 

c ec ed  he e  a e f he ach e. D g he c ac  f he f be  b d e, he 

c ac   b a ed d e  he d ace e  f he e  a e f he ach e.  

4.3 The c m ac i  ce  a d e l  

A  e ed ab e, bef e a g he c ac  e e e , he a  a e f he f be  

b d e  ca ed  b a  he a  ge e  ha  h d be c ac ed a e . I  h d be 

ed ha  he f  e    a e e ha  he a e c ac  h he e  c e  a e 

f he Debe , he c ac  ha   cc ed a d he e  a   c e  f ce. 

I  h  c e  e , he a  c ac  cc  he  he Debe   hed he e  a e 

 he f  f be  f he b d e ge   c ac  h he e  a e. H e e , h  he e  

   ea   def e  . The ef e, f  a ch c ac  e e e , he e a e  
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e h d   def e a e ea ab e a  c ac  a e f  a  he a e : 

1) Def e he c ac   b  he c e e ge e a ed f ce. H e e , d e  he  

c ac  ff e  f he f be  b d e a d he -g a a eed acc ac  e  f  a 

ea e e  e  ha  2 N a  e  a  he e  e  (0.01 N),   a  b e 

 d g h be ee  he c e e f ce a  he a  c ac  a d he ea e e  

e f he e . Th  e h d  a  ab e f  ed a h h gh ff e  . 

2) Chec  c ac  b  g he g a h  e b e a , a  h   F g e 4.5. 

Whe  he e  a e e  a d , a d he h ghe   f he f be  b d e c e   

c ac  h he e  a e, he e  a e d ace e   f ed, a d he c ac  

c d be a ed. The e  a e de a  be ee  b e g he 3D h g  f he f be  

b d e  h gh he g a h  d  a d he e e  f he e  a e, h ch 

eed  h  a e  be ed af e  each a d c  e e   b e e he c ac  

be ee  he f be  a d he e  cha e  f he c ac . E e  f   e c g, 

h  ech e  eab e  def e acc a e  e gh he a  a e. 

 

Fig e 4.5 The 3D m h l g  f he fibe  b dle  h gh he m g a h  i d . 

Af e  e g he f be  b d e h g he e h d 2, he a  c ac  f ce  a  0N. 

Th    c de ed a  he a   ha   be c a ed h he  f he 

a  c ac  f ce a  he e d f c ac  e e e .  

F  he a e 2, af e  ca g f he f be  b d e a  ge e , he e  a e 

d ace e   a ed  c ac  he f be  b d e. af e  each e  f d ace e , he e  

a a ge e  f he b d e ge e   ca ed (F g e 4.6). A  e ed bef e,  de   

e f  he c e c  f he c c e f he f be  be ee  he e ca  de  a d he 

c ac  e e e ,   ece a   ec c  he f be  b d e  de  d ffe e  

c ac  e  b  X- a  ca g. I  he e e e  e e ed he eaf e , he e  15 

g a h  ca  e , c d g he a  ge e  ( e  0).  
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(a)  (b)  

 
(c) 

Fig e 4.6 C m ac  a h im ed b  di laceme . 

The F g e 4.7 (a) a e  he e a h  be ee  he c ac  f ce  a d he c ac  

e, he e he e a a  effec   a fe ed, he c ac  f ce dec ea e  af e  each 

c ac , d e  he fac  ha  he f be  e gh  a a  f  each he  a d e-ach e e 

a a c e b  af e  each c ac  e  , ead g  f be  ea a ge e . Th , 

cha ge   he f be  c c e e   he e a a  f he c ac  f ce (F g e 4.7 

(a)).  

The e a a  effec   a   he c ac  f ce, a d def ed b :  

𝑅𝑠𝑡𝑒𝑝 = 𝐹𝑚𝑎𝑥 −𝐹𝑟𝑒𝑙𝑎𝑥𝐹𝑟𝑒𝑙𝑎𝑥 × 100%                   (4.1) 

Whe e 𝐹𝑚𝑎𝑥  a d 𝐹𝑟𝑒𝑙𝑎𝑥   he a  f ce a d he f ce af e  e a a  f c ac  

e  , e ec e . 

B   h  e e e  (e.g., F g e 4.7 (b)), af e  he 13 h c ac , he 𝑅𝑠𝑡𝑒𝑝13   34.2%, 

h ch  g f ca  h ghe  ha  𝑅𝑠𝑡𝑒𝑝12 12.43 % . Th   d e  he a ge  be ee  he 

f be , he e he f be  e  f  he d  d g he e a a  e . F  F g e 4.7 (c), 

he f be  e g f ca  af e  c ac  e  12. Bef e e  5, he e a a  effec  a ed 

eg a  a d g f ca . S ce he acc ac  f he echa ca  e  f he e  

e ed c -c ac  ach e  ca  be e a ed he  he f ce  e  ha  2 N,  
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 e a a  effec   g ed  he e  5. 

Af e  each c ac  e , he g a h  ca  a  60  (F g e 4.6 (b)), c d g 15 

e  he e he g a h  ach e ca b a e  he c  bef e he a  f he ca g. 

D g h  e e g e, he a e ee  b e. H e e , h  e e g e  ef  

f   e e e  ce  a e  e ha  he g a h  age  a e  affec ed b  he 

e a a  f he f be  b d e, ha  a e  ace af e  each c ac . S , c de  he e e g 

e a  e a a  e 𝑡𝑟𝑒𝑙𝑎𝑥 = 15 𝑚𝑖𝑛; he a e  X- a  ca ed f  45 ,  b a  

a e  g a h  da a.  

(a)  (b)  

(c)  

Fig e 4.7 The ela a i  e  i  he c m ac i  e e ime  (a) he ela i hi  be ee  ime a d 

c m ac i  f ce, (b) he e ce  f f ce dec ea e i  he ela a i  effec  f  each c m ac i  e . 

The c ac  c e  f he f be  b d e , a d he c c e  a  d ffe e  c ac  

e  a e h   F g e 4.8. The c e  f he e a h  be ee  he c ac  f ce F 

(N) a d he c ac  d ace e  U ( ) a e e e e ed b  a e  f c . 
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Fig e 4.8 The ela i hi  f c m ac i  f ce F (N) / c m ac i  e e (M a) a d c m ac i  

di laceme  U (mm) / l me f ac i  (%), a d he ge me  f diffe e  e . 

 

4.4 C cl i  

Th  ec  de c bed h  he g a h  ca e  e ab e   b a  he c c e  

f c  f he c ac  a e a d h  he f be  a e  a e e a ed. I  add ,  

de c bed he ce  f g a h  e e e  h a e 2 a  a  e a e a d d c ed 

b ef  he e  f he f be  b d e c -c ac  e e e . The e  e  ha  he   

e a a eg   eb d he e ed c c e h  he a    de   

e f  he a  c ac  f he a e a e. 
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Section 5 Rec c i  fibe  b dle i h i al me ical e ima   

5.1 Rec c i  

A  e ed  cha e  e, he a  d ff c  a  ega d  he e ac  f he f be  f  he 

ca  f   a ca ,  ha  he c ac  e  be ee  he f be  ha e  be e  acc a e  

de c bed beca e  ha  a f  de  f e ce  he c ac  beha . 

5.1.1 E ac  he ce e li e f he fibe  b dle 

The e h d f e ac g he ce e e f he f be  b d e  h   F g e 5.1 a d c de  

e- ce g f he age b  FIJI f a e a d d g a  ce g f he age b  MATLAB 

f a e. 

 

Fig e 5.1 Fl  cha  f  e ac i  f fibe  b dle ce e li e. 

a) X- a  m g a h  image  e- ea me  i h FIJI  

i. Se a a i  f fibe  a d id  

F , he a e ca ed a  ha  a c d c e f 7  3.7  15.6 3. F  he c c a  

ec  f h  e, a a e e c d g a  f be  ec  a  e ec ed ( ed e  

F g e 5.1). Th  a e ec  c a  778  411 e . F g he age  ec c  

b  Xac  f a e, a 16-b  g a ca e age a  eached. The , he ec c ed age 

de e  - ce g, a f g he age  g a ca e  8-b  f a   de   ed ce 

 e a d fac a e he age  - ea e  ce g. 

The X- a  CT ca  age  e e e ed  F g e 5.2 (a), a fe g a  a  agg ega  f 
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e  . I  ca  be ee  ha  f be  a d e  a e c ed f he e d c  e  , a d 

each e  cha ac e ed b  a g he g a ca e a e . S g f ca , he g a ca e 

d b  a g he b da e  f f be , a ed  F g e 5.2 (c), e h b  f . 

M e e ,   a  a cha e ge  d g h be ee  he b da e  f he d  a  he  a e 

 c ea  de a ca ed. T  e h  b e  a d ach e e a ec e eg e a  f f be  a d 

d , a e e g a ca e ad e   e f ed  e a e f  he eg e a  ce . 

F g e 5.2 (b) h  he h g a  h ch de a  he ea  a d he a da d de a  f he 

e  b gh e  ac  he F g e 5.2 (a). S b e e , a ec f c a a  f he b gh e  

e  d b  f d d a  f be  ec   c d c ed, a  de c ed  F g e 5.2 (d). 

Re a ab , he ec  f e  a e  h  f be  ec  ca  cha ge f  a  

f 0 ADU (A a g- -D g a  U   he g a  e e )  a a  f 65535 ADU. Th  

gh  f  he b e e  a ca  f a b gh e -c a  ad e , c f g he 

e a   20711-65535 ADU, a d effec a g b gh e  e ha ce e  f he ce. The 

effec a g b gh e  e ha ce e  a  de e ed b  c a g he acc ac  f he 

MATLAB g a '  de f ca  f c c e  (f be  c  ec ) f  d ffe e  ch ce  f 

d ffe e  g a ca e ec a  a ge , h   F g e 5.2 (c). The e a  ad ed ce  

a ed  F g e 5.2 (e). Ne , he age ha  ha  bee  ad ed f  b gh e  c a   

be h e h ded (F g e 5.2 (f)). 
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(a)     
(b)        

(c)   (d)        

(e)  (f)  

Fig e 5.2 Se a a i  f fibe  a d id  acc di g  g e cale ec al. (a) I i ial lice f fibe  ec i , 

(b), (d) he b igh e  i e i  di ib i  f he lice. (c) The e a a i  i fl e ce acc ac  f de ec i  

i  MATLAB e . (e), (f) Diffe e  ea me  i h h e h ld a ame e .  

ii. Elimi a i  f c m ac i  cha el/ la e  

E a  f b  b da e  a  a  acc a e def  f he c - ec  f f be  h 

MATLAB, a  h   F g e 5.3. I  fac , he b da e  f he b  ca  ead  acc ac e  

 he def  f he c c e  e ec a  f  he f be   c ac  h he b . 

(a)   

(b)  (c)  

Fig e 5.3 Elimi a i  f am le ca e e (c m ac i  la e / cha el). (a) Rem e he c m ac i  la e . 
(b), (c) Wi h a d elimi a e he e  f he de ec i  i fl e ced b  c m ac i  la e , e ec i el .   
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iii. Rem e i e 

The e e a   e f ed  he ce , he e he e ad   2 e , a d he 

h e h d  50. S b e e , F g e 5.4  b a ed af e  e g e. I  ca  be ee  ha  

he f be  c - ec  a e a  e fec  c c e , a d  ca  be f he  ce ed b  he 

MATLAB g a   e ac  he f be  ce e  . 

 

Fig e 5.4 Rem e he i e f he lice. 

b) E ac  he ce e li e f he fibe  b dle i h MATLAB 

The f be  b d e ce e e  e ac ed b  de ec g he ce e  f he f be  c - ec  ba ed 

 he FIJI e ce ed age, a d he  c ec g he ce e   f he a e f be . 

i. E ac  he ce e  i  

The f be  c - ec   each X- a  g a h  ce ca  be a a ed a  a c c e, a d he 

ce e  f h  c c e ca  be a e   c d a e. The ef e, he ad  a d he ce e  f each 

c c e ca  be def ed b  he "I f dc c e " f c   MATLAB. The c e ed  h  

f c  f  def  f he c c e  he C c e H ff T a f  (CHT) , a  h   F g e 

5.5 (a). Each e    he age c e d   a a  c d a e  f ( , ): 𝑥 = 𝑎 + 𝑅 cos 𝜃 𝑦 = 𝑏 + 𝑅 sin 𝜃 

Whe e a a d b e e e  he a  c d a e  f he c c e ce e  h e R  he ad  f he 

f be , 𝜃 ∈ 0° − 360° . The CHT f d  a  edge e   he eg  h he a ge  e  

g ad e , h ch f  a c c e (F g e 5.5 (a- ef )). Af e  e a g he ad  R, he a e f 𝜃  c ed b  e a a g f  0  360  e  f 1   d ce each (a, b) c d a e 

. The a g h   e f ed f  each e    he age, e g  he c c e  

e e e ed b  he d ed e  h   F g e 5.5 (a- gh ). The  e ec  a e 

acc a ed, a d he ace h he h ghe  be  f e ec   de e ed  be he 

ce e  f he c c e ( ed   F g e 5.5 (a- gh )). 

F g e 5.5(b) h  he de ec ed c c e af e  ec g he   he g a  g a h c age. 
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S b e e , he de ec ed c c e  a d he f be  ec  b da e  a e a  e ac  

c c ded. I  add , b  cha g g he a a e e   he f c , ch a  he ad  a ge, he 

e , e c., he c c e ca  be def ed e ec e . 

 
(a) 

 
(b) 

Fig e 5.5 De ec i  f fibe  c - ec i  b  Ci cle  H gh T a f m (CHT) me h d a d jec ed  
he i i ial m g a h  image. (a) CHT i ci le. (b) De ec i  f he fibe  ec i  i  e lice.  

ii. C ec  he ce e  i  

The c d a e  f he ce e   a d he ad  f each f be  c - ec  a e b a ed b  

he CHT a g h , b  MATLAB ca  a a ca  de e e h ch c c e  f d ffe e  

ce  be g  he a e f be . The ef e, he de e a  e h d  h   F g e 5.6, f  

ce e   𝑪𝒊𝒋   ce 𝒋  a d he ce e   𝑪𝒊𝒋+𝟏   ce 𝒋 + 𝟏  be g g  he a e 

f be  i, he d a ce be ee  he ec  f 𝑪𝒊𝒋 a d 𝑪𝒊𝒋+𝟏 h d be e  ha  he d a e e  

f f be : 𝑪𝒊𝒋+𝟏 − 𝑪𝒊𝒋 < ∅                          (5.1) 

I  h  d , he d a ce be ee  he  ce  a  𝑑  = 9 , h ch  e gh a  

c a ed  he f be  d a e e  ∅ = 500 . The 9  e e  he e  d e , h ch 

de e d   he d a ce be ee  he X-Ra  ce a d he ca ed b ec . I  add , h gh 

F g e 5.6  ca  be ee  ha  he f be  a e gh  e a g ed, h ch ea  he c a e  

e  a  a d he d a ce be ee  ad ace  ce  f he a e f be  𝐿 a f e  he c d : 𝑑 𝐿 < 𝑑2 + ∅2. A d  , c ec g a  ce e   f each f be  (F g e 5.6). 

 
(a) 

 
(b) 

Fig e 5.6 P i ci le f c ec i g ce e  i  f he ame fibe .  
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iii. S li e he ce e li e 

A  e ed ea e , he g a h  age  a e c ed f h a d  f e  . A  

h   F g e 5.7, he  def g a c c e, he  f he ce e  c d a e   he ce 

ca c a ed g he CHT a g h  ca  be d ded   ca e :  

Ca e 1, he ce e  f he c c e    he e   a d he ac a  ce e    ff e   

he ea e  e   he  def g he ce e  f he c c e; Ca e 2, he ce e  f he c c e  

 he e   a d  ff e  cc . 

(a)  (b)  

Fig e 5.7 Di ib i  f fibe  ce e  i  i  he i el c di a e em. (a) The i el c di a e 

em i  MATLAB. (b) The c ec  fibe  ce e li e. 

The ef e, he  he ce e  c d a e  f f be  a e c ec ed, he f  f he f ded  e 

(e ac ed e)  F g e 5.7(b) a d F g e 5.8 (bef e h ce e e)  b a ed, h ch 

d e   c e d  he ac a  f be  h g  d e  he ce a  f 1 e   he 

ce e  . The c a  a de de c ed F g e 5.8 a e, deed e f ed  be e  

ha  1 e . A h g e  ha  he   be e f ed  he   b a  he c e  

a ec  F g e 5.8. 

 

Fig e 5.8 The ce e li e bef e m h a d af e  m h f he fibe  b dle. 
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c) Im e he ca e e  ABAQUS /CAE 

D e  he ce g acc ac  f he ca e e ( he  f f be  b d e), he e  a  f 

he ca e e ed  c e  he f be  b d e gh  be  c e e  e ca , a d he 

h a  a  f he ca e e   c e e  c c de  a d a a e   he a  f he X- a  

ce d e  h a  e  he  ac g he ca e e  he c -c e . C ea g a f a  

face d ec   ABAQUS  f  he c ac  a  d e   acc a e c ac  

be ee  he f be  a d he ca e e, ead g  e   he c ac  a . The ef e, 

he  f he ca e e ( e  a ) / c ac  cha e  eed   be ed a  acc a e  

a  b e. S a , he ca  f he c ac  cha e   be b a ed f  he g a  

g a h  age. I  c d   be b a ed b  a g  b da e  b  FIJI, 

ed  CATIA V5  a a ca  c ea e a e , a d he  ed  ABAQUS  

/CAE, a  h  F g e 5.9. 

 

Fig e 5.9 I d ced i  he i e  all f he ca e e ( he c m ac i  cha el i  c ac  i h he fibe  
b dle), i g Sam le 2 a  a  e am le: (a) he me ical fibe  beam , (b)ma k he b da  i  f he 

ca e e  i e  all, (c) he cl d ma  f he b da  i  f (b), (d)c c i  he c m ac i  

cha el, (e)im  he c m ac i  cha el  ABAQUS  i h fibe  b dle. 
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5.2 N me ical a eg  

Th  d  de e  a d e ha ce  a  e g a  a eg  (de e ed b  D . Ha  (Ha  

e  a ., 2023; Ha  O a a, 2018). The a  a eg , h ch  e ec ed  

ABAQUS /EXPLICIT, h  ha  E c  e h d ca  be ed f  a - a c d a c  

a  de  a  c ac  c d  a d ha  e ec  f a a e a  

a a e e  ca  e he c a a  e. Ha  ha  e ed ( ) he f e e e e  e f  

f be  (Ha  O a a, 2018), b  e g he c ac  a  f  f be , a d  ha  bee  

de e ed ha  he e e e  B31(T he  bea )  e ab e c a ed  he e e e  

B32. A d he e a e e  c ac   he f be  b d e de , he B31  e eff c e  dea  

h he c ac  b e ; ( ) Ha  ha  a  e ed he d a c/e c  a  a a e e , 

b  he ca e f ea a ge e  f h ee f be , de  he c d  f e g he a - a c 

ad g e e e ,  ha  bee  b a ed ha  he a e a  da g c eff c e   = 105 a d a 

c ac  ad g eed f  = 103 / , ca  e he ca c a  e a d a d he 

e a effec  f he f be , a d he e c e e g  e e chec ed.  

I  add , f  h  a , he  a a e e  e e ch e   be c e  h he 

a  a eg   D . Ha '  he : ( ) he a ge a  c ac  a  de ed b  he C b'  

f c  a , he e he f c  c eff c e  a  ed h a  a e age a e f  = 0.2 acc d g 

 (Ga a a, 2016); ( ) he adhe  c eff c e  a  a ed  be e a   he c eff c e  f 

f c ; a d ( ) he d a e e  f he bea  e e e  f he g e f be  a  he a e (0.5 ) 

a d c a . 

F  he e ec  f he e f he e h e e e  f he f be  a d he c ac  cha e  

( a e ca e e ), he c ec  f a  e e a  be ee  he f be  b d e  a  e   e  

a . 

5.2.1 Eleme  i e 

I  f be  b d e c ac  a , he e h e f bea  e e e  a d f a  a e  ca  

f e ce he a  e . E e e  ha  a e  a ge ead  acc a e a  e , 

a d e e e  ha  a e  a  ead  g ca c a  e . The be  a    e  e h 

e .  

Whe  he e h e  a  e gh, he acc ac  f he ca c a  d e   cha ge 

g f ca  a  he e h c e   dec ea e. The ef e, he a e  e  he e a  he h e h d 

a e Lb. F g e 5.10 h  h  e  ca e f  ch g he ab e e e e  e, h ch  a 
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c ac  e   a  a a ca  g d a e h h ee a  a a e  a d a gh  f be , g 

B31 e e e . Th  ca e  ab e ce he ca  c a e f he f be   he a ge ed 

de g   a d c e e  d e   cha e ge ha  ch he be  f e e e . The 

e h e  f he de   e ed  b a  he h e h d a e f e h e Lb, h he 

cha ge f e h e he a  e  a e a  cha ged,  he a  h h  

e h e Lb  ge  acc a e he a  e  a d h e  he ca c a  e. 

 
(a) 

 
(b) 

Fig e 5.10 Me h e i i i  e  ca e. (a) c m ac i  f 3 a allel aigh  fibe , (b) he e l  f e  
me h e i i i  f beam 

F  h  e a  e g he a e  f F g e 5.10 a e def ed a  a a ca  g d b d , b  

h  ch ce  be e ed f  he f e a . I deed, he d ffe e ce be ee  

a a ca  g d a d d c e e g d  he f g:（）A a ca  g d  def ed b  he a a c 

f a, h ch  e ab e  ge e e  e c  de c bed b  a  e a . D c e e g d  

c ed b  he e h de, h ch dea  h a  ha e  de c  f he ge e . ( ) he 

c a a  c  f a a ca  g d  a e  ha  d c e e g d. ( ) he d c e e g d h d 

be e h bef e ca c a  ( ABAQUS D c e a  (6.5-1),  .d.), a  a c e e ce, he 

b a ed d  d c e ed. I  he ec c  f he f be  b d e de , he a e ca e e 

a  e ed ab e   a e fec  f a  a e, a d  de   b a  a  acc a e a e, CATIA 

V5  a  ed   he a e e  a e  ABAQUS . S ch a a e ca   be 

de c bed b  a d c e e g d a . If  g d face c ac   ded f  c ac  a a , 

a a c g d b d  ca  be c de ed, h ch ca  effec e  ed ce ca c a  e. S , he 

a a ca  g d  be ed he e a  a efe e ce f  he bea  e h e d   de   a e 

ca c a  e a d e ha ce he acc ac  (  d c e a ).  

The eac  f ce f he a e  h   F g e 5.11 (a), he  he e e e  e f he f be  

 𝐿𝑏=0.3  (a g e bea  c a  50 e e e ), he eac  f ce ab e  a d eache  a 

c ca  a e f  he e h e . S ce, he d c e e g d d  ha e  c de ed f  
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he ea  c ac  ca e, he e h e  f he d c e e g d  e ed h a bea  h a 

e h e f 0.3  a d he a e ca e. The eac  f ce e  a e ba ca  he a e a  he 

efe e ce h a a ca  g d a  (F g e 5.11 (a)) he  he e h e f he d c e e g d 

a   0.2 . 

Tha   h  e  a a  he g d a ge he f  he e h e   def ed a d  he  

be ed f  he ca c a . 

(a)  (b)  

Fig e 5.11 The eac i  f ce i  me h e i i i  e  ca e. (a) he ec i  f ce f e  me h e i i i  f 

beam, (b) he eac i  f ce f e  me h e i i i  f di c e e igid a . 

5.2.2 Y g  m d l  f fibe  

I  de   e f  he e ab  f he Y g'  d  f g e PE f be , e e e e e  

e e ce ed. 

a) Sam le  ma e ial 

The c de ed P e e  f be  (P '  a  = 0.25 (Ha  O a a, 2018)) f  he a da  

e e e  ha e a d a e e  f 500  a d a de  f 1.38 10-09 T/ 3. I  de   

e e  he a  acc a e a  b e echa ca  beha  f  he f be , echa ca  e  ha e 

bee  c d c ed. 

b) Te ile e  f i gle PE fibe  

The c c c ad g e h d a  ed  b a  he e a c a d a c def a  f e e  

f be  de  e e e g. The e ed a e a  b ded   f e   a  a  h   

F g e 5.12 (a). Ma  a  e e aced  he f be   de   ea e he ea  a e a  
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a ,  e ab e  a   e f  he a  h ge e  a d  e f  he b da  c d  

g he c a  h he de ce d ace e . E e e a  a  a e c e e  

b a ed ea g he d ace e  f he a e   d g he e e e  h a ca e a. 

A e-cha ge f ce a  f 2 N a  a ed  he f be  aded f  8 c c e , a d c ea ed b  5 

N f  each e he f ce a  aded. The e e d ace e  eed a  f ed a  Te e =10 

/ . F e e  e e d e  e e he acc ac  f e e e e e , he e  a e 

h   F g e 5.12(b, c),  h ch He c  a   def ed b : 𝐻𝑒𝑐𝑘𝑦 𝑠𝑡𝑟𝑎𝑖𝑛 = ln 1 + ∆𝐿𝐿0  

he e L  he d ace e  f he e e ach e e  f e, L0  he a  e g h f 

f be  be ee  f e . I  he f  h ee c c c ad g e e e  (F g e 5.12 (d)), he f be  

de g  e a c def a , a d he e f he c e e e e  he Y g'  d  f he 

e e  f be . I  add , he e a h  be ee  He c  a  a d e  b a ed b  FIJI 

f  d ace e  f a e  f f a e    ge e a  ag ee e  h he e e e  da a. 

Th  ag ee e  d ca e  ha  he e    f f be  de he f e  d g e e e g. 

The d ffe e  a  ea e e   he d ffe e  a e  c e  d d  e h b  a  

g f ca  d ffe e ce ( e  ha  2%) he h ge e  f he a  ca  he  be c f ed. The 

e ed a e age Y g'  d   6±0.2 G a, a d he a e age a e f h  a a e e   

be ed  he a : 𝐸𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑎𝑖𝑛𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠 = 6 𝐺𝑝𝑎 
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(a)  (b)   

  
(c) 

 
 (d) 

Fig e 5.12 C cled e ile e  f l e e  fibe . (a, b) e ile machi e a d i ci le, (c) 5 c cled e ile 

e , (d) he fi  h ee c cle  f he 5 e . 

The e c c ed e  e ab ed he   b a  e a a c echa ca  beha  ha  ha   be 

e e ed  he a ,  a  e ab e   de e e he a  He c  a  f  

h ch he f be   c e  a ed  be e a c. H e e , ce  gh  be ef  f  

f e a   cha ac e e he e e e g h, a  e e e   he 

b ea age f he f be  a  e f ed. U g he e e a  f F g e 5.12 (a), he b ea age f 

he f be  a  ca ed h  he a  h ch b  d e  ead  a c e  a e f he 

f be  e g h. A ca a  e e  a  c e e  ed. The ad g eed 𝑉𝑡𝑒𝑛𝑠𝑖𝑙𝑒  = 10 

/  a d he e  a e h   F g e 5.13. The a  He c  a  eached 22.5% 

 30%. 

H e e , a d g a  ced h  he ca a  a d he b ea age c d  be b a ed  

he ce a  a  f he f be  f  e f he h ee e . S ce he e    f each g he 

b ea age d g he c ac  ad g,  f he  e ga  a  ade, b ,  he f e, 

 gh  be e e g  e he b da  c d  a d e ea  a h ghe  be  f e  

 de   b a  he e e e g h.    
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(a) 

 
(b) 

Fig e 5.13 N  c cled e ile e  f l e e  i gle filame . (a) he e i me , (b) he e e ime  
e l .  

A a  e e e  ha  he  bee  e f ed  Aba  g he e h a a e e  def ed 

e   ha   a da e he e e a . The a  e  e e a  e ec ed c e 

 he e e e a  e . 

5.2.3 I i ial e e a i  a d c ac  c l 

a) I i ial e e a i  

A  e ed ab e, he ec c  f he ge e c de  f he f be  b d e  ba ed  

de ec g he ce e   f he f be  ec . The f be  c - ec  c  f a a e  

2420 e  . Whe ea  he ac a  ce e   f he f be  a   be  he e   

(a  h   F g e 5.15) e g  he ff e  (a a e  1 e ) f he  f he 

de ec ed c c e. I  add , he ea  f be  ec    c  a eg a  c c e, b    be 

de ec ed a  a c c e h d ffe e  ad  (𝑟 𝐴𝑇𝐿𝐴𝐵)  MATLAB (CHT c c e de ec  g a ). 

The ff e  f he de ec ed c c e a d he ad  (𝑟𝐴𝐵𝐴 𝑈𝑆® ) f he d d a  f be  e a  

c a  he  g he f be  b d e e ca  ge e   ABAQUS ,  e   

gh  a  e e a  be ee  he f be . I  add , he d a e e  f he a e f be   ch e  

 be c a   he ABAQUS  de ,  ha  he c ac   be ee  f be  d ffe  f  

he ac a  ce e e.  

The ad  a d d e  c d a e  f he f be  a e e ac ed he  he f be  c  ec  

 de f ed h gh MATLAB, he ef e he de ec  f he c c e  g MATLAB ha  bee  

a a ed. S ce he "Imfindcircles" f c  (CHT c c e  de ec )  he MATLAB g a  ha  
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e   he de f ca , he de f ca  f he f be  ad  a d he e   he g a  

age a e d c ed he e. I  F g e 5.14, he d a e e  f he f be  c  ec   he 

g a h c age  e e a a  de ec ed h a ea  a e f 0.483 , a  e  a  he 

d a e e  f he f be  c  ec  de ec ed b  MATLAB e e a ca  c ed h a 

ea  a e f 0.49 . A  e ed bef e, a  f he e   he a  a eg  c e  

f  he de ec  f he f be  c  ec  a d he e g f he d a e e  f he f be   he 

de . H e e , h  e   ea ab e ce  e e e  2% f he ea ed d a e e . 

 

Fig e 5.14 Mea eme  f fibe  diame e  b  FIJI (ma all  e a ed) a d MATLAB (a ma icall ) 

Th  b e  f  d   e e e a   c a ca  e c e ed h e de g 

a d g - d  c e   f e e e e  c de .  

 

Fig e 5.15 Pe e a i  i ci le be ee  fibe  i  ABAQUS . 

I  de   d  he be  a   dea  h h  e, 5 c ed bea  e e a ed h a  

e e a  de  g a  ad g. The e 5 bea  e e ec c ed b  ea  g a h  ce  

( c -c ac  e e e  1), a d he a d  4 f be  f f be  b d e e e e ec ed a d 

ea a ged  ha e a  e e a  be ee  he f be , a d a  be ee  he f be  a d he 
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a e (F g e 5.16). T  e h d  ca  a  be c de ed  a d he a  e e a   

he f  e  f he ca c a : 

 
(a) (b)  

Fig e 5.16 I i ial e e a i  e  ca e, (a) ce e li e, (b) me ical ge me . 

(i) The ABAQUS  a -c ec i  b  m i g de  (defa l ): 

Aba /E c  a a ca  ad  he  f face   e e he a  a  

e c e  ha  e   he ge e a  c ac  d a   he f  e  f a a . I a  

e c e  ha  a e  e ed b  e g de  a e ed a  a  c ac  ff e   

a d a ge c ac  f ce  a  he beg g f a  a a  ( ABAQUS D c e a  (6.5-1),  

.d.). S , he de   ff e   a d he a  e e a , a  h   F g e 5.17(a-d). 

Af e  he f  ca c a , he de  f he bea  ff e , a d he h ce e e bec e  

ca  h gh  c ed (F g e 5.17(a)), h ch  ea c, ead   h gh ca  a  a d  

affec  he f be  c c e (F g e 5.17(c)).  

(ii)  The c ac  c l (ma al): 

T  e he a  e e a  b e  (F g e 5.16), c ac  c   a a  ed  

he .inp  f e f  he c ac  a  be ee  f be . The e a a  f he a  e e a  af e  

f  ca c a  b  ABAQUS  h   F g e 5.17 (e), a d he h g a h  f f be  af e  

g a  ca c a  h   F g e 5.17(e). The c ac  c  f h  a eg  e e a a  

ed  he .inp  f e f  he c ac  a , f  e a e, he f be  I a d f be  a e a  

e e a   he a  ge e  de , he a  e e a  c ac  c  e e e f ed 

 .inp  f e: 

Beam i, Beam j, STORE OFFSETS , 

W h h  AUTOMATIC OVERCLOSURE  c , c de h  a a e e   e ff e  

ead f ad g de  d g a  e c e e  be ee  face a   he 

ge e a  c ac  d a ( ABAQUS D c e a  (6.5-1),  .d.). 
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(a) Ce e li e af e  fi  calc la i  i h ABAQUS® 

 

(b) 

 

(c) ce e li e af e  g a i  calc la i  i h ABAQUS® 

 

(d) 

 

(e) ce e li e af e  fi  calc la i  i h ABAQUS® 

 

(f) 

 

(g) ce e li e af e  g a i  calc la i  i h ABAQUS® 

 

(h) 

Fig e 5.17 I i ial e e a i  e  ca e. (a, b) af e  fi  calc la i , (c, d) af e  g a i  calc la i  i h 
ABAQUS a -c ec i ; (e, f) af e  fi  calc la i , (g, h) af e  g a i  calc la i  i h ABAQUS 

c ac  c l. 

I  de   a a e  he e  f each a  f  he e e g   f e , he F g e 
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5.18 (b) e e  he a a  f he h ee e e g e  f he a  e e a  de : c ac  

e e g  ( e a  e e g  (Pe)), e c e e g  (Ke), a d a  e e g  (Se). The Pe de e  he 

c ac  e e g , h ch  he c ac  e a  , Ke d ca e  he f be  ea a ge e , a d Se 

d ca e  he def a  f he f be , h ch  a  he e e g  f he f be  be d g  h  ca e. 

A  h   F g e 5.18,  e h d ( ) ( e h d f a -c ec ), he def a  e e g  Se 

 g ea e  ha  he Ke a  he a  age f he a , h ch  c e  h he 

e e  f he f be  de  h   F g e 5.17 (a). Bef e he ca c a  e f 60 , he 

a e  f Se a d Ke a e ba ca  he a e, a d he f be  a e de g g def a  a  he  

e g f ca  de  g a . F a , he f be  a a  a a ge def a . I  he e h d 

( ), he e c e e g   ch e  b  a a  a ge  ha  he def a  e e g . The f be  

de g e  a  a  a  he a e e a  he g a  ca c a , a d h  def a   

e e  d e  g a . The h ghe  a  e e g  a e f e h d ( )  103 e  h ghe  ha  

ha  f e h d ( ), a d f  he e e g  e ec e, c ac  c  a d  he e -

def a  f f be   ca e f  a ed f ce. A d he d ffe e ce  c ac  e e g  be ee  

he  e h d   g f ca . I  add , he f be   e e  a e g f ca  

ed ced a h  he ch e  K e c e e g . 

 
(a) 

 
(b)  

(c)  

Fig e 5.18 The c ac , ki e ic a d ai  e e g  i  he i i ial e e a i  ca e i h (a) ABAQUS  a -
c ec i , (b) ma all  c ac  c l. (c) Pe al  e e g  f hi  -me h d e e a i  c ec i . 
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Tha   h  a a  he a a  c ac  c  e h d  ch e  a d ha   ed  he e  

e . 

b) A id he elf-c ac  

B  defa , f  ca c a , e f-c ac  cc  be ee  he f be , h ch ea  he f be  

e e a e each he    he ce e e f he f be ,  add , he c ac  a e e e 

e e a ed h f be  f  d g c ac  ce , a  h   F g e 5.19 (a). T  e 

h  b e , he .inp  f e  d f ed a a : 

Contact controls assignment, contact thickness reduction=self , 

Th  a a  c  c d  a a c c ac  h c e  ed c    eg  f 

e a  e f-c ac  a d he e e e  f he  face  ( ABAQUS D c e a  (6.5-1),  

.d.). The e f-c ac  be ee  f be , f be  a d a e  e e e a ed, h    F g e 5.19 

(b). 

(a)  

(b)  

Fig e 5.19 The c ac  c l f a id elf-c ac  be ee  fibe , fibe  a d c m ac i  la e . 
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5.3 C cl i   

Th  ec  e e ed he e ca  de  ec c  ce  f he f be  b d e. I  

c de  ( ) he - ea e  ced e f he g a h  age ( .e. e ac  f he f be  

ce e e, h g, e c.), he a  f g he f be  b d e c ac  cha e ; a d ( ) 

he a eg  f  he e ca  de g: e ec  f he e e e  e , echa ca  beha  f 

he f be , a d g he b e  f he e e a  be ee  f be . I  ec  6 af e  dea g 

h he e a g ce a e  f he ec c ed de ,  de   ge  a a  c e  a  

b e a  ge e , d ca  f he c c e a e ed a d c ded. Th  e   

f a a  a ce  cha ac e e a d de a d he e  h he c ac  b  a  

 de   def e a a e e  ha  gh  be c de ed  he echa ca  beha  f a f be  

b d e. 
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Section 6 A al i  l  c ea i  

6.1 S ce  e  f im la i  

F  he ec c ed de  f he e ca  f be  b d e , a  e  a  e a   he 

 f he ec c ed e e e a  f be  b d e  h ch a e a a ed f  he 

e e e a  a d de g  f e   h  a  a eg . He e Sa e 2  ed  

e ga e he e . 

E  f m c m a i  f he fibe  i i  f im la i  a d e e ime : 
The  e  f he f be  ce e e af e  g he f be  ge e  e ca  de  

 ABAQUS  f  " e h" ce g  c de ed he e. The a  f be  ge e  de  

af e  " e h"(e e e  e f f be  𝐿𝑒= 0.3 )  c a ed h he f be  ce e e e ac ed 

f  g a h  e e e , a d he  a e   e fec  ag ee e  (F g e 6.1). 

 

Fig e 6.1 C m a i  f he i i ial fibe  ce e li e f e e ime  a d af e  me h ( am le 2). 

H e e , e ha  he e a   f he f be  he c c e d ca  f f be  

b d e ha   be cha e ged. A  h   he F g e 6.2, each d d a  f be  c  f ab  

1500 e    he g a h  e e e  ac , he e  e  0.009 . A d he 

e e e  e f f be   0.3   he ABAQUS  de , h  a de ed g e f be  c  

f ab  50  (e e e ).  
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(a) 

 
(b) 

Fig e 6.2 P i ci le f i di id al fibe  eleme  i  e e ime  a d im la i  m del. (a) Sim la i , (b) 
E e ime .  

I  de   c a e he c c e d ca  f f be  b d e,  a   ee  he 

 be  f a  c e  h he e  f he g a h  e e e  e . I  

gh  ha e bee  b e  e  he 50 a  , b ,  d ha e bee  a ha e 

  c de  a  he f a  g e  b  he c e . Th , he - ea e  f he Aba  

c f g a   be b ed  a  e a   de   e h  b e , a  h   

F g e 6.3, he e he I e la ed i  mbe  b  MATLAB g amme  + im la i  
i  mbe  = m g a h  i  mbe . 

 

Fig e 6.3 I e la e i  i  he im la ed fibe . 

The e a ed  he  e e e  a  he a  e  a d d g ad g he  he 

e ed a e  d ha e h  he ea a  ed b  B31 e e e , h ch  

e  e e g a  a e  f c a  h he ea  c c e.   

6.2 C ea i  f he mic - c e i dica  l  

6.2.1  Fibe  i i  e  

The g a  f h  g g e  f  he a  f be  b d e e a    de e e he  

eff c e  a eg e   de   b a  he c ac  beha  a  c e  a  b e h he 

e e e a  e . The e  e e  he   be a f ed. The ab e d a ce be ee  
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he a ed a d ea   f a f be   a  b  b    e e g f a . I deed, 

he a e  ha   be c de ed e a e   he f be  d ace e , e a d e e    b e 

e e  (a f be  ha   g  e a ca  c a ed  be b ec ed  e  e ). 

A  c e e ce, he F g e 6.4 h  4 e  ed d ca   a f  he f be   

be ee  a  a d e e e : 

 

Fig e 6.4 I dica  ed  e e e  fibe  i i  e  i  e e ime al a d im la i  e l .  

a) Acc di g  hick e  f fibe  b dle 

F be  P  De a  Th c e  Ra  (FPDTR) h ch ea e  he a  f he a e age 

de a  f he f be    he f be  b d e h c e   a  a d e e e : 𝐹𝑃𝐷𝑇𝑅𝑖 = 𝑑 𝑖𝑏𝑒𝑟𝑖𝑇𝑠𝑡𝑒𝑝                          (6.1) 

Whe e he 𝐹𝑃𝐷𝑇𝑅𝑖   he FPDTR f  a g e f be    he c ac  e  . 𝐹𝑃𝐷𝑇𝑅 = ∑ 𝐹𝑃𝐷𝑇𝑅𝑖𝑖=𝑁𝑖=1 𝑁                        (6.2) 

𝜎𝐹𝑃𝐷𝑇𝑅 = ∑ 𝐹𝑃𝐷𝑇𝑅𝑖 −𝐹𝑃𝐷𝑇𝑅 2𝑖=𝑁𝑖=1 𝑁                    (6.3) 𝐹𝑃𝐷𝑇𝑅  a d 𝜎𝐹𝑃𝐷𝑇𝑅  a e he a e age a e a d a da d a e f he FPDTR f  he a  

f be  ( be  N)  he c ac  e  . 𝑑 𝑖𝑏𝑒𝑟𝑖  he a e age d a ce be ee  a  a d e e e a  f be   f  f be  , 𝑇𝑠𝑡𝑒𝑝   he h c e   he c ac  e   f he f be  b d e. 

b) Acc di g  a i  f id f fibe  b dle 

F be  P  De a  V e-F ac  Ra  (FPDVFR). Th  d ca  c de  he 

a e age d a ce f he  f f be  be ee  he e e e  a d a  e a e  he 
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a  f d   he f be  b d e. 𝐹𝑃𝐷𝑉𝐹𝑅𝑖 = 𝑑 𝑖𝑏𝑒𝑟𝑖𝑇𝑠𝑡𝑒𝑝 × 1−𝑉                       (6.4) 

Whe e he 𝐹𝑃𝐷𝑉𝐹𝑅𝑖   he FPDVFR f  he g e f be    he c ac  e  . 𝐹𝑃𝐷𝑉𝐹𝑅 = ∑ 𝐹𝑃𝐷𝑉𝐹𝑅𝑖𝑖=𝑁𝑖=1 𝑁                       (6.5) 

𝜎𝐹𝑃𝐷𝑉𝐹𝑅 = ∑ 𝐹𝑃𝐷𝑉𝐹𝑅𝑖 −𝐹𝑃𝐷𝑉𝐹𝑅 2𝑖=𝑁𝑖=1 𝑁                   (6.6) 

Whe e he 𝑉    he e f ac  f he f be  b d e. 𝐹𝑃𝐷𝑉𝐹𝑅   a d 𝜎𝐹𝑃𝐷𝑉𝐹𝑅   a e 

a e age a e a d a da d a e f he FPDTR f  he a  f be  ( be  N)  he c ac  

e  . 

F be  P  De a  D a e e  Ra  (FPDDR)  he a  f he a e age f he f be  

 d a ce e a e  he f be  d a e e   he e e e  a d a . 

c) Acc di g  he fibe  diame e  

𝐹𝑃𝐷𝐷𝑅𝑖 = 𝑑 𝑖𝑏𝑒𝑟𝑖∅ 𝑖𝑏𝑒𝑟                           (6.7) 

Whe e he 𝐹𝑃𝐷𝐷𝑅𝑖   he FPDDR f  he g e f be    he c ac  e  . 𝐹𝑃𝐷𝐷𝑅 = ∑ 𝐹𝑃𝐷𝐷𝑅𝑖𝑖=𝑁𝑖=1 𝑁                        (6.8) 

𝜎𝐹𝑃𝐷𝐷𝑅 = ∑ 𝐹𝑃𝐷𝐷𝑅𝑖 −𝐹𝑃𝐷𝐷𝑅 2𝑖=𝑁𝑖=1 𝑁                    (6.9) 

Whe e he ∅ 𝑖𝑏𝑒𝑟  he d a e e  f f be .  

d) Acc di g  he c m ac i  di laceme  

𝐹𝑃𝐷𝑈𝑅𝑖 = 𝑑 𝑖𝑏𝑒𝑟𝑖𝑈𝑠𝑡𝑒𝑝                           (6.10) 

Whe e he 𝑈𝑠𝑡𝑒𝑝   he d ace e  f c ac  , 𝐹𝑃𝐷𝑈𝑅𝑖   he FPDUR f  he g e 

f be    he c ac  e  . 𝐹𝑃𝐷𝑈𝑅 = ∑ 𝐹𝑃𝐷𝑈𝑅𝑖𝑖=𝑁𝑖=1 𝑁                        (6.11) 

𝜎𝐹𝑃𝐷𝑈𝑅 = ∑ 𝐹𝑃𝐷𝑈𝑅𝑖 −𝐹𝑃𝐷𝑈𝑅 2𝑖=𝑁𝑖=1 𝑁                    (6.12) 

The e f  d ca  ha e bee  e e ed  a   be a a ca  ca c a ed f  a  
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c ac  e e . 

6.2.2 C ac  

Acc d g  ha  a  e ed  he e  ec  ( ec  4 a d 5), he ba c a ec  

f he ec c  ce  f a f be  b d e  he e ac  f he f be  c - ec  f  

he g a h c age. He e he f be  a e ea ed a  eg a  c c e . The ef e, he c ac  

be ee  he e ca  ec c ed f be  b d e  gh  de a e a e f  he ac a .  

A  d c ed  he b b g a h  cha e , he c ac  f ce  a ed b  he c ac   

be ee  he f be  g f ca  affec  he c ac  beha , h  he f be  . He e, he 

d ffe e  ca e  e ha e  face  , a e d c ed  F g e 6.5. The c ac   ac ed 

c de g  f be   he a e ce. Le  e e be  ha  he f be  ec  a  de ec ed a  

a eg a  c c e b  MATLAB h d ffe e  ad .  

The c ac  de ec ed b  g a  ca  be d ded   ca e , f  each e, he ce e  h f  

gh  ead  a  c e  de e a  f he c ac  ea .  

(a) The  f be  a e  c ac   he ea  a .  

1. If he ce e      he e  c d a e , he c c e'  ce e   

 be h f ed, ca g he  c c e   e a a e (ca e (a.1))  e ec  (ca e (a.2)), 

h ch ead   a  c e c  f he c ac  de e a .  

2. If he c c e ce e     he e  c d a e , he c c e ce e   

d e   h f  a d he c c e ce e   e a  cha ged (ca e (a.3)), he c ac  

 c ec  de ed. 

(b) The  f be  a e   c ac   he ea  a .  

Af e  def g he c c e a d he ce e  , he  c c e  gh  c ac  af e  he c c e ce e  

 h f ed (ca e (b.1)).  

S ce he c c e ce e   be ff e   he ea e  e , he de a  f he c c e ce e  

  0 < 𝜀1 ≦ 0.5 e  a d he de a  f he c ac   0 < 𝜀2 ≦ 1 e . The ef e, 

he  de e g he he  he  f be  a e  c ac , he d a ce be ee  he f be  ce d  

be g d , f ∅ ≦ d   < ∅ + 1 e , he   ea  ha  f be   a d f be    ha  ce a e 

c de ed  c ac . O  f he ea  d a ce be ee  he  f be   e  ha  e e  a d 

he ce e  a g ed h a e , h  gh  ead  a g de ec  f he c ac . B  h  

ca e  a e e gh  be eg ec ed, a d  he fe  ha e g ca e ,  be eg a ed 

c de g he e  a d e  ce ( ee e ).   
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Fig e 6.5 P i ci le  f c ac  a al i . 

a) C ac  ime  i  he m del  c i  c ac  

A  e  e ed, he c ac   a  he e e  ha  affec  he c ac  

beha  f he f be  b d e. S ,  a   ca e acc a e  he c ac . 

I  he c ac  e  ca c a , he c ac   f a  f be   each ce a e c de ed. 

H e e , d e  he e  d c ed e , he c ac  be ee  he f be  de ec ed b  

MATLAB gh  be d ffe e  f  ea  e. He e, he c ac   he F g e 6.5 a e c a f ed, 

he ca e (a-1): he e  ac a  c ac  be ee  f be , b    , def e  a  -c ac ; 

ca e (a-2, 3):  ac a  ag ee  h he ea  c ac  de e ed b  MATLAB, def ed a  

c ec -c ac ; ca e (b-1): he e  ac a   c ac , b    de e ed  be c ac , 
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def ed a  c ec -c ac . 

Ide f g a d a f g a c  c ac  be ee   f be    b , beca e  

e e   de e e h  a  d d a  ce  f a f be  a e  c ac  a  e c  

c ac . F  e a e,  d d a  c  c ac  a  be c ec  c de ed a  e 

c  c ac . 

A f ca  f he c ac  de  f   f be   h   F g e 6.6; F be  ( ) a d F be  

( ) a e  c ac   ace, a d he e a e 2 e  c  ea  c ac , h e e , h  c d be 

de ec ed a  6 ea  c  c ac  b  MATLAB. 

 

Fig e 6.6 Sim lified m del f he mbe  f c ac  be ee  he  fibe . 

Th , c ac  be ee  f be   be de c bed b  he be  f c ac  be ee  f be   each 

ce, h  c ac  be , h ch de c be  he e d f he c ac   be ee  he f be  

d g he c ac  ce . 

  

b) C ac  a gle i  he fibe  ec i  a d fibe  le g h di ec i  

A  h   F g e 6.7, he c ac  a g e  e e ed   a ec , he c ac  a g e be ee  

he f be  c  ec  (𝜃), a d he c ac  a g e be ee  he f be  e g h d ec  (𝛾). D g 

c ac  f he f be  b d e, he c ac  a g e be ee  he f be  a  cha ge  he  he 

be  f c ac  be ee  he f be   c ea ed. I  he e  h he ca  ca e  f 

c ac  f f be  b d e , he f be  a  c ac  f ce   each he  a d  cha ge  a  

he f be  e. A , af e  a ce a  a  f c ac   eached, he f be  def , ca g 

he   c e  e a d (𝛾 )  cha ge. Th , he c ac  a g e  a e a  e e g 

de c  f he c c e ce he  a e f a a  a ce  he ad a , 

 f  a ce a  a  e  he e a h  be ee  c ac  a d a e e ad.   
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(a)  (b)  

Fig e 6.7 P i ci le f c ac  a gle i  fibe  b dle. (a) C ac  a gle be ee  each  fibe  i  he 

ec i  (𝜽), (b) C ac  a gle be ee  each  fibe  i  he fibe  le g h di ec i  (𝜸). 

F  he c ac  a g e 𝜃 f he f be  c - ec  (  he ce), he e a e h ee ca e  (F g e 

6.8 (c)), ac e (ca e1), b e (ca e2), a d ega e (ca e3). I  ca e 2, he  he de ec ed a g e 

 b e,   ca c a ed  a  ac e a g e. I  ca e h ee, he  he de ec ed ch a g e  

ega e,   c e ed  e. A  he e f de ec ,    b e  de e e 

h ch f be  c - ec  e e  a  he e e  f he 𝜃-a g e, a d he bab  f he e h ee 

ca e  cc g   d c ab e. The ef e,  he  ca c a , he de ec ed a e  a e 

c e ed  e ac e a g e . Th  a d  he de a  f he ea  a e d e  he 

cc e ce f he e h ee ca e   he de ec  f he 𝜃-a g e. S a , he a g e 𝛾  he 

d ec  f he f be  e g h  a a  ee  e ac e. 

(a) (b) 

(c)  

Fig e 6.8 C ac  a gle i  he fibe  ec i  a d fibe  le g h di ec i . (a) C ac  a gle i  he fibe  

ec i , (b) c ac  a gle i  he fibe  le g h di ec i . 
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6.2.3 U d la i  f fibe  

C ac  cha ge  he c c e f he f be  b d e,    e  f c ac  

be ee  f be  b  a   e  f f be  c a e. I deed, he be d g c a ce e ab e  he 

f be   f   ca  ga , a d  f  3D a ec . O  he e, he - a e be d g 

e d   c ea e he e a g e e  c ea g he e a  c ac  ff e .  

The g ba  d a  f f be  b d e   he e be ea ed g he c  ed c  

f he ec ed c e  XZ a d YZ a e. D c  f he a a  f f be  c a e  he 

XZ a d YZ a e  deed he   a a e he effec  f c ac   he c c e f 

he f be   he h a  a d e ca  d ec . I  add , he e a  e  f he f be  

a  he a a  f he d b  f he f be   ace. 

a) C im  

I  h  ca e, he c  f a g e f be   d c ed. The c  f g e f be   c de ed a  

he deg ee  h ch he - a gh  f be  de a e f  ea : 𝐶𝑟𝑖𝑚𝑝 % = 𝐿𝑐−𝐿0𝐿0 × 100% 

Whe e 𝐿0  he g e f be  e g h  f be  b d e, 𝐿𝑐  he e g h f f be   a gh e  f  

(F g e 6.9). 

I  ha   be ced ha    a g ba  d ca  ha  d e   acc  f he c a e d b  

a g he f be . Ma  d ffe e  c f g a  ead  he a e c . 

 

Fig e 6.9 The i ci le f c im  f a i gle fibe . 

b) P jec ed c a e f i gle fibe  

F g e 6.10 h  he c e f a a e ec ed c a e f g e f be . The ec ed 

c a e f a g e f be   he f be  e g h d ec   he XZ a e a  e  a   he YZ a e 

 d c ed he e  a a e he cha ge  f be    b h d ec  d g f be  

c ac . 
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Fig e 6.10 P i ci le f he jec ed c a e f a i gle fibe  i  he XZ- la e a d YZ- la e. 

6.2.4 Fibe  ie a i  

a) Fibe  mi - ie a i  di ib i  

R g  c de ed  h  he  a e ed  be a e  f a  a a e  f be , h ch 

ea   c  a a e , h   e f he a  d ff c e  he  dea g h g  beca e 

f be  a e e he  a d   e d ca  ga ed. The f be  a g e  ha  he   be 

ac ed f  a c e  cha ac e a  f he b d e c c e. I  add ,  gh  a  

ha e a g f ca  f e ce  he c ac  beha . 

The f be  e a  d b   a f be  b d e c c e  e f ed b  c g 

he a g e 𝛼 a d 𝛽, h ch ea e e a  f g e f be  e a e  he g ba  Z-a  

a d Y-a . A  h   F g e 6.11,  f  h  ca c a , he f be   c de ed a  a 

a gh  e ha  c ec  he be g   (  B) a d he e d  (  E) f he f be .  

 

Fig e 6.11 Si gle fibe  ie a i  di ib i  f mi - ie a i .  

b) Fibe  ie a i  e  

The e a  ec  de c be he e a  d b  e e  f he f be   a f be  

b d e. The Sec d- de  e a  e  ca  be ed  a f  he e a  d b  

f f be , .e 𝑨𝒋: 
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𝑨𝒋 = 1𝑁 ∑ 𝒒𝑖𝑁𝑖=1 ⊗ 𝒒𝑖                             (6.13) 

Whe e 𝒒𝑖  he e a  e  f g e f be    he c ac  e  . 

Th  ec  e e ed a  he d ca  e e ed f  he de c  f he c c e. 

The  ha e bee  c ded  a   be eab e a d a a ca  c ed b h f  he a a e  f 

e e e a  a d a  e . Each f he  b g  a d ffe e   f e  a d  be 

he f  f  he de a d g f he e ga a  f he f be  h  a b d e d g 

c ac . 

The f g ab e e e  a  a a  f d ca  : 

A al e T l  f Mic c e f fibe  b dle f  e e ime  a d im la i  

A a e he e  be ee  
e e e  a d a  
f f be   

F be  P  De a  
Th c e  Ra  
(FPDTR) 

Mea e  he a  f he a e age 
de a  f he f be    
he f be  b d e h c e   

a  a d e e e  

F be  P  De a  
V e-F ac  Ra  
(FPDVFR) 

Ta e   acc  he a e age 
d a ce f he  f f be  
be ee  he e e e  a d 

a  e a e  he a  
f d   he f be  b d e. 

F be  P  De a  
D a e e  Ra  
(FPDDR) 

The a  f he a e age f he f be  
 d a ce e a e  he 

f be  d a e e   he e e e  
a d a  

F be  P  De a  
D ace e  Ra  
(FPDUR) 

The a  f he a e age f he f be  
 d a ce e a e  he 

c ac  d ace e   he 
e e e  a d a  

C ac  

C ac  
be  

C ac  be  be ee  f be  

C ac  be ee  f be  a d c ac  cha e  

C ac  a g e 
be ee  f be  

C ac  a g e be ee  f be   he c  ec  f he f be  𝜃 °  

C ac  a g e be ee  f be   he f be  e g h d ec  𝛾 °  

U d a  

C   

C a e P ec ed c a e f f be   XZ a d YZ a e 

F be  
e a  

O e a  e  

M - e a  f f be  
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6.3 A al i  he mic - c e f he fibe  b dle ge me ie  

P e , ec  4 e e ed he ced e  a d e  f g a h  c b ed h c -

c ac  e e e , a d ec  5 de c bed he f be  b d e ec c  e h d a d 

he e e  f he a  a eg . F  he a e 2, 3, h ch a e e f ed b  c -

c ac  e e e , ec c  f f be  b d e g a h  age , he  he 

c c a  a a  f f be  b d e   be a a ed he e. The e f be  b d e a e   

c a g 40 f be  (f be  d a e e  = 500 𝜇𝑚 , e g h ≈  14-15 ). The XCT a a  

e  f he e 2 a e   9 𝜇𝑚/𝑣𝑜𝑥𝑒𝑙 . D e  a d ffe e  f be  a  ga a  

d g he a fac g e , he a  f be  e f ac  d ffe  be ee  he ee a e  

e ec a  f  a e 2 (50.5 % f a e 2, 37.9 % a d 38.9 % f a e  0 a d 3).   

Th  he  a  e f ed f be  b d e e ca  de  ec c , a d c ac  

a   a f be  b d e  c ed f he a e e e  f be  a  ed  

de a e he fea b  f he a eg   a e  he  ( a e 0) (39 f be , d e a  

d a e e  = 500 𝜇𝑚 , e g h ≈  15 ) (Ha  e  a ., 2023; Ha  O a a, 2018). The 

g a h  a d c -c ac  ach e a  ded b  3SR ab a   G e b e 

U e , he XCT a a  e  = 15 𝜇𝑚/𝑣𝑜𝑥𝑒𝑙, c ac  eed  0.08 / . He e, 

he a e c c a  a a   e f ed f  h  a e 0.  

6.3.1 Im e g a i   fibe  b dle ge me ie  

The e ed a a  a d acc ac  f e ca  ge e  ge e a  ead  a  

c ea e  he acc a  f a  e   he  f he f be  c a ed  he ac a . 

The f be  b d e h ch ,  ac a  fac ,  a a c e b ,  a  he beg g f he 

a   a  ab e a e. I deed, he a  f be  ec  e e a ed a e bef e 

ca c a    he  f c ac  ha  e   he ea  b d e ge e . Af e  he 

d c g f he g a  f ce, he f be  e a d  each he   he  c ac  a e each 

a  e b . The f  g a  e   he  e  ef   b g bac  he a e  he a c 

e b  b  ab e a   a e  g d d ca  f he a  f he de g: he e  he 

f be  e d g h  e , he  acc a e he b d e ec c  . A d he a  

c ac  ab  chec  ce  f  he each a  ec c  f be  b d e de  ( a e). 

The a a  e  ed d g he XCT  ac a  e f he a  a a e e   be 

c de ed ce  e ab e  a e  e  de c  f he f be  ec  a d . A e  

a a  e  a  e   he  f face de a  f he f be , e ec a   he c ac  
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eg  be ee  he f be . I acc ac e   he c ac  a a   e a ge he  f de a  

d ced b  e  a , ead g  e e  e acc a e ed c  f he 

c e f he f be  b d e af e  a . The e  f ch e  d g 

c ac  a  a  ead  e a c e   he ed c  f c ac  beha  

f he f be  b d e.  

The effec  f he g a  f e d  he f be  b d e   c de ed he e  c de  he he  he 

c ac   f he b d e  a e ab e  . A  d ced e , de  he effec  f he 

g a a a  f e d, he acc a e c ac  be ee  he f be  ead   a gh  age f he 

f be  d e  he   g a . Th  c -ad e  f he e a  c e f he f be  

b d e ead   a a ca  e b a ed c e. 

The ge e e  f a e 0, 2, 3  ec c ed a d e f ed g a  h ABAQUS , 

f . The a  a a e e  e e a da ed h ec  5.2  h  he  a d Ha   

(Ha  O a a, 2018), h   Tab e 6.1. 

Table 6.1 C m a i al a ame e  f he g a i  im la i  f fibe  b dle am le 0, 2, 3. 

Y g  M d le (E) 6 G a Beam eleme  i e (Lb) 0.3 

P i  a i  ( ) 0.25 Di c e e igid eleme  i e (Ld) 0.2 

De i  ( ) 1.38e-09 T/ 3 C efficie  f f ic i  ( )  0.2 

Af e  he g a  ed  f be  b d e ge e , he ce e e f f be  b d e a e 0, 2, 

3 h   F g e 6.12. 
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(a)  
(b)  

(c)  

Fig e 6.12 The ce e li e f fibe  b dle af e  im i g he g a i  field. (a) Sam le 0 (D . Haji  

am le), (b) Sam le 2, (c) Sam le 3. 

The f be  d ace e  (𝑑 𝑖𝑏𝑒𝑟𝑖: he d a ce be ee  a  a d e e e  f  f be  𝑖) 
be ee  g a  a  a d a  e e e  ge e  e e a f ed g he 

d ca  de e ed e  ( he de c  f h  d ca  h   ec  6.2). Th  

h  c ea  he f e ce f he e  e b  a  ha  he a  de g b a ed f  

a e 2 a d 3  acc a e ce e  a  cha ge  a d he d ca  a e b e ed. 

Table 6.2 The i i  e  f fibe  be ee  e e ime  a d im la i . 

 Sam le 0 Sam le 2 Sam le 3 

S a ial e l i  (𝝁𝒎) 15 9 9 

Diame e  f fibe  (∅𝒇𝒊𝒃𝒆𝒓) (mm) 0.5 

Thick e  f fibe  b dle (mm) 3 3 3.24 

I dica  (%) 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (acc di g  he hick e  f fibe  b dle) 2.66 0.92 0.86 0.26 1.28 0.40 

FPDVFR (acc di g  he 𝑽𝒇) 4.25 1.47 1.75 0.40 2.09 0.62 

FPDDR (acc di g  he diame e  f fibe ) 15.83 5.50 5.20 1.20 8.30 2.45 
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6.3.2 A al e f he am le  mic c e  

I  he ec  6.2, he c c e d ca   a e de e ed, he e  c d be ed 

 a a e he e a , c ac  be ee  f be , c a e f f be  af e  c ac  e . The 

c ac  e e e  e e e f ed f  a e 0, 2, 3, a d he c ac  e e 

f c   e f ac  h   F g e 6.13. 

 

Fig e 6.13 C m ac i  e e f c i  i  l me f ac i  f  am le 0, 2, 3. 

The a a  f he e a  c e f f be  b  he e a  e  f he f be   ab e  

a a e  de c be he e a  d b  f he f be  a d de  a a he a ca  

 f  de a d g he echa ca  beha  f f be  b d e . Th  a ach ca  e ea  he 

f  a d e a  f he f be  a a ge e . 

a) O ie a i  a d mi - ie a i  

The e a   he e  a d e a  e  𝐴33 f he a e 0, 2, 3 h   F g e 

6.14 a d F g e 6.15, e ec e . 𝐴33 ef ec  he e a  e  f he f be   he 𝒆𝟑 

d ec   he e a   he e . The 𝐴33   c e   1.000,  ea  ha  he 

d b  f f be   he a e e e d c a  (XY a e/𝒆𝟏𝒆𝟐 a e)  he f be  e g h (Z-

a /𝒆𝟑)  e de ed a d de e   ha  he  e a  e  d b  c e   𝒆𝟑. 

He e ce g  a e a ge ed,  he h ee ca e  he eged 𝒆𝟑 e a  f he f be   

ced.  
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Fig e 6.14 The ie a i  i  he e  f am le 0, 2,3. 

  

Fig e 6.15 The ie a i  e  𝑨𝟑𝟑 f am le 0, 2, 3.  

I  add , he - e a  deg ee f f be  ff e  d ec  f  Z-a /𝒆𝟑 e e a a ed 

he e,  de a d he g ba  e a  f f be . The - e a  d ac  h  he 

beg -e d f f be  ff e  d ec  f  Z-a /𝒆𝟑 , a  de c bed  ec  5. The g ba  

e a  f f be  ffe  f  Z-a   X-a  a ed 𝛼, a d ffe  f  Z-a   Y-a  

a ed 𝛽 . The b  f - e a  deg ee f f be  ff e  d ec  f  Z-a /𝒆𝟑 

h   F g e 6.16, he B -N a  P   ed  e e e  he a e age a e 𝜇, a da d 

a e 𝜎, he a  d b  f da a, a d he da a, h   F g e 6.16. The 𝛼 f a e 

0, a e 2, a d a e 3 a e d b ed  [-5,11] ( ), [-8,2] ( ), a d [-15,8] ( ), e ec e . 

I  d ca e  ha  a e  0 a d 3 ha e a a ge ff e  a g e f  he Z-a   he X-a , h ch 

ea  ha  he f be  a e c g each he . The 𝛽 f a e 0, a e 2, a d a e 3 a e 

d b ed  [-7,8] ( ), [-5,2] ( ), a d [-5,7] ( ), e ec e . F  a e  0 a d 3 (𝑉 =37.9 % 

a d 38.9 %), he a  e f ac  a   c a ed  a e 2 (𝑉 =50.5 %). C b ed 

h he ce e e  f he f be  F g e 6.12 a d he 3D ec c ed f g e f he f be  b d e 

a e  ( a e 0: F g e 6.23, a e 2: F g e 6.26, a e 3: F g e 6.34), he a  

 f he d ffe e  a e  a e a d  a d d ffe e . H ghe  e f ac /de e , 

d ca e ha  he f be   he f be  b d e ha e a e  ga  be ee  each he , a d e h b  a 
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gh e  a d e de ed a a ge e . Th  d a   a  h   he a a ge e  f 

he f be  a g he Z-a  d ec .  

 

 

 

 

 
(a) 

 

 
(b) 

Fig e 6.16 The b l  f mi - ie a i  a gle f fibe  f  am le 0, 2, 3. (a) 𝜶, (b) 𝜷 (°). 

b) C ac  

The c ac  c e be ee  f be   d c ed  ec  6.2. The c ac  be  be ee  

he f be , c ac  be  be ee  f be  a d a e , a  c ac  be  f a e 0, a e 

2 a d a e 3 h   F g e 6.17. The f be   he h ghe  𝑉 0 f f be  b d e  ( a e 2) 

a e c e   each he , he ef e, he be  f c ac  be ee  he f be   h gh c a ed 

 a e  0 a d 3. 

  

Fig e 6.17 C ac  mbe  f am le 0, 2, 3. 
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The c ac  a g e be ee  f be   f be  ec   𝜃 a d he c ac  a g e be ee  f be  

 f be  e g h d ec   𝛾 . The d b  f 𝜃  a d he B  f 𝛾  f  a e 0, 

a e 2 a d a e 3 a e de c ed  F g e 6.18 (a) a d (b), e ec e , a d he a e age (𝜇) 

a d a da d a e (𝜎) f 𝛾 a e e e ed  Tab e 6.3. F  F g e 6.18, he d b  a e 

f 𝜃 a d 𝛾 f a e 0 a d a e 3  a ge , he a ge  c ac  a g e  a  ef ec  he 

e e ce f a ge  ace  be ee  he f be , g ha  he f be  a e  e  c ac  h 

each he , a d he a g e  f f be  de a e e f  he Z-a  d ec  ha  f  a e 

2. 

 
(a) 

 
(b) 

Fig e 6.18 The c ac  a gle be ee  fibe . (a) i  he fibe  ec i  (𝜽), (b) i  he fibe  le g h di ec i  

(𝜸) (°). 

Table 6.3 The c ac  a gle be ee  fibe  i  fibe  le g h di ec i  f am le 0, 2, 3 (𝜸) (°). 

 Sam le 0 Sam le 2 Sam le 3 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝛾 °  3.88 2.05 2.79 1.02 4.11 3.23 

c) C im  a d c a e 

The c  de c be  he a   c ed cha ac e  f he f be . The B  f a e 0, a e 

2 a d a e 3 h   F g e 6.19, a d he 𝜇, 𝜎 f c  h   Tab e 6.4. I  add , 

he B  a d 𝜇, 𝜎 f ec ed c a e ad  f he e a e h   F g e 6.20 a d 

Tab e 6.5, e ec e . The c  a d ec ed c a e f a e 3, h  he f be  ha e 

a h ghe  a e age c  c a ed  he a e 0 a d a e 2. I   a  g ca   ce ha  

he a e 2 ha  he e  a e age a e a d he a e  d b  h ch  c e  

h he a gh e  a d be e  ga a  ead g  he h ghe  a  e f ac   f be  

b d e . The c a e  a e a  he h g  f he f be , deed he h ghe  a e  
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f  a e  h  a gh e  a ec , c e  h ea g e  h he c ea e  

he e f ac . The d ffe e ce  be ee  he a e 0 a d 3 a e ef ec g he h ghe  

 he XZ a e.  

Sa e 3 ha  a  he de  c  d b  h  b  he h ghe  a da d de a . O  

he e a  he  a e  d ca e e f be  a e de  c ed a d c ed  b h a e  

(YZ a d XZ), h e e , a  he e  he XZ a e h g a ge  d ga a   h  

a e. 

  

Fig e 6.19 The b l  f c im  f  am le 0, 2, 3 (%). 

Table 6.4 The c im  f am le 0, 2, 3 (%). 

 Sam le 0 Sam le 2 Sam le 3 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

C im  (%) 0.110 0.061 0.072 0.045 0.264 0.191 

 

 
(a) 

 

 
(b) 

Fig e 6.20 The b l  f jec ed c a e adii (mm) f am le 0, 2, 3 (a) I  XZ la e, (b) I  YZ 

la e. 
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Table 6.5 The jec ed c a e adi  f am le 0, 2, 3 (mm). 

 Sam le 0 Sam le 2 Sam le 3 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

I  XZ la e (𝑹𝑿𝒁) 109 20 141 15 87 16 

I  YZ la e (𝑹𝒀𝒁) 118 23 174 19 111 13 

6.3.3 C m ac i  im la i  

The c ac  a  f a e 0, 2 a d 3 e e e f ed he e, he a  a eg  

 d c ed  ec  5.2.  

a) Sam le 0 

The c ac  e e  f c  f e f ac  h   F g e 6.21. The a  

a d e e e a  e  a e c a ed. I  add , he f be   a d 3D h g  f 

f be  af e  e e e  a d a  c ac  a  a a ed he e. The ce e e f a e 

0 bef e a d af e  c ac  h   F g e 6.22, a d he Tab e 6.6 h  he e  f f be  

 be ee  e e e  a d a  acc d g  h c e  f f be  b d e (FPDTR), 𝑉   (FPDVFR), he d a e e  f f be  (FPDDR), a d he d ace e  f c ac  a e 

(FPDUR). The c e c  be ee  he a ed a d e e e a  a e   e e g a d 

acce ab e. H e e ,  e  9 f he c ac  e  f a e 0, he a  e  f f be  

be ee  he a ed a d e e e a   a ge, a d h  e   d e  he acc a  f 

a  e   he f be  (d c ed  ec  6.1). D g he c ac  e  f he f be  

b d e, he f be  def   e b  a fe g c ac  f ce be ee  he  h gh he 

c ac  . The acc a  f he a  e   f a  d a ed  he c ac  e  

be ee  he f be . H e e , a  c ac  ceed  ( e  12, 13 a d 14), he a  e  

f he f be   he a  a d e e e a  e  g ad a  dec ea e. Th   d e  he 

fac  ha  a - a c c ac   a  c ac  ce   h ch he e e  a d 

ad e  f he f be   g ad a , h  a g he f be   be e  ada   he a g e  f 

he  e ghb g f be  a d he e a  c e. F  he a  de , he c ac  a d f ce 

a fe  be ee  he f be   e  ha  a  a  he a  c ac  e  f he f be  a  be 

a ge. H e e , a  he c ac  ce  ceed , he f be  e d  e  e ab e 

 a  he  a e g e e  b ec ed  f ce , ed c g he a  de a  d e 

 a  e . 
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Fig e 6.21 The c m ac i  e e f c i  i  l me f ac i  f am le 0. 

(a)  (b)  

(c)  (d)  

Fig e 6.22 The ce e li e f am le 0 af e  im la i  a d e e ime  c m ac i . (a) S e  9, (b) S e  

12, (c) S e  13, S e  14. 
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Table 6.6 The i i  e  f fibe  be ee  e e ime  a d im la i  f am le 0 f  c m ac i  e  

9, 12, 13, 14. 

I dica  (%) S e  9 S e  12 S e  13 S e  14 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (acc di g  he hick e  f 

fibe  b dle) 
7.84 1.68 8.13 2.49 7.76 2.40 7.55 2.85 

FPDVFR (acc di g  he 𝑽𝒇) 13.67 2.94 15.99 4.42 16.33 5.05 16.79 6.42 

FPDDR (acc di g  he diame e  f 
fibe ) 

37.66 8.09 33.80 9.35 30.26 9.36 27.95 10.56 

FPDUR (acc di g  he di laceme  

f c m ac i  la e) 
31.38 6.73 18.37 5.08 14.41 4.46 12.15 2.59 

The 3D e de g a  e ca  ge e  a d 3D e e e  ec ed ge e e  

f a e 0 af e  c ac  e  h   F g e 6.23, he f be  h g  f f be  af e  

c ac   a  a e. Th  a e 0 e h b  he a ce f a  acc a e de c  f 

he a  ge e   be ab e  a da e he ed a eg . 

 
Fig e 6.23 The 3D e de i g ge me  f am le 0 af e  c m ac i  f  e  i i ial, 9, 12, 13, 14. 

b) Sam le 2 

The F g e 6.24 (a) h  he c ac  e e  f c  f e f ac  f a e 2 , 

a d he a , e a  a d e c e e g   he c ac  ce  h   F g e 6.24 (b). 



139 

 

The a  c e  a e e e a   ag ee e  h he e e e  e . I   e ec a  

ceab e ha  he d  f he c ac  c e a  e  13 ha  bee  ca ed b  he a  

h ch  a e  g d d ca  f  he c e c  f he ed a eg . I  add , a  

e ed  he ab e ec ,   a  ea gf   a a e he a  e  h gh 

e c e e g  (Ke), c ac  e e g  (Pe), a d def a  e e g  (Se). I  c a   he de  

 h ch f be  fa  f ee  b  g a ,  he c ac  de  he e c e e g     

ha  f he ea a ge e  f he f be , b  a  ha  f he e e  f he a e c ac  

cha e . The c ac  e e g  c a  he e e g  f he c ac  be ee  he f be  a d he 

c ac  be ee  he f be  a d he a e c ac  cha e . The a  e e g  c a   

he def a  e e g  f he f be , ce he a e c ac  cha e   a ed a  a 

g d b d   he de  a d d e   de g  def a .  

A  he a  age f c ac  (𝑉 ∈[50, 55] (%)), he e  ace f  he f be   e 

( a  e f ac  f 50.5%),  he def a  a d c ac  e e g e  f he de  a e 

ab  10-5 e  f e c e e g . The be  f c ac   be ee  he f be  a d be ee  

he f be  a d he g d a e c ea e a d  h he beg g f he c ac  a , 

a d he c ac  be ee  he f be  c ea e  a d gh  e e  cc  d e  age. The 

c ac  be ee  he f be  a d he g d a e ead   a a  def a  f he f be , h ch 

ca  a  be b a ed h gh he e e g  c e , a a d c ea e  he c ac  e e g , h a  

c ea e  he e c e e g  a d a  def a  e e g  a  he beg g f he c ac .  

A  𝑉  = 55 %, he e e g  f he de  eache  a  he a e e e  (Se=Ke=Pe), a d he 

e c a d c ac  e e g e  c ea e g f ca , d ca g ha  he g d e e  f he 

f be  eache  a h e h d, he c ac   be ee  he f be  c ea e, a d def a  

beg   cc . A  𝑉 ∈[55, 62] (%), he c ac  e e g   h ghe  ha  he def a  e e g  

f he de , h ch  d e  he fac  ha  he f be , h he c ac  e e e , de g  

c ac  f , a d he  a fe  c e e f ce  h gh he c ac   he eb  

def g he f be . Af e  𝑉  = 62 %, he e e g  f he de   d a ed b  he def a  

e e g  f he f be . 
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(a) 

 
(b) 

Fig e 6.24 The c m ac i  im la i  f  am le 2. (a) The c m ac i  e e f c i  i  l me 
f ac i . (b) The e e g  e l i  d i g c m ac i . 

The ce e e f a e 2 bef e a d af e  c ac  h   F g e 6.25, a d he Tab e 6.7 

h  he e  f f be   be ee  e e e  a d a  acc d g  h c e  f 

f be  b d e (FPDTR), 𝑉  (FPDVFR), he d a e e  f f be  (FPDDR), a d he d ace e  

f c ac  a e (FPDUR). F  he ce e e f he f be , he f be  h  he d ffe e  

 be ee  a  a d e e e , b , he  a e c ed. I   ceab e ha , 

a  e ec ed he e  a e g f ca  ega d g he c c e ha  he e  f a e 0 

ha   a be e  e  f he c e  a d he  def  f he a  c c e. 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

Fig e 6.25 The ce e li e f am le 2 af e  im la i  a d e e ime  c m ac i . (a) S e  2, (b) S e  5, 

(c) S e  8, (d) S e  12, (e) S e  13, (f) S e  14. 

Table 6.7 The i i  e  f fibe  be ee  e e ime  a d im la i  f am le 2 f  c m ac i  e  

5, 12, 13, 14. 

I dica  (%) S e  5 S e  12 S e  13 S e  14 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (acc di g  he hick e  f 

fibe  b dle) 
2.25 0.59 3.72 2.12 3.19 1.71 3.12 1.75 

FPDVFR (acc di g  he 𝑽𝒇) 6.43 1.67 11.88 6.78 10.35 5.55 10.30 5.78 

FPDDR (acc di g  he diame e  f 
fibe ) 

10.95 2.74 17.00 9.70 14.48 7.76 14.07 7.89 

FPDUR (acc di g  he di laceme  

f c m ac i  la e) 
9.41 2.45 11.89 6.78 9.92 5.32 9.44 5.40 
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The F g e 6.26 h  he 3D e de g f be  b d e f a  a d 3D ec ed ge e  

f e e e . The h g  f f be  b d e af e  c ac  e   a  a e. The 

c ac  c e f a e 2 f a  a d e e e   F g e 6.24 (a) h  he 

c ac  e e a  d  d  a  c ac  e  13 (𝑉 =66.9 %), he f be   e  12 

( a ed  ed c c e) d aced a  he c ac  c e  e  13 ( a ed  g ee  c c e), 

, he c c e f f be  b d e f e  12, 13 a d 14 e e a a ed he e. 

 

Fig e 6.26 The 3D e de i g ge me  f am le 2 af e  im la i  a d e e ime  c m ac i  f  e  

i i ial, 2, 5, 8, 12, 13, 14. 
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F  he a e 2, he c ac  e e  d  d   he 𝑉  = 66.9 %, he d ca   

e e ed  de a d he e  f f be  b d e c e f  e  12  14. 

i)  O ie a i  a d mi - ie a i  

He e, he e a  e  𝐴33 f he f be   a e 2 h c ac  e  12, 13, 14 

h   F g e 6.27, a d he e a   he e  f f be  h   F g e 6.28. The 𝐴33 

c ea ed f  e  12  e  13, b  af e  e  13, he 𝐴33  a d  e a  e  

d b   𝒆𝟏𝒆𝟐 a e e e a  a e. The f be  a e ed f  e 12  e  13, a d 

af e  c ac  e  13, he f be  ee   f  he ace, h ch c ea ed b  he ed be ee  

f be   e  13.  

 

Fig e 6.27 The ie a i  e  𝑨𝟑𝟑 af e  im la i  a d e e ime  c m ac i  e  12, 13, 14 

( am le 2). 

 

Fig e 6.28 The ie a i  i  he e  f fibe  i h im la i  a d e e ime  c m ac i  e  12, 13, 

14 ( am le 2). 

ii) C ac  

The c ac  be ee  f be , be ee  f be  a d a e , a  c ac  be  h   F g e 
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6.29, he a  c ac  be   he c ac  e  13  d ed c a ed  he a  

be   e  12. The a  c ac  be   f e ced b  c ac  be  be ee  f be , 

ha  ea  he f be  ed  e  13 cha ged he c ac   a d be  a  a e e. 

  

Fig e 6.29 The c ac  mbe  be ee  fibe , be ee  fibe  a d c m ac i  la e , al c ac  f 

im la i  a d e e ime  c m ac i  e  12, 13, 14 ( am le 2). 

F  he d b  f c ac  a g e be ee  f be   he f be  ec  𝜃  a d be ee  

f be  e g h d ec  (𝛾) (F g e 6.30), he d b  f c ac  a g e be ee  f be  ee  

a  a e a d a e  g d ag ee e . 

 

(a) 
 

(b) 

Fig e 6.30 The c ac  a gle (a) be ee  fibe  i  fibe  ec i  𝜽 , (b) be ee  fibe  le g h di ec i  𝜸  ( ) ( am le 2). 
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iii) C im  

The b  f c  f f be  af e  c ac  e  12, 13, 14 h   F g e 6.31, he e aga  

he c e c  be ee  ca c a ed a d e e e a  a e   ceab e. The d b  f 

c  h  he d a  d d  cha ge ha  ch acc d g  he c ac  a g e a d he 

f be  , e e  f a gh  d   c  e   S e  13, he e h  ha  he d   e  

13   d e  a g ba  e ga a  f he c e b   a  ab  a d he d  f e 

 fe  f be . 

 

 Fig e 6.31 The b l  f c im  f fibe  i  he im la i  a d e e ime  c m ac i  e  12, 13, 

14 ( am le 2).  

The c e c  be ee  he a ed a d e e e a  e  a ea   be e  g, 

 ha  he   be c f ed  he a e 3. 

c) Sam le 3 

I   be e e ed   ch de a  ha  f  he e  a e, ce he he e  

ed a d he a a  d be he a e. H e e , ce he g a  f h  cha e    

a da e he ed a eg  a  e e e a e f a ea  b d e, he c e c  be ee  he 

e e e a  a d e ca  e  ha   be c f ed. The F g e 6.32 h  he c ac  

e e  f c  f e f ac  f a e 3. The c ac  c e f a  h  

 h  ca e a  a g d c a c  acc d g  e e e a  e. The ce e e f f be   he 

d ffe e  c ac  e  f a  a d e e e  h   F g e 6.33, Tab e 6.8 h  

he e  f f be   be ee  e e e  a d a  acc d g  h c e  f f be  

b d e (FPDTR), 𝑉   (FPDVFR), he d a e e  f f be  (FPDDR), a d he d ace e  f 
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c ac  a e (FPDUR). 

 

Fig e 6.32 The c m ac i  e e f c i  i  l me f ac i  f am le 3. 

(a)  (b)  

(c)  (d)  

Fig e 6.33 The ce e li e f am le 3 af e  im la i  a d e e ime  c m ac i . (a) S e  2, (b) S e  4, 

(c) S e  7, (d) S e  9. 
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Table 6.8 The i i  e  f fibe  be ee  e e ime  a d im la i  f am le 3 f  c m ac i  e  

2, 4, 7, 9. 

I dica  (%) S e  2 S e  4 S e  7 S e  9 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

FPDTR (acc di g  he hick e  f 

fibe  b dle) 
6.14 2.63 5.27 2.88 5.43 2.57 5.06 3.00 

FPDVFR (acc di g  he 𝑽𝒇) 12.51 5.35 11.19 6.50 14.15 6.69 14.47 8.56 

FPDDR (acc di g  he diame e  f 
fibe ) 

30.40 13.00 23.80 11.00 22.20 20.50 19.60 11.60 

FPDUR (acc di g  he di laceme  

f c m ac i  la e) 
19.89 8.50 12.13 6.26 9.27 4.39 7.51 4.45 

I  F g e 6.34, he 3D e de g f be  b d e f a  a d 3D ec ed ge e  f 

e e e  f d ffe e  c ac  e  e e e f ed. The h g  f f be   

a  a d e e e  a e c e  e a ed. E e  f he a e 3 e  a e  a  acc a e 

a  f  he a e 2, e e e a  a d a ed e   g d e a   g d ag ee e  

h ch e ab e   c f  he e a  f he a eg   de  c e  he def a  f 

a f be  b d e d g c ac . I   a   ce a d c f  he e ha  he a  e  

f he ec c ed c c e f  he e e e a  e a e f a a  a ce f  he 

ge e a  c e c  h ch  def e  a e  g d h g f  he e f he a eg  a  a a  

e a  beca e h  e  d e   e  f  ch a .    
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.  

Fig e 6.34 The 3D e de i g ge me  f am le 3 af e  im la i  a d e e ime  c m ac i  f  e  

i i ial, 2, 4,7, 9. 

6.4 C cl i  

C ac  e e e  e e ca ed    e  a e  a d a  e e ca ed 

  h ee a e  g he a  a eg  de c bed ab e, a d he a  e 

f ac   37.9 %, 50.5 %, 38.9 %, e ec e . The acc ac  f he a  de  a  e f ed 

b  g a g a  a . The c ac   de ec ed b  - ea e  a eg  

c d be e f ed b  g he g a  f ed  he f be  b d e ge e : he f be  e 

 he a c e b  a d he d ffe e ce  c e e    he ce a e  f he 

ec c  ce . The a e age e  (FPDDR: he e  acc d g  he f be  d a e e ) 

f he f be   de  g g a  a  a d e e ac ed b  g a h  

e e e  f  he h ee a e  a  16 %, 5 %, a d 8 % f he f be  d a e e , e ec e . 

A  e ec ed, he c ea e  he XCT e  e ab e  b a  a e acc a e a  

c e c  h ch  e  g f  he ed a eg . Th  ea  he a  c ac  

d ced b  he - ea e  a eg  ach e e he g a , h a e  a f g acc ac  e e  
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f he e  c d  be c e e  e a ed d e  he ece a  f ca  f he 

de g.  

The c c e d ca  e e a a ed a , d ffe e  a e  h d ffe e  e a , 

c  a d c ac  be ,  ha  he a e  e e  d ffe e  ac c c c ac  

beha  ( he c ac  e e  f c  f e f ac ). The f be   f  

a  a d g a h  e e e  a  a e c ac  e  a e  g d ag ee e , a d 

he  e  f e  h h gh e  a e a e a e .  

E e  h gh, he e  e a  f  e e , he c a  be ee  he a ed a d 

e e e a ,  e  f ac c c c ac  beha , a d he  f he f be  af e  

c ac   e e g a d g a d e ab e   a da e ha  he a  e ca  

e a , a  e  a  he de e ed c c a  a a   a e effec e f  he c e  

. 

I  de   e he e  a da ed a eg  a  a a  e a , f be  b d e  h 

c ed a a e e  ha e  be c ea ed. I   he  ece a   c ea e cha c ea - ea c 

de  f f be  b d e   de   e e he echa ca  e e f he f be  a e a  a  he 

c c c e e . The ef e, a e h d g  f  c ea g a a  e ca  a d  f be  

b d e ge e a   e e ed  e  Cha e . 
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Cha e  III Ra d m Fibe  B dle Ge e a  a d a al e he i fl e ce f 
c ea i  a ame e  

Th  cha e  c a  ec  7, 8 a d 9. The effec  f c c a  a a e e   he f be  

b d e  he beha  f f be  c ac   d c ed b  c ea g a a  e ca  a d  

f be  b d e ge e a , he a a e e  f h ch be g c ed fa g  be e fec  ed. 

I  ec  7, he a eg  f c ea g a  e ca  a d  f be  b d e ge e a   

e e ed a d  fea b  e f ed. 

Ba ed  he a  e ca  a d  f be  b d e ge e a   ec  7, Sec  8 

e ga e  he effec  f c c a  a a e e   he f be  b d e  he c ac  

beha . F a , ec  9 d  he effec  f d ffe e  a a e e   he c ac  beha , 

e he ad g a h, f c  c eff c e , e c. 
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Section 7 Vi al me ical a d m fibe  b dle ge e a  

Th  ec  de e  a a  e ca  a d  f be  b d e ge e a  ba ed  he c e 

f he g a h  e e e  f f be  b d e  a  e e ed  Cha e  II. The ge e a  a  

he c  f he c c a  a a e e  f he f be  b d e, c d g he be  f f be , 

he e g h-d a e e  a , he d a , a d  . I  h  a , f be  b d e de  h 

d ffe e  c c e  ca  be ge e a ed.  

The fea b  a d he e ab  f h  a eg   e f ed b  a c ac  a  

c a  h he f be  b d e a e II f  he g a h  e e e   Cha e  II.  

Th  e h d d e   e e e e e e e e a  a d a e  e a d c . I  de  a 

e ab e a d fa  e h d  d c  he effec  f he c c e f he f be  b d e  he 

c e  beha . 

7.1 The ba ic h he i  

The c e f he e ca  ge e a   ba ed  he c e  f g a h  ca  -  

age f f be  b d e  a d he 3D ec c  f f be  b d e , a  de c bed  Cha e  II. 

T g a h  ce  f a f be  b d e c g f c - ec  aced  e  e e a . 

The e ca  de  ec c  f he f be  b d e  ba ed  he c ec  f he f be  

ce e e . I  h  ca e, he f be  c - ec   ea ed a  a eg a  c c e a d he f be  b d e 

 d ded  𝑛 e a  a , he e 𝑛  he be  f ce , de e ed b  he f be  b d e 

e g h 𝐿 𝑖𝑏𝑒𝑟 a d e  𝑣, a  h   F g e 7.1. The ce e e  f he 𝑛 e a  a  f 

he f be  b d e a e c ec ed  b a  he 3D e ca  ge e  de . B   d ff c   

c ea e he a  e ca  a d  f be  b d e ba c  h  c e f g a h  ca  -

 age a d 3D ec c  f f be  b d e . S ce f be  c  ec  a e c ea ed  ce  

a d he  ed, e e a  be ee  f be   a dab e h h gh e f ac  ( 45%).  
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Fig e 7.1 Ge e a i  f fibe  acc di g  m g a h  i ci le: he fibe  b dle c i  f 𝒏 

m g a hic lice  aced b  𝒗 ( e l i ). 

S  ha , he ba c h he  f a  e ca  a d  f be  b d e ge e a  e  h ee 

e , a  h   F g e 7.2; he f   e  c ce  he ge e ca  de g f each f be  

h a MATLAB c de a d he h d e e  g a  h Aba  f a e  ge e a e 

he f a  f be  b d e. 

 

Fig e 7.2 Mai  e  f a i al me ical a d m fibe  b dle ge e a . 

Each e   be de a ed  ec  7.2 b  ca  be e ed a  f : 

( ) S e  1: c ea e a gh  f be  h e a : 

I  h  c ea  a eg , e c de  he f be  c  ec  a  eg a  a d f   e. A  

h   F g e 7.3, h he f be  e g h c ed b  he be  f ce  𝑛  a d he 

e  f he ce  ( e  e 𝑣), 𝐿 𝑖𝑏𝑒𝑟 = 𝑣 × 𝑛 − 1 . I  h  e , he - e a  

f f be   c ea ed, a d  d c ed  he ec  7.2. 
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(a) 

 
(b) 

Fig e 7.3 P i ci le f a i al me ical fibe  b dle ge e a   c ea e aigh  fibe  i h 

mi ie a i . (a) C ea e aigh  fibe , (b) Make aigh  fibe  i h mi - ie a i . 

( ) S e  2: e d a  

The e a  be g ed, he d a  ha   c de ed. The ef e, he be  f 

d a , h ch ea  he be  f f ec   (1 f  he  b  f be , 2 f  he 

e  e  F g e 7.2), a d he e  f he c a e a e d ced  d ec  c  

he c c e f he f be .  

( ) S e  3: e g a  

The a a  f be  b d e  he ea  ca e a e a a ged  c ac  h each he . U de  he 

c d  f c g he a a e e   ( ), each f be   c ed a d e a ed. I  MATLAB 

g a g. The ef e, he de e  he ed a he  d ff c     a d e e e a  

be ee  he e  c ea ed f be  a d he e g e . Th  gh  ead  f e ca c a  

 a   b a  he a ge ed e f ac  h he a ge ed ge e ca  a c . Th  

b e   ea  ed f  2D c c e  ce he be  f c f g a   a  de  

f ag de e , h e e ,   edge,  e a  a  e f  3D de g a d  

eff c e  e fec   ha e bee  f d f  h  e.   

 

I  de   a d h  b e , he c ea  f g e f be   d b ed  a e a a e a ea  

e e ha  he f be  a e  affec ed b  f be  d a  a d def ec . Th  e h d a e  

he f be  e e ab e  each he . The , a de  f he f be  b d e a a ged  c ac  h 

each he   b a ed b  g a  f e d a   ABAQUS , a  h   F g e 7.4. Th  

 c e e  ead  a  cha ge   he c c e a a e e  e a g h  he  

a e def ed a  c ed he he  ha  ed. 
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(a) 

 
 

(b) 
Fig e 7.4 P i ci le f a idi g e e a i  be ee  fibe . (a) C ea e a i gle fibe  i  a e a a e la e , (b) 

im e g a i  b  ABAQUS . 

7.2 N me ical ge e a i  e  

The e ca  ge e a  e  f  a d  f be  b d e ge e   h  h a f cha   

F g e 7.5. I   a    ec f  ha  he d a d  ea  a d  ch e  

h gh a a  d b . The  ed a a e e  (a e age a e a d a da d 

de a  a e) f he a  d b  a e he a a e e  ha  d e he a ge ed 

c c e. I  add   h  a ca  a ach e c  e  ha e  be e f ed 

a d e ed, a d ead  a  e a e c ea  f  each f be . 

 

Fig e 7.5 The fl cha  f me ical ge e a i  e  f  a d m fibe  b dle ge me . 
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I  de   e e  h  e h d, he f g e  ha e bee  d e: 

a. Ra d  ge e a e he ce e   f he f be   each a e  ( he g e f be  ca ed 

 e a e   F g e 7.4). The f be  𝑖  ge e a ed  a e  𝑖,  h  a , N f be  a e ge e a ed 

 N a e  (N∈[0: 1: N]). 

F  a g e f be  he ca  f he ce e    he a e   h   F g e 7.6. I  h  f  

e , he f  ce e   f he f be   a d  e ec ed h  a a ge ( he ed d  a ge). 

Af e  ha , he f be  ce e e  e e ded  he Z-a  d ec  h a ac g f 𝑣  𝑛 −1 × 𝑣  he e d f he f be , he e 𝑛  he ce be , 𝑣  he e  e. I  de  ea e 

ace f  a g e f be   a e a def ec   he Y d ec , he Y c d a e  ca ed  

he ce e e f each a e  (𝑌𝑁𝑡ℎ = 12 𝑑 ). C de g he ad  f he f be , he  he X 

c d a e  ch e   he a ge 𝑋 ∈ 𝑟, 𝑋 − 2𝑟   a e e he e e 3D f be  e a   

he b . The  he a d  c d a e  f he N h f be  a e 𝑋, 𝑌 , 𝑋 ∈ 𝑟, 𝑋 − 2𝑟 , 𝑌 = 12 𝑑 +𝑁 − 1 𝑑. 

 

Fig e 7.6 P i ci le f i gle fibe  c ea i . 

b. C  f be  e a  (def ec ) 

The a  f be    e ec ed a d  ( e (a)), a d he E e  a g e e   d ced 

 c  he f be  e a . A  a ed  F g e 7.7 (a-c), he a '  d ec  ( a  

d ec  f f be  ( e  (a)))  c ed b  ad g he a  a g e f he a  (  a d ). 

I  a a  a e , h  c e  a ed  a age he e a  f he f be . 

 
(a) 

 
(b) 

 
(c) 

Fig e 7.7 P i ci le f mi ie a i  f i gle fibe , acc di g  E le '  he  f a i . 
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I  he f  ce, he c c e'  ce e    a d  e ec ed a  he a   f he f be  

ce ( e  (a)). The e a   b a ed b  he a  f he f be  a d h  .  

F g e 7.8 (a) h  he e ab h a c d a e e  (X-Y-Z) h he f be  ce e e. Th  

c d a e e  d ec   c e  h he g ba  c d a e e . F g he 

E e a  a  c e, he a  f be  a e a ed b  a  a g e  a d he Y-a , a d a 

e  X1-Y1-Z1 c d a e a   b a ed. S a , he f be  a e a ed a d he X1 a  

 ac e he X2-Y2-Z2 c d a e a e , a  h   F g e 7.8 (b). C e e , he 

e a  f he f be  ca  be c ed b  he a a e e   a d . N    c de ed  

 de g ce  ca  be eg ec ed a  ega d  g  a d  a fac g c e . 

(a)  (b)  

X1: Ne  X-a i  af e  a d Y-a i  a i  

Z1: Ne  Z-a i  af e  a d Y-a i  a i  𝜶:  a i  a gle a d Y-a i  

X2: Ne  X-a i  af e  a d X1-a i  a i  

Y1: Ne  Y-a i  af e  a d X1-a i  a i  𝜷:  a i  a gle a d X1-a i  

Fig e 7.8 R a i  f fibe  acc di g  E le  he  f a i . (a) R a i  f a i gle fibe  i  a 

e a a e la e  a d Y-a i  (𝜶) (°), (b) R a i  f a i gle fibe  i  a e a a e la e  a d X-a i  (𝜷) 

( ). 

F he e, '  a   e e ha  he a a  g f he f be  b d e e a  

de he a e ca e e e  a  (c ac  cha e ). Th  c ce     he a  

 f he f be  (F g e 7.6) b  a   he  f he def ec ed f be . A  he 

c d a e  f f be  h d be c a ed h  he a e ca e e e  a  b da e . A  

ch,   e e a   de f  f  h ch ca e he a d  ge e a ed a  f be    

F g e 7.9 (a) a g . F  a ce,  c d be ca e 1, he e he f be  ca   def ec   e 

de ( he gh  de),  ca e 2, he e he f be  ha  he ca ab   def ec   b h d ec . 

M e e , he a g e   a d  h d e e  e ceed he a  a ab e a e , a  h   

F g e 7.9 (b): |𝛼| 𝛼𝑚𝑎𝑥 = arctan 𝑑2−𝑟𝐿 = arctan 𝑑2−𝑟𝑛×𝑣                       (7.1) 

|𝛽| 𝛽𝑚𝑎𝑥 = arctan 𝑋−2𝑟𝑙 = arctan 𝑋−2𝑟𝑛×𝑣                      (7.2) 
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(a) 
 

(b) 
Fig e 7.9 Ma im m mi ie a i  a gle f  a d . (a) Th ee diffe e  ca e  f  deflec i  f fibe , (b) 

Scheme f ma  a i  a gle 𝜶𝒎𝒂𝒙 a d 𝜷𝒎𝒂𝒙. 

c. U d a  f g e f be . 

O ce he e a   ge e a ed, a a d   f be  b d e  b a ed h f be  f 

a gh  e  e ed acc d g  h ee-d ec  f he ace. F  he ea  ca e, he f be  a e 

be  a  d ffe e  deg ee ,  he be  f d a  a d he a ge f d a   f 

he a a e e  a e d ced he eaf e .  

Af e  e  (b) f def ec , he h g  f f be   h   F g e 7.11 (a). A  d a  

  e ed a d,  a e h , a  e a e  d ca ed  F g e 7.10. The f a  

d a    b a ed b  d ac g he e ec ed  (b ac  )  he f be   Z, X, 

Y d ec . The e  c ed f be  (b e c ed e)  b a ed h e d a  . 

 

Fig e 7.10 I e i  d la i  i  (e am le i h l  e d la i  i ).  

The a eg  ed  e  d a    he f g: 

( ) Ch e he a  e   (b ac  ). F d he e a   f he f be  

e g h ( he d a    h ch ce (Z c d a e)), a  h   F g e 7.11 (a). 

( ) Ma e a d ace e  f ha    he g d a , h  Z d ec . I  F g e 7.11 

(b), a ce  a d  e ec ed b  a a e e  𝜎 𝑧 h Ga a  bab  d b  

 e  he d a  , he a e age a e be g he dd e f he f be . 

( ) Ma e a d ace e   X a d Y d ec . I  he a d  e ec ed ce, he ce e  
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 f he f be   h f ed f   he X2 d ec  a d he   he Y2 d ec   b a  

he f a  d a  . The h f  a e  c ed b  𝜇 𝑋 , 𝜎 𝑋   a d 𝜇 𝑌 , 𝜎 𝑌  ,  𝜇 𝑋 , 𝜎 𝑋    he a e age a d a da d a e f he e ec ed  h f   X d ec , 

e ec e ; a d 𝜇 𝑌 , 𝜎 𝑌  a e age a d a da d a e f he e ec ed  h f   Y 

d ec , e ec e , a  h  F g e 7.11 (c). 

         (a)  

 
(b) 

 
 

 

(c) 
Fig e 7.11 P i ci le f i e i  f d la i  i  i  i gle fibe  (e am le i h e d la i  i ). 

7.3 Valida e he fibe  ge e a  i h e e ime  am le 

7.3.1 C ea e ge me  i h ame a ame e  f am le 2 

I  de   chec  he eff c e c  f he a  e ca  a d  f be  ge e a , he a e 

c ac  e  a  a ed f  a  e ca  f be  b d e . 3 a  e ca  f be  

b d e ge e e  (ge e  1-3) e e c ea ed h he a e a a e e  f he Tab e 7.1.  

A  a  e a e, he c ea  e  3 ( g he g a   he f be  b d e) f  ge e  1  

h   F g e 7.12, he F g e 7.12 (a) h  he ce e e f he f be  b d e ge e  1 

bef e e  3 ( g he g a ), a d F g e 7.12 (b) h  he ce e e f he f be  b d e 
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ge e  1 af e  g he g a  e  b  ABAQUS . Ne , he F g e 7.13 (a-b) h  

he 3D e de g f be  b d e ge e  1 bef e a d af e  g g a . The ec c  

f be  b d e ge e  f  g a h  e e e   h   F g e 7.13 (c1), a d a he  

3D e de g a  e ca  f be  b d e ge e e  2, 3 a e h   F g e 7.13 (e1, f1), 

h ch c ea ed h a e a a e e  a  ge e  1. Af e  g g a , he a  e 

f ac  f ge e  1-3  46.7%, 46.7% a d 47.6% e ec e  h ch   he a ge f ha  

a  b a ed e e e a  a d f ha   a  b e ed  ea  g a . 

Table 7.1 C ea i  a ame e  f ge me  1-3 c ea ed b  i al me ical a d m fibe  ge e a . 

Ba ic a ame e  f fibe  b dle 

Fibe  mbe  40 

Fibe  adi  (mm) 0.25 

The i e f he b  ( id h)(mm) 5 

V el i e (mm) 0.009 

Slice mbe   1522 

The i e f la e  f  each fibe (mm) 2 

Mi ie a i  

R a i  a gle ( ) 𝝁𝜷  0.055  𝝁𝜶  -1.510  𝝈𝜷 1.089 𝝈𝜶 2.294 

U d la i  

U d la i  i  mbe  1 

X, Y, Z di ec i  hif  al e (mm) 

𝝈𝒖𝒛  110   𝝁𝒖𝑿  1.2 𝝁𝒖𝒀  0.2 𝝈𝒖𝑿  0.14 𝝈𝒖𝒀  0.2 

(a)  (b)  

Fig e 7.12 The ce e li e f fibe  b dle ge me  1 c ea ed b  i al me ical a d m fibe  b dle 

ge e a . (a) I i ial fibe  b dle (bef e g a i  im la i ), (b) Af e  g a i  im la i  b  ABAQUS . 
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Fig e 7.13 N me ical fibe  b dle ge me ie . (a) The i i ial ge me  1 bef e im i g g a i . (b) 

ge me  1 af e  ABAQUS  g a i  field im la i . (c1) Rec c i  fibe  b dle ge me  f m 

m g a h  e e ime . (d1-f1) C ea ed ge me ie  af e  ABAQUS  g a i  field im la i , c ea i  
a ame e  ame a  Sam le 2 i dica . (c2-f2) Af e  c m ac i  e  i h ge me ie  (c1-f1).  

A  h   F g e 7.14, he e a e h ee c e  f he e f ac -c ac  e e f 

f be  b d e ge e e  1-3. A d he 3D e de g f f be  b d e ge e  1-3 a e e ec e  

h   F g e 7.13 (d2), (e2), (f2).  

A  e ec ed, ce he c c e a a e e  a e a , he e h ee f be  b d e 

ge e e  h ed e e e d  c e  h he e e e a  a d he ec c  

a  e . I   h e e  e e g a d   b , ha  he c ac  e e  

dec ea ed a  a d 𝑉  = 67%, a d c e c ea e aga , h  gge  ha   he a e  e  

f c ac , he e a  a  d g be ee  a  he f be , e g  a dde  d   
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c ac  f ce. Ob , h  f c a  a e   ag de a  e  a  gh    

(𝑉 ) b  he he e  e a . E e  f he e a  c e a a e e  f d ffe e  f be  

b d e de  a e ba ca  he a e, he  f he f be  a e d ffe e , e g  

d ffe e   be ee  f be  a  he a e age f c ac . Th   d e  he c e  a d 

a d  a e f he h ee-d e a  c e f f be  b d e , h ch a e  gh  c a  

d ffe e ce  d ce g f ca  d ffe e  def a  beha  d g c ac , e e  f 

he a  c e  a e a . I  he ea  age f c ac , he d g f he f be  aga  

each he  acc  f  he a  a . Th ,   ea e   ad  he e a e  be ee  

f be  d g h  age,  he c ac  c e  ba ca  he a e. H e e , a  he 

c ac  c e, he e a e e e  be ee  f be  bec e  e d ff c , a d e 

f be  a  be d  , h ch   affec  he e  d b  h  he f be  b d e. 

Th  d ffe e ce bec e  a c a  ced  he a e  age  f c ac , he e a  

cha ge   c ac  a  a  ead  a ge e   ha e d ffe e ce . I  add , h a ge  

f be  d a e e , he c ac  a ea be ee  f be  c ea e , a g he e -f be  f c  

c ea e, f he  e ace ba g he a  cha ge  ca ed b  . 

The e ab  f he a  e ca  a d  f be  ge e a  a  e f ed  e  f he 

c e c  be ee  he e e e , he ec c  a , a d he c ea ed f be  

b d e  c ac  c e . The c c a  a a e e  af e  c ac  a e d c ed  

he e  ec . 
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Fig e 7.14 C m ac i  e  i h 3 me ical fibe  b dle ge me ie , c ea ed b  i al me ical 

a d m fibe  b dle ge e a .  

7.3.2 A al e he i dica  f mic c e f ge me  1-3 

a) O ie a i  a d mi - ie a i  

A  e ed  ec  5, he a  ge e  f he f be  a e b   de e ed b  e e a  

a a e e , c d g he f be  e a . The e a  a a e e   a  cha ac e ed 

b  he e a  e  𝐴, he e he 𝐴33 c e  d ca e  he a g e  f he f be  

a g he  𝒆𝟑 d ec . The 𝐴33 a d e a   he e  f ge e  1-3 a e h   

F g e 7.15 a d F g e 7.16, e ec e . 𝐴33 f a  h  0.001 bef e a d af e  c ac  

f  ge e  1-3. The d b  f he e a  e  e  he  he e  c e  e a ed 

 𝐴33. La ge   𝐴33 d ca e  ha   f be  a e e d ec a  af e  h ch ea  ha  he 

f be  a e d b ed a g he Z-a  (𝒆𝟑). Th   g ca  ce he e f ac  c ea e  

f be  e d   ea g  h each he  a g he Z d ec .  
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Fig e 7.15 O ie a i  i  he e , ce e li e f fibe . (a1-c1) Ge me  1-3 bef e c m ac i  

im la i  (i i ial ge me ), (a2-c2) Ge me  1-3 af e  c m ac i  im la i . 

 

Fig e 7.16 O ie a i  e  𝑨𝟑𝟑 f ge me  1-3 bef e a d af e  c m ac i . 

F he e, - e a  d ca e  de a  f he f be  f  he YZ a d XZ a e , 

h ch a e a ed 𝛼 a d 𝛽, e ec e . M - e a  a a e e  h  he d ec  f 

f be , he de a  f he f be  f  he Z-a . The b  f 𝛼 a d 𝛽 f ge e  1-3 

bef e a d af e  c ac  a  h   F g e 7.17.  

Bef e he c ac  a , he 𝛼 f ge e  1-3 d b   [-6, 5], [-6, 5] a d   

[-5, 4] ( ), e ec e . The ea  a e f 𝛼  f ge e  1-3 a  -0.8 , 0.1  a d -1.8 , 

e ec e . The 𝛽 f ge e  1-3 d b   [-4, 4], [-5, 4] a d [-4, 4] ( ), e ec e . 

A d The ea  a e f 𝛽 f he e 3 ge e e  a e a d a  0 . The 𝛼 a d  𝛽 d b  

a ge f ge e  2  de, a d he 𝜇𝛼 = -1.8 , de a e  e f  0  c a e h 
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ge e  1 a d 3. C e a e  h he e a  e  𝐴33 f ge e  2  0.9958 a  

ha  ge e  1 (0.9967) a d 3 (0.9962), h ch ea  he f be   ge e  2 ha e e 

a d  e a . The b  f - e a  d ca  f f be  (𝛼) a  d ca e  he 

ge e  2  a e d ec a   c a ed  ge e  1 a d 3  he XZ a e. 

Af e  c ac , he a e age a e f 𝛼 a d 𝛽 f he ge e  1-3 ge  c e   0 , a d he 

d b  a ge a e a ed, e ec a  f  ge e  2 a d 3. The 𝐴33 f ge e  1-3 

c ea e  0.9981, 0.9984 a d 0.9981, e ec e . A  a c c , he - e a  

d b   0 , a d 𝐴33 c e  1.000, c e  d ca e ha  he e a  f he f be  

 d b ed a g 𝒆𝟑/Z-a . He e aga  h  g ca  e e  ha  he c ea e f he f be  

e f ac  ead   a e ga a  f he f be  a d he  c ac  e, ha    

a , c  a gh  a d a a e  f be . 

 

 

 
(a) 

 
(b) 

Fig e 7.17 The b l  f mi - ie a i  f fibe  i  he ge me  1-3. (a-c) 𝜶 (°), (e-f) 𝜷 ( ). 

b) C ac  be ee  fibe  

The c ac  f ce  a e a fe ed be ee  he f be  h gh he c ac  . He e, e 

c de  he be  f c ac   c ea ed ge e  1-3: he c ac  be ee  f be , he c ac  

be ee  f be  a d c ac  a e , a d a  c ac  be  (F g e 7.18).  

I  f be  b d e c ac  e , he a  c ac  c  a  f he c ac  be ee  f be  

( 𝐶 −  ) a d a a e  e ce age f he c ac  be ee  he f be  a d he c ac  

cha e / a e  (𝐶 −𝑝). Th   beca e d g he e c ed c ac , he f be  a e  f ee 

 d ace f ee   he X a d Y d ec , b  d e  he  c e  be ee  each he . 

The ef e, he c ac  ead   f  e  c ac   c   he a  
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c ac    eached. The 𝐶 −𝑝  eache  a e a e  ab e a e (f  d ec a  f be ) 

bef e c ac , a d ∆𝐶 −𝑝 de e d  a   he c ac  be ee  he  a e  f f be  

a d he a e f c e . D g c ac  ce , he be  f 𝐶 −   eache  

a a  h ch e e  he e d f he a a ab e e e  f  he f be  a d he  he 

g f ca  c ea e  he c e  ff e . The be  f a a ed 𝐶 −  de e d   

f be  b d e  h d ffe e  c c a  cha ac e c  f he f be , ch a  c a e a d 

a ec  a  a d he f be  a  e a . F  e a e, de  he a e c ac  

c d , e e  a gh  f be  a d c ed f be  f he a e a e a  a d d e  (f be  

d a e e , be , e g h) ca  each d ffe e  a  𝐶 − .  

The de a  f c ac  be ee  he f be , be ee  f be  a d a e , a d he a  c ac  

bef e a d af e  c ac  a e def ed a  ∆𝐶 − , ∆𝐶 −𝑝, ∆𝐶𝑠 𝑚, e ec e . He e aga   

 e e g  c f  ha  d ffe e  c c e h he a e a c  ead  a e  c e 

e  f he c ac . We h e e  d c  he e a h  be ee  ∆𝐶𝑠 𝑚  a d he 

a a  f e a  e  ∆𝐴33 = 𝐴33𝑎 𝑡𝑒𝑟 𝑐𝑜𝑚𝑝𝑐𝑎𝑡𝑖𝑜𝑛 − 𝐴33𝑏𝑒 𝑜𝑟𝑒 𝑐𝑜𝑚𝑝𝑐𝑎𝑡𝑖𝑜𝑛  . The ∆𝐶𝑠 𝑚 

f ge e  1-3  4.39× 104, 4.48× 104 a d 4.41× 104, e ec e ; he ∆𝐴33  0.0014, 

0.0026, 0.0019, e ec e . The e a  e  𝐴33 ef ec  he de  f f be  e a  

 he f be  e g h d ec . Whe  ∆𝐴33 bec e  a ge ,  ea  ha  he e a  f he 

f be   h  d ec  d g c ac  bec e  de e . The de  cha ge affec  he 

c ac  be ee  he f be , a  he f be  e d  be e a g ed a g he f be  e g h d ec , 

h ch a e   ea e  f  he   c ac  each he . 

 

Fig e 7.18 C ac  mbe  be ee  fibe , fibe  a d c m ac i  la e  (c m ac i  cha el), al 

c ac  mbe . 
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Le  c de  f  ge e  1-3 he c ac  a g e 𝜃 °  h ch e e e  he a g e be ee  

f be   he d ec  f f be  ec  a d he c ac  a g e 𝛾 °  h ch  he a g e be ee  

he f be   he f be  e g h d ec , a  e e ed  F g e 7.19 (a) a d (b) e ec e . 

The a e age a d a da d a e a e h   Tab e 7.2. Bef e c ac , he a g e  𝜃 a d 𝛾 d b e  b gge  a e ( a da d de a  f  𝛾) f  ge e  2 c a ed  ge e  1 

a d 3, he a ge c ac  a g e  e e d ca e f a e a e  a e d b  f f be  

 ge e  2, e a ed  a e  e a  e  𝐴33. B  he a  c c   ha  he 

c c e e d   c e ge f  a  d ffe e  c f g a  d g he c ac . 
 

 

 
 

 

 

 

 
(a) (b) 

Fig e 7.19 C ac  a gle. (a) C ac  a gle 𝜽 °  be ee  fibe  i  he fibe  ec i , (b) The b l  f 

c ac  a gle 𝜸 °  be ee  fibe  i  he fibe  le g h di ec i . 

Table 7.2 C ac  a gle 𝜸 °  be ee  fibe  i  he fibe  le g h di ec i . 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 Ge me  1 Ge me  2 Ge me  3 

Bef e c m ac  3.55 2.235 3.03 2.66 3.21 2.11 

Af e  c m ac  1.90 1.86 1.13 1.24 1.35 1.30 

c) C im  a d c a e 

The b  f c  f he f be   ge e  1-3  e e ed  F g e 7.20 a d he a e age 

a d a da d a e  Tab e 7.3. he c a e ad  ec ed  XZ (𝑅𝑋  ) a d YZ (𝑅𝑌  ) a e 

a e a ed  F g e 7.21 a d Tab e 7.4. I  ge e 1-3, he cha ge a ge f he c   
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a  (ab  5%) b  he e d  e a ed  he ec ed c a e. H e e ,  c f  he 

c e ge ce f he h ee c c e  a d he c e  a d e  c ed e h ch a  

e ec ed. 

  

Fig e 7.20 The b l  f c im  f fibe  f  ge me  1-3 (%).  

Table 7.3 C im  f fibe  f  ge me  1-3 (%). 

 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 Ge me  1 Ge me  2 Ge me  3 

Bef e c m ac  0.078 0.072 0.080 0.074 0.077 0.075 

Af e  c m ac  0.060 0.051 0.043 0.047 0.046 0.050 

The ec ed c a e ad  f he f be  a e g f ca  h ghe   he YZ a e ha   he 

XZ a e. Th  he e  ca  be a b ed  he g a  e  h ch e d   f e  he 

be d g f he f be   he YZ a e. The c a e  he YZ a e  e affec ed b  h  

g a  e . Th  he e  ha   be ed a d acc ed a d  e f he  f 

he ed a eg   he c  f he c c e a a e e . I  gh  be e ha ed 

h f be  h a e  be d g. The e a e c ea e  𝑅𝑋    h ghe  ha   𝑅𝑌   af e  

c ac . I  c a , 𝑅𝑌   a e e a  h ghe  ha  𝑅𝑋    he a  ge e , h ch 

ea  he f be  a e e gh  a a ged  he YZ a e. I   he e e  a d 

def a  f he f be   he Y d ec , e g  a a e  c ea e  𝑅𝑌   ha  𝑅𝑋  . 
C e  h he c , he g ba  c ea e  c a e ad  ef ec  he e aga , he 

c c e c e ge ce, he e d f ea g e  a d he d ffe e  e e  f he f be  

b d e  he e e a  a d e a  f ce  ac g  d ffe e  d ec , e ea g he f e ce 

f he f be  c c e   ac c c echa ca  beha .  
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(a) 
 

(b) 

Fig e 7.21 The b l  f jec ed c a e adii (mm) f fibe  b dle ge me  1-3, (a) I  XZ la e. 
(b) I  YZ la e. 

Table 7.4 P jec ed c a e adii i  XZ la e a d YZ la e f fibe  b dle ge me  1-3 (mm). 

 

 

 

𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

Ge me  1 Ge me  2 Ge me  3 

Bef e c m ac  153 20 210 44 140 20 170 30 155 34 192 31 

Af e  c m ac  221 17 271 48 240 18 260 60 229 26 239 45 

 

7.4 C cl i  

Th  ec  e e ed a a eg  f  a a  e ca  a d  f be  ge e a . The a eg   

ba ed  he c e f age  ec c  b  XCT f f be  b d e  a d d ded   

a  a : c ea  f he ce e e c d a e  f he f be  b d e , a d d c  f he 

g a  f e d  he a  d g he c ac  f he ge e a ed f be  b d e ,  a e 

he f be  c ac  a e c e  he a e f a ea  a -f ee f be  e . 

Th ee ge e ca  de  f f be  b d e  e e c ea ed b  c g he ge e ca  

a a e e  a c  a d he  ad g a h  e e a ed  be c e  h he c -

c ac  e e e . The c ea  a a e e  e e de ed f  he c c a  

a a  f he c -c ac  e e e  a e 2 ( ec  6). F  he c e  f he 

e a h  be ee  𝑉  a d c ac  e e, he c ac  e  f he c ea ed f be  

b d e  ee   be  g d ag ee e  h he e e e a .  

The a a e e  f he ge e ca  de  f he f be  b d e bef e a d af e  c ac  e e 
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a a ed, a d he f be  e a  d b  (𝐴33 a d - e a ) a  c e  e a ed  

he c ac  a g e a d c a e be ee  f be . E e  h gh he c a  a a e e  be ee  

he f be  b d e  bef e c ac  a e d ffe e , he  bec e c e af e  he a e c ac  

a h. The g f he c c e e  e ab e   h  he c e ge ce f he 

a e  a d a c e, be e  ga ed e h a gh e  f be . Th  a  e f e  ha , a  he 

e d f c ac , he c ac  e g h  a e ba ca  he a e (0.28 MPa, 0.30 MPa a d 

0.32 MPa). H e e , e e  h gh he a a e e  f he e a  c a  f h ee f be  b d e 

ge e e  a e c e , he e a e d ffe e ce   he d b  f f be  h  he , a d 

he e a  d ffe e ce  ha e a  effec   he cha ge   he c ac  c e  a  he a e age  

f c ac : he  be ee  he f be  ead   a d ffe e  ca  f he c ac  

e e d . Th  a e  he a ab  b a ed a d e ec ed f  he echa ca  beha  

f f b  e f ce e . 

Af e  he c ac  a  f f be  b d e de  h he a e ge e c a a e e , 

he h e e ab  f he e ca  c ea ed a d  f be  ge e a  a  e f ed. The ef e, 

he ge e a   be ed  ge e a e d ffe e  f be  b d e de   e ga e he effec  f 

c a e  c ac  e f a ce  he e  a . A  e  a  d c g he effec  f 

c ac  a h, e de e  f f be , f c  c eff c e  be ee  f be , a d c ac  

eed  c ac  beha  a d c - c e d ca . 
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Section 8 A al i  f i e al c e fac  affec i g c m ac i  

beha i  

Th  ec  f c e   he d ffe e  c ac  a  f f be  b d e  ge e  a d 

a a e he effec  f he e a  c a  cha ac e c , e d a , e de e  a  a d 

f c . The a a  f he a  e  h gh gh  he a  e f he e a  

c e f he f be   he echa ca  e e f he f be  b d e  d g he c ac  

ce . F a , h  ec  a  de  a c c c cha ac e a  f he c ac ed 

f be  b d e   f he  e e he effec  f c ac  beha   he c c e f f be  

b d e  a d he  echa ca  e e . N , e ha e a da ed he a  e a  a de 

a ge f e  e ed, he  e  ec  a e h e a  e  h  ch he 

a eg   be he f   he f e f  he de a d g f he h c  ed d g he 

def a  f a f be  ed a. H e e , a g ea e  be  f a   ha e  be d e 

 b a  a  acc a e a d a f ed a a e c d .  

8.1 Im ac  f d la i  c e f fibe  b dle  

B  e g d ffe e  d a  a a e e  f a  e ca  a d  f be  b d e ge e a , 

a e e  f c ac  a   f be  b d e   e f ed h he a  f e g he 

f e ce f he d a  f he f be   he c ac  e f a ce. I  add , he dea  

a gh  f be  b d e ge e   e f ed he e.  

8.1.1 C ea e ge me ie  i h diffe e  a ame e   

I  de   d  he effec  f e a  a d d a  f he f be   he f be  b d e, 

e ge e e  f f be  b d e  a e c ea ed f  c ac  a . The c ac  

c e  a e c a ed, a  e  a  he  c c a  cha ac e . Ge e e  4-11 a e a  

c ed f 40 f be , he ba c a a e e  a e a e a  Tab e 7.3 ( he f be  d a e e  a d  

), e a  a d d a  a a e e  h   Tab e 8.1. 
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Table 8.1 O ie a i  a ame e  f he c ea ed ge me ie . 

Ge me  Mi ie a i  a d d la i  a ame e  

Ra d m aigh  fibe   

(ge me  4) 
N  e a  N  d a  

S a e di ib i  fibe   

(ge me  5) 
N  e a  N  d a  

C m ac  di ib i  fibe   

(ge me  6) 
N  e a  N  d a  

Ra d m aigh  fibe 2  

(ge me  7) 

𝜇𝛽 = 0.055; 𝜎𝛽 = 1.089; 𝜇𝛼 = -1.510; 𝜎𝛼 = 2.294; 

U d a   =0;  𝜎 𝑧 = 0 

Ra d m c ed fibe 1  

(ge me  8) 

Ra d m c ed fibe 1  

(ge me  9) 

U d a   =1;  𝜎 𝑧 = 110 𝜇 𝑋= 0.12; 𝜎 𝑋= 0.14; 𝜇 𝑌= 0.02; 𝜎 𝑌=0.2; 

U d a   =2;  𝜎 𝑧 = 110 

Ra d m c ed fibe 2  

(ge me  10) 

U d a   =3;  𝜎 𝑧 = 110 

Ra d m c ed fibe 3  

(ge me  11) 

U d a   =4;  𝜎 𝑧 = 110 

I  he c ea  f he ge e e  4  7, he f be  a e de g ed a  a gh  e, a d ge e e  

4  6 e h b   - e a  a d d a  cha ac e . The dea ed a gh  f be  b d e 

ge e   a f ed a ach  he d  f f be  b d e  beha . Th  a ach a  

he e ea che   g e c e e  ch a  c a e, e a g e e , a d e a  h  

he f be , h  f c g  he he e ca  a a e f he echa ca  beha  f he f be  

b d e. 

F g e 8.1 h  he f f be  b d e ge e e  4  6 bef e g g a , f  h ch 

a d  f be  ce e   ca  e e ge e a ed b  MATLAB g a g. The , he 

g a  f e d a  a  he  e f ed b  ABAQUS   b a  a ab e c ac  ge e  

de  be ee  he f be . The a  e f ac  f ge e e  4  6 a e e ec e  

69.8 %, 78.5 % a d 82.9 % af e  g g a .  
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(a)  (b)  

(c)  (d)  

(e)  

Fig e 8.1 C ea ed a d m aigh  fibe  (mm). (a, b) Ge me  4, (c, d) Ge me  5, (e) Ge me  6: 

c m ac  a a geme  m del 𝑽𝒇𝟎 = 𝟖𝟐. 𝟗𝟓%. 

Ge e  7 a  c ea ed h - e a  a a e e  h  d a    he f be , 

he a  e f ac   62.8 %; ge e e  8  11 a e c ea ed h d a  a a e e , 

 de a d he effec  f d a  f f be   he c ac  beha . The a  e 

f ac   46.8 %, 43.5 %, 34 % a d 27.8 %, e ec e .  

A  e ed ab e, he f be  e e  a d he def a   he f be  e g h d ec  

acc  f  he a  a  d g he c ac , h ch cha ge  he d a  a d e a  

f he f be . S ,  e  a , he c ac  a   e f ed f  d ffe e  f be  b d e 

c e , a d he effec  f he  c c a  a a e e  (c ac , d ec a , c a e) 

 a a ed af e  c ac .  
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8.1.2 C m ac i  im la i  i h aigh  fibe  ge me ie  

The c ac  a  a eg e  ed f  c ac  f a gh  ha ed f be  b d e  

(ge e e  4, 5 a d 7) a e he a e ha  h e e e ed  Tab e 6.1, .e.,  a  c ac  

 a e f ac  f 80%  eached (F g e 8.2 a d F g e 8.9). C ce g ge e  6, 

he a  e f ac    h gh (𝑉 0 = 82.9 % ) c a ed  he h ee he , , he 

a a e c ce   he c ac  d ca .  

F  he a d  d b ed ea  f be  b d e de   ge e e  4 a d 7, he c ac  

f ce f he f be   a  e   𝑉 =72.8 %, he e he e e  f he f be  d a e . 

A  𝑉 =72.8 %, he c ac  f ce c ea e  a d  a  he e f ac  c ea e . A d a  

he  a d 𝑉 =74-75 %, he e  a dec ea e  he c ac  e e f  b h de , 

h ch  aga  d e  he  be ee  f be , a d a  h gh e f ac , e e  a   f 

f be  ca  ead  a ge cha ge   e e. Th  a e  he e aga  he d ff c  d ced b  

he c -  he e  be ee  f be  h ch def e  a cha e ge f  he de g b  

ab e a   ead  ab  he e  a d he   a  e ec ed a ab  e e  f  ea  

c e . C a ed  ge e  4, he f be  a a ge e   ge e  7   c e e  

a a e , a d he ga  be ee  f be  a e e a e  a ge, e g  f be  ha  a e e e  

  d g c ac . The  f e e d  cc  a  𝑉 =74 % ea e  c a ed 

 ge e  4. 

F  ge e  5 he a gh  f be  a e e fec  a a e , a d he  h gh  de ed a a ge e  

a e  he e a  c e e ab e a d e a   def a  de  c e  

e e. I  he a - a c c e  ce , he  a e  f f be  ffe  a f  

c e  f ce (F g e 8.3), he a - a c c e  eed a   f a  b a  he 

de ed f be  c e a     cc  he f be  ,  he e   f c a   he 

c ac  c e. 

The  e  c ac /c e  f g a a  a d f b  ed a  he  ed ced  a e 

c e  e  ce a   e ga a   b e. We he  b a  he c e e 

ff e  d ced b  he f be  a e a  ff e  a d he f be  a e e a . The e 

c e e  b a ed, ce e ha e  ea  c ac ,  he h ghe  ff e  ha  ca  be 

eached f  ch b d e,  he  e e g a  a a e  f c a . 
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Fig e 8.2 Rela i hi  be ee  l me f ac i  a d c m ac i  e e: ge me  4, 5, 7 i h aigh  

fibe . 

 

Fig e 8.3 C m ac i  f ce a fe   fibe  f ge me  5. 

 

Fig e 8.4 3D m del bef e a d af e  c m ac i : Ge me  4 ,5, 7 i h aigh  fibe . 
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F  he 3D ge e  f he c ac ed f be  b d e  (F g e 8.4), e e  a a e  a gh  f be  

h ed def a  h d ace e  f f be ,  he c c e  f ge e e  4-7 e e 

d c ed  a a e he cha ge   c ac  a d he  d ca . 

a) O ie a i  a d mi - ie a i  

The ge e  4-6 c  f e fec  a a e  a d c e  aced a gh  f be ,  he  

e a  e  𝐴33=1, a d f  ge e  7, 𝐴33=0.9999 (F g e 8.6). Af e  c ac , he 

a d  a g ed f be  a e e e   e a d  each he  a d de g  be d g 

def a , a  h  b  he f be  ce e e  F g e 8.5 a d he e a  e   F g e 

8.6. Th  a e  ha  a e fec  ga a  ead he f be   cc  ca  he d  a d 

he  a e b ec ed  be d g. The ef e, he be d g ff e  f he f be  d e  a e a   

e a g e e  gh  ha e a  ac   he c e  beha . 

 

Fig e 8.5 O ie a i  i  he e  f he ce e li e f fibe . (a1, b1 a dc1) O ie a i  i  he e f  

ge me ie  4, 5 a d 7 bef e c m ac i  im la i  (i i ial ge me ), (a2, b2 a d c2) O ie a i  i  

he e f  ge me ie  4, 5 a d 7 af e  c m ac i  im la i . 
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Fig e 8.6 O ie a i  e  𝑨𝟑𝟑 f ge me ie  4, 5 a d 7 bef e a d af e  c m ac i , a d ie a i  

e  𝑨𝟑𝟑 f ge me  6 bef e c m ac i . 

I  add , F g e 8.7 h  he b  f he - e a  a g e f f be   ge e  4, 5, 

7. Bef e he c ac , he f be  a e a  a a e  b  a gh , he 𝛼 a d 𝛽 d b ed 

 [-1.2, 1.5] ( ) a d [-1.1, 2] ( ) e ec e . The ge e  4 a d 5 c  f a  a a e  

f be ,  ha  he 𝛼 a d 𝛽 a e 0  bef e c ac .  

D g c ac , f  ge e  7, he f be  e d  ea a ge e   f  he ace be ee  

f be  a d c e ge h gh a be e  e a ed a d a gh  c f g a . The - e a  

a g e h  he g ba  e a  f f be ,  he d b  f 𝛼 a d 𝛽 c e  0 . O  he 

e ge e  4, c e  h he 𝐴33 a a , e h b  a a ge c ea e  he -

e a  d b  h ch ea  ha  he a  a d  d b  ed he f be   e e  

 he XZ a e  de   f   he ga  a d  d b ed acc d g he XZ a e. The 

a e he e    b e ed f  ge e  5 ce he f be  a e ga ed. Rega d g 𝛽 

  e e g  ce,  he d ec  f c ac , he e ga a  a d he c e ge ce 

f he h ee a  d ffe e  c c e d g c e , h ch e a  he a  

e d  a  he e d f he c e  c e  f  d ffe e  b  c e a  c c e.  
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(a)  

(b)  

Fig e 8.7 B l  f mi - ie a i  f fibe  i  ge me ie  4, 5, 7. (a) 𝜶 (°), (b) 𝜷 ( ). 

b) C ac  a d d la i  f fibe  

The a  c ac  be  a d a  c ac  be ee  f be  a d c ac  be ee  f be  a d 

c ac  a e   h   F g e 8.8 (a); he c ac  a g e be ee  f be   he f be  

ec  h   F g e 8.8 (b). The c ac  be  f ge e  5  a  a e, beca e he 

f be  a e a a e  a d gh  a a ged, h ch a e e d  a  be d g def a  de  

a c c ac  ad. The c  (Tab e 8.3) a d ec ed c a e ad  (Tab e 8.4) h  

he f be  a e b ed  ca  e  a  be d g def a .  

C a ed  ge e  5, he f be  f ge e  4 a d 7 a e e d  be d g def a  a d 

ea a ge e . Af e  c ac , he a  c ac  be  c ea e , he d a  c  a d 

ec ed c a e ad  cha ge, he f be  be d.  
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(a) 

 
(b) 

Fig e 8.8 (a) C ac  mbe  be ee  fibe , fibe  a d c m ac i  la e  a d al, (b) C ac  a gle 

be ee  fibe  i  he fibe  ec i  𝜽 ° . 

Table 8.2 C ac  a gle 𝜸 °  be ee  fibe  i  he fibe  le g h di ec i . 

C m ac  
𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

Ge me  4 Ge me  5 Ge me  6 Ge me  7 

Bef e  0 0 0 0 0 0 0.391 0.251 

Af e   0.083 0.079 0.029 0.014   0.206 0.101 

Table 8.3 C im  f all he fibe  i  ge me ie  4  11 (%). 

C m ac  
𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

Ge me  4 Ge me  5 Ge me  6 Ge me  7 

Bef e 0 0 0 0 0 0 0 0 

Af e  0.003 0.007 ≈0 ≈0   0.004 0.008 

Table 8.4 P jec ed c a e adii  𝑹𝑿𝒁 a d 𝑹𝒀𝒁 (mm). 

 

C m ac  

 

𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

Ge me  4 Ge me  5 Ge me  6 Ge me  7 

Bef e ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ ∞ 

Af e  1483 555 1078 337 55811 3352 10698 2234     1069 407 833 466 

The e a  e  𝐴33, - e a  (𝛼, 𝛽) a d d a  d ca  h  ha , f  he 

a  ge e e  4 a d 7, he f be  a e ea a ged a d gh  be , he ea  f be  f 

ge e  5 a e a  e gh  be . A  he be d g a d ea a ge e  a e ea e   cc  

 ge e e  4 a d 7, he e f ac  c ea e  e ea  f  e  e e, a   ca  

be ee   F g e 8.2 h a d  a  𝑉 =74 %  75 %. 
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The c a  be ee  4 a d 7  a  e e ed beca e a  he a e c c e 

a a e e  a e b a ed a  he e d f he ca c a . 

8.1.3 C m ac i  im la i  i h d la ed fibe  ge me ie  

Ge e e  8  11 a e c ea ed h he a e a  a a e e ; be de  d a   

be , he be  f be d g  c ea ed f  1  4, a d 𝑉 0 a e 46.7 %, 43.5 %, 34 % 

a d 27.8 %, e ec e . F g e 8.9 (a) h  he e a h  be ee  𝑉  a d c ac  

e e; a  f ,  g a   ed  he a  ge e e  8  11. F  e d a ed 

a d e a g ed f be  b d e  c ac ed  he a e e f ac , e e e  e ed. 

The d a  a d e a g e e  f he f be  c ea e  he c ac  be   e g h a d h , 

he e ac  f ce  be ee  he f be . Th  a d  f be    a d ea a ge a d h  

e e  a g ea e  e e a  e e  ach e e he a e c ac . I  add , be  a d 

ed f be  a  a a  f  e c ed c e  ha  a e d ff c   b ea  d g 

c ac , h  a  c ea g he f ce e ed f  c ac . Th  he e  

h gh gh  he a ce f c a  cac  h  he f be  b d e   c ac  ab . 

O e ca  ce, e ec a  f  he ge e  11 h ch  he  eg a , ha  a  e  

e a ed he c ea e f he c e  e  ed  ab e  e ec a  a  h gh e 

f ac  e g b  g f ca  d   he c ac  c e. Th  he e   a  

e ha ed b  he h e  a  he e d f he d a c e c  ca c a  a    be ac ed 

 ec  9. S ch ab e  a e a g he  e e g he e   be a a ed  

he f e. 

I  de   e c de he effec  f d ffe e  a  e f ac   c ac , ge e e  9 

 11 e e f  c ac ed  𝑉 =46.8 % (F g e 8.9 (c)), a d he   c ac ed f be  b d e 

ge e  de  a  e- ed  ABAQUS® f  he ec d c ac  a  (F g e 

8.9 (b), h  h d  e). C a ed  c ac  f  d ffe e  a  f ac  (F g e 

8.9 (a)), he c ac  e e  e  a  𝑉  =70-80 %, he f a  c ac  e e 

d ed b  0.8 M a, 0.4 M a a d 0.3 M a e ec e  f  ge e e  9, 10 a d 11. H e e  

h  d e   cha ge he c c  f he d a  f e ce  he c e  beha . 

D g e-c ac  (c ac  h  𝑉 0), he f be  de g  ed a  de ed 

ea a ge e , a d h  ea a ge e  a  ed ce he f c  a d e a ce  each he  

d g b e e  c ac . M e e , e-c ac  e   fe e  d  be ee  f be , 

a d f be  b d e  bec e gh  a d e c a  ab e. Th , e  e e  a e e ed 
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 f he  c ea e he e f ac . H e e , a d f a  e f ac  e  

f  c ac ed a e a  d e  he c g he ge e  ed b  f c . A  a e , 

he he  e-c ac ed  , a  each a a  a e f c a  c g, he e a  f be  

a e gh  ac ed a d fe  b e e e  f  he f be . Th  b h e-c ac ed a d 

- e-c ac ed f be  b d e  h d e h b  a  h ca  c f e e , a d h  he e d 

c ac  e e  f  b h a e  he a e a ge c e  h F g e 8.9 (b) a d F g e 

8.10.  

 
(a) 

 
(b) 

(c)  

Fig e 8.9 Rela i hi  f V l me F ac i  a d C m ac i  P e e: Ge me ie  8  11, c ea ed i h 

diffe e  d la i  a ame e . (a) C m ac i  e  i h diffe e  𝑽𝒇𝟎, (b) C m a e he c m ac i  e  

i h (a) a d (d), (c) P e-c m ac i  e  i h diffe e  𝑽𝒇𝟎. 
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Fig e 8.10 The 3D e de i g f (a-d) ge me  8-11. (a2-d2) C m ac i  im la i  i h  e-c m ac  

i h e d 𝑽𝒇 = 𝟖𝟎%, (b3-d3) C m ac i  im la i  i h e-c m ac  i h e d 𝑽𝒇 = 𝟖𝟎%.. 

The c c e d ca  f ge e e  8  11 e e a a ed af e  he de e e  f 

d ca  ,  de a d he effec  f d a  a a e e   f be  b d e ge e e  

bef e a d af e  c ac .  

a) O ie a i  a d mi - ie a i   

The e a   he e , ce e e f f be  a d e a  e  𝐴33 a e h   F g e 

8.11 a d F g e 8.12 e ec e , he b  d b  f - e a  (𝛼, 𝛽) f he f be  

b d e  e e ed  F g e 8.14. I  h d be ed ha  he ∆𝐴33  ( he d ffe e ce f 

e a  e  𝐴33 bef e a d af e  c ac ) g ad a  c ea e  h he c ea e f 

f be  d a  . The ea  f  he c ea e  he ∆𝐴33 a e  d e  he c ea e  

f be  d a   e a ed  he effec  f f be  c a e  e -f be  d  a d 

e ac . Be   e a g ed f be  eed  be ea a ged  f  he a a  c a  d g 
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c ac , a ce  ha  ed  e c e  c ac  a d f ce a fe  be ee  f be , ha  

c ac  he e a  d ec a  f he f be  b d e. Th  effec   e ced he  

he be  f f be  d a   c ea e , ead g  e c e  cha ge   

c ac  effec  a d f be  a g e  d ec a , h ch a e ef ec ed  cha ge   𝐴33. 

H e e , he e ga a  ca  ead  he a e f a  a e , ha    a ,  ead   a 

ea g e  a d a gh e g f he f be   he c g f he ge e  cc . The c g 

c f g a   a  he e e a g ed ha  he a  c f g a  . 

 

Fig e 8.11 O ie a i  i  he e  f ce e li e f fibe . (a1-d1) Ge me ie  8 11 bef e c m ac i  
im la i  (i i ial ge me ), (a2-d2) Ge me ie  8  11 af e  c m ac i  im la i . 

 

Fig e 8.12 O ie a i  𝑨𝟑𝟑 f Ge me ie  8  11 bef e a d af e  c m ac i . 
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F , he f e ce f he c ea  e   ac ed ega d g  a d  a g e. He e, he effec  f 

he g a  f e d ed d g he fa  d  f f be  f  he a  e a a ed a e  

a a ed. I d c g a g a  f e d  he a  de  he f ee-fa  effec   f be . Th  

a   ef ec  he a g e  a d c ac  a e f f be  de  g a  e ea ca . 

H e e , h  e h d ca  a d he b e d ace e  a d a  f he f be  d e 

 g a  d g he f ee fa  ce . O e ca  ce ha  e e  f he a e  e a   he a e 

de  f ag de, he a  e a  d b  f  a  he ge e    e . The g a  

e  ead   a  c ea e f he a g e d e , h ch ca  be d ffe e  f  he d ffe e  

c f g a . Th  ha   be acc ed  he a a  b  a  h  e a  h  e a  ab  

c ed a a e e  a d  ed e . A  h   F g e 8.13, he 𝛼  a g e  e  

affec ed b  he g a  f e d bab  beca e  e e e  he def ec  f he f be  e a e 

 he Z-a  a d  he X-a . I  c a , he  a g a  f e d  d ced, g a  ac  

a g he Y-a . The ef e, he  a d a g e  f he f be   he Z-X a e  e  

affec ed b  g a . I  c a , he  a g e a  def ec   he Z-Y a e  e d ec  

affec ed b  g a . He e h  ead  ch de  d b  f  a g e c ce a ed h a e 

cha ge  he a e age a e. A a , h  e ea  he ac  a d he a  f he effec  f 

g a   f be  a g e   d ffe e  d ec  e ha e  dea  h a d acc  . 

 

(a) 
 

(b) 

Fig e 8.13 The b l  f mi - ie a i  f fibe  i  ge me ie  9  11 bef e a d af e  g a i . (a) 𝜶 

(°), (b) 𝜷 ( ). 

Af e  c ac , f  he ge e ca  de  f f be  b d e h ea  c e, he f be  

a  cha ged he ff e  d ec  a d he f be  def ec  dec ea ed d g he c ac  

ce . F  he ge e ca  de  f f be  (ge e  8-11) h e a g ed be d , he cha ge 

 he  a g e bef e a d af e  c ac   e ced (F g e 8.14). Bef e 
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c ac , he b   ch de  f  be a a g e, g a de a ge f def ec  

a g e  a d a h gh d ec a  d e  f f be . The c ac  g a a a e  f a  a e 

ca e  he f be   ad  a d a e a a e  a e. Th , ach e g a e ab e c a  

c f g a  d g c ac . d ec . The  a g e d b   c ce a ed a d 0 

deg ee , ef ec g he e de c  f he f be  b d e  a d  a a - a a e  ab e a e d g 

c ac .  

A h gh he c ac  ce    he f be  ea a ge e  a d e d   ed ce he 

d ec a  d e , d e  he e ac  a d f c  be ee  he c ed f be , he e f be  

a e  a  ea   a g   he XZ a e, a  a gh  f be , a d he ef e  h  a de  

d b  af e  c ac . The def ec  d b  ( ) f he f be  f  he a e 

e d a  he d b  f he d ec a  e  he ca   (F g e 8.11). 

 
(a) 

 

 

(b) 

Fig e 8.14 B l  f mi - ie a i  f fibe  i  ge me ie  8  11. (a) 𝜶 (°). (b) 𝜷 ( ). 

b) C ac  

F g e 8.15 h  he c ac  be  be ee  f be , f be  a d c ac  a e  a d a  

c ac  be  f ge e e  9  11, F g e 8.16 e e  he b  f c ac  a g e be ee  

f be  (𝜃 a d 𝛾). The a e age a d a da d a e  f 𝛾 a e e e ed  Tab e 8.5. The be  

a d e a g ed f be  b d e ge e e  8  11 ha e e  a  c ac  h each he   he 

c ac ed a e. The d a  de  he f be  h e f eed  f a a  

def a , h ch ee  he f be  de  aced f  each he . A  a e , he a  

e f ac  f be  a d ed f be  b d e    f  he a e be  f f be . Tha  , 

he e cc ed  ace  e a e  a ge. Whe  e e a  e e  a ed  he f be  
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b d e , he e f be  a e e e   be ea a ged a d de f ed d g he def a .  

Af e  c ac  he e d  e ed h g a  c ea e f he c ac  be  h he 

d a , h   F g e 8.15. Th   g ca  beca e he e a g e e  e e  e f be  

 be  c ac   de   each he a e e f ac , h e e , he a  d ffe e ce  f 

he a e  af e  c ac  a  h  ha  he be  f c ac    he e a a e e  

ha  d e  he c e  ff e  h ch a    b  a d ha   be e   d f  

he a a  f he c e  beha  f f b  ed a.  

 

Fig e 8.15 C ac  mbe  be ee  fibe , fibe  a d c m ac i  la e  a d al.   

The c ac  a g e  a e a  e  e e g  d  (F g e 8.16). C de g 𝛾 , bef e 

c ac , a  he d a  f he f be  c ea ed (f  ge e  8  11), he f be  a e 

e d e ed a d he e ac  be ee  he   e a e  ea ,  he c ac  a g e  

d b ed  a e a e  de  a ge h a h ghe  a e age a e. Af e  c ac , he c ac  

be  c ea e gh , he c ac  a g e  f he f be   he c - ec  a e a  

c ce a ed  he a ge f a e  a g e , h ch d ca e  ha  he e ac  a d c a  

be ee  he f be  a e e ha ced, a d he a g e  f he f be   e c e . H e e , 

  e  e e g  ce he e aga  ha  he ea g e   a  he e b e ha  he 

a  c a e  . The c ea e  f be  d a  e  he e e ce f e c g 

he e a be ee  he f be   he f  f e a g e e  h ch ca  e  he ea g e . 

The e a e dec ea e  he a e age a e a d a da d de a   g f ca  e ed a  he 

d a  c ea ed. 

A  he e d f he c ac , he c ac  a g e  d b   he  g f ca  d ffe e  

he ea  he c ac  be  a   ha  ch. Th   c f ed b  he a e  f 𝜃 , a 
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c ce a  f c ac  a g e (𝜃)  he a ge f [10-20  & 70-80 ] f  ge e  11  ced 

h e  dec ea e  f  c f g a  8 a d 9. F  he ge e  8 a d 9 c ea e c ce  he [0-

10  & 80-90 ] a ge  a be e  ga ed c f g a . I deed, he [10-20  & 70-80 ] 

c ac  a e e ea  a f ed  c ce  he [0-10  & 80-90 ] a  he e ga a  

cc  f  e  d a ed c f g a . The ea g e   he  b e f   a g e  a d  

a  c ed f  h ghe  a g e  h ch e a  he  e a e ab . F  e d a ed 

c f g a  ch a  ge e  11, he c g f  [10-20  & 70-80 ] cc  a d he 

ea g e    b e.   

 
(a) (b) 

Fig e 8.16 C ac  a gle. (a) C ac  a gle be ee  fibe  i  he fibe  ec i  (𝜽 ° ), (b) C ac  a gle 

be ee  fibe  i  he fibe  le g h di ec i  𝜸 ° . 

Table 8.5 C ac  a gle 𝜸 °  be ee  fibe  i  he fibe  le g h di ec i . 

C m ac  𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 Ge me  8 Ge me  9 Ge me  10 Ge me  11 

Bef e  3.059 2.235 8.102 6.896 11.276 9.823 10.078 11.295 

Af e  1.920 1.515 3.529 3.650 8.340 6.923 9.626 6.706 

c) C im  a d c a e 

The c  b , a e age a d a da d a e  f f be  b d e ge e e  8  11 a e e e ed 

 F g e 8.17 a d Tab e 8.6 e ec e  a d he ec ed c a e ad   XZ (𝑅𝑋 ) a d YZ 

a e (𝑅𝑌 )  F g e 8.18 a d Tab e 8.7. The  c f  he e  a a . 

The c  f he f be   ge e e  8  11 c ea e , h ch a  e e e ded  b  

c ea ed c ea  d a   be . Th  he e  e  bef e a d af e  

c ac . Th   e a ed  he e  e ed, e a g e e  h  he f be  b d e. 



187 

 

F be  a a  a gh e  d g c ac . H e e , d e he  d   a gh e  c e e  

a  he e  ha  he c g c f g a  ed b  e a g e e   d de ed. Th   he 

ea  h  f be  e a  c ed, a d h  he c   h ghe  a d ec ed ad   a e . 

C b e he c ac  c e (F g e 8.9) a d he c  f he f be  b d e ge e e , he 

ge e  h h gh c  e e  e e e  ea a ge a d e e   ach e e he 

a e e f ac  ha  f be  h  c . 

  

Fig e 8.17 B l  f c im  f ge me ie  8, 9, 10 a d11 (%). 

Table 8.6 C im  f all he fibe  i  ge me ie  8  11 (%). 

C m ac  𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

 Ge me  8 Ge me  9 Ge me  10 Ge me  11 

Bef e 0.077 0.075 0.317 0.433 0.833 1.154 2.115 3.840 

Af e  0.072 0.006 0.202 0.170 0.570 0.449 1.147 1.238 

The a a  f he ad  a e e e g e e  f he f be  a f a . A  h   

F g e 8.18, bef e c ac  a , he he 𝑅𝑋  a d 𝑅𝑌  f ge e  8  11 g ad a  

dec ea e, c e  h he d a  f  ge e  8  11. Af e  c ac  he 

d ffe e ce e a  a d  de   ach e e he g a  𝑉 , he c a e ad  𝑅𝑌  h  he 

f be   bec e a gh e   YZ a e, beca e he c ac  f ce ac   he f be , f c g 

he   ad  he  ha e  a e  e  ace. F be  e d  a g   he d ec  f f be  

e g h,  c ed f be   a a  a gh e  de  e e. H e e , d e  he a  

c c e d a  e e  (e a g e e  c e) f he f be   ge e  9  11, 

he f be  a e e c ed  each he , he  ca  a gh e   a a  ce a  c ed 

c e. O e ca  a  ce ha  he e  a a  dec ea e f 𝑅𝑋   f  he d a ed 
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c f g a  h ch he e aga  h  he ab  f he f be   be d ca   cc  ga . 

 

 

 
(a) 

 
(b) 

Fig e 8.18 B l  f jec ed c a e adii (mm) (a) i  XZ la e, (b) i  YZ la e. 

Table 8.7 P jec ed c a e adii  𝑹𝑿𝒁 a d 𝑹𝒀𝒁 (mm). 

 

C m ac  

 

𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

Ge me  8 Ge me  9 Ge me  10 Ge me  11 

Bef e 139 19 187 30 61 38 74 42 35 29 46 38 21 13 21 14 

Af e  240 18 280 66 50 42 86 106 27 13 54 54 17 14 31 41 

Th  ec  e ab ed  de a e he f e ce f he f be  d a   he c ac  

beha , e e  f  he a e e f ac , h ch a ead  d ca e  ha  e he  he e 

f ac , e he  he c ac  be  gh   d e he c ac  beha . The c ea e f 

he d a  ead   a  c ea e f he c e  ff e , h  he a ge f d , h ch 

a  he ea ched a e . Th  a e  h  he a  e a  ca  e ab e  ac e he 

f e ce f a a a e e   he echa ca  e e, he e, c e . I  add , ce e 

ha e c c e d ca  e a a  ha e bee  ed a d c e ed. Th  

de c  ef ec  he c c c beha  a d c a  cha ge  f f be  b d e  d g 

c ac . S a gh  a a e  f be  ada   a a  c a  a  h gh def a  

d g c ac  h h gh 𝑉 0 , h e c ed f be  ed ce he  e a  h gh 

ea a ge e  a  he ea  age f c ac , h ch gge  ha   f be  b d e  f d ffe e  

ge e e , def a  a d ea a ge e  ac  ge he   ach e e dea  𝑉 . E ec a   he 

a  age f c ac , he  he ace be ee  f be  bec e  e e e  ed, e e  he 
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g a  a gh  f be  a  de g  a  def a   f he  c ac . D g 

c ac , he e ac  be ee  f be  e  ea a ge e  a d a  echa ca  

e ac . U d a ed f be , beca e f he  c e  ha e, ead  he f a  f a 

a g ed c e be ee  f be , a c e ha  c ea e  c ac  e a ce. 

P e-c ac  ca  be ega ded a  a e- ea e  ce , h ch cha ge  he a  a e 

be ee  f be  b  c ac g he f be  b d e   a def ed 𝑉 . P e-c ac ed f be  b d e  

e e e  c ac  f ce  each he a e e f ac , bab  beca e e-

c ac  ha  a ead  ada ed he f be  c e  he c e  a e, ed c g he 

e a  e a ce ha  eed   be e c e  he b e e  c ac  ce . The f a  

c ac  e g h f b h e-c ac ed a d - e-c ac ed f be  b d e  c e ged 

af e  c ac   a a e e f ac . Th  d ca e  ha  he c e f he f be  b d e 

e d   each a ead  a e d g c ac , a d he c e c ac  be ee  f be  a e  

f he  def a   ea a ge e  d ff c .  

8.2 I fl e ce f le de e  a i  

8.2.1 Diffe e  le de e  a i  ge me  

The e de e  a  (S) affec  he a a ge e  a d def a  f f be  d g he ad g 

ce , beca e he e de e  a  affec  he be d g ff e  f f be . The a e f ha  

be d g ff e  𝐵  ca  be e  b  cha g g e he  he Y g  d  𝐸   he bea  

e e e  d a e e  h ch def e   ec d e  f e a 𝐼 (Dae e a  e  a ., 2021). S , 

he be d g ff e  f bea  e e e  a  e  a  f : 𝐵 = 𝐸𝐼, 𝐼 = 𝑑464                            (8.1) 

I  de   de a d he f e ce f d ffe e  e de e  a , de  h d ffe e  ad  

f f be  ha e bee  c ea ed:  𝑆 = 𝑑 𝑖𝑏𝑒𝑟𝜇𝐿 𝑖𝑏𝑒𝑟 = 1𝑚 𝑆0                           (8.2) 

Whe e 𝜇𝐿 𝑖𝑏𝑒𝑟   he a e age e g h f f be , h ch  ee  a e f  d ffe e  ge e e , 𝑑 𝑖𝑏𝑒𝑟  he d a e e  f f be   he f be  b d e ge e , m  he be  ca g e  

f he S, 𝑆𝑜 h   Tab e 8.8. The f be  b d e ge e   c ea ed h a a e e   Tab e 

8.8 , b  h d ffe e  ad  f f be . I  h  d , he ed e e  f a e  ha e a d a e e  

f 0.5  b ,  ea  f be  b d e , f be  a e c e   0.05  𝑖. 𝑒. 110 𝑆0) a d ca b  f be  
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ha e a d a e e  f 0.005-0.01  ( 150 𝑆0),  he a e  f d a e e  d a e ch e   e e e  

he d a e e  f ea  f be , .e. 𝑑 = 0.05 a d 0.01  a  e e ed  Tab e 8.8: 

Table 8.8 Pa ame e  f diffe e  le de e  a i  (S). 

Diame e  f fibe  Sle de e  a i  (S) 

0.5  3.64% (𝑆𝑜) 

0.05  0.36% ( 110 𝑆0) 

0.01  0.07% ( 150 𝑆0) 

I  de   de a d he f e ce f 𝑆  a  a a e e  f he f be  c e, he a  

ge e  a a e e  a e c a : he e g h f he f be , c e f he f be  (c a e, 

c ac  a d  ), a  e  a  he d e a  a  f he X a d Y d ec  f he c ac  

cha e .  

The c ea  c e f ge e e  h d ffe e  e de e  a   a ed  F g e 8.19. 

F , he d e  f he c ac  cha e   he X a d Y d ec  a   e a  

, ee g he d e   he Z d ec  (f be  e g h d ec ) c a : 𝑑𝑋𝑆0 × 𝑑𝑌𝑆0 = 5 × 3.22𝑚𝑚,       (8.3) 

 𝑑𝑋 110𝑆0 × 𝑑𝑌 110𝑆0 = 0.5 × 0.322𝑚𝑚,      (8.4) 𝑑𝑋 150𝑆0 × 𝑑𝑌 150𝑆0 = 0.1 × 0.0644𝑚𝑚,     (8.5) 

 𝑑 = 16𝑚𝑚        (8.6) 

Whe e he 𝑑𝑋 1𝑚𝑆0 , 𝑑𝑌 1𝑚𝑆0   he d e  f he X a d Y d ec  f ge e , e ec e . 𝑑   he d e  f he Z d ec  f ge e . Sec d , he f be  ce e     

ca ed  ee  he c a  a a e e  de he f be  b d e cha ged. The c ea  f he 

f be  de   ba ed  ea g he f be  a  eg a  c c e  a d ge e a g he  ce e e . 

The ef e, he f be  ce e e c d a e  a e  ca ed he e ba ed  ha  c e. F g e 

8.19 (b) h  a  e a e f he ca g c e h a c - ec  f a f be    he ce 

. The (X, Y) c d a e  f he f be  a e a e  ed ced b  a fac  m, a d he Z 

c d a e  e a  cha ged: 𝑋 1𝑚𝑆0 = 1𝑚 𝑋𝑆0, 𝑌 1𝑚𝑆0 = 1𝑚 𝑌𝑆0       (8.7) 

 

A d he d a e e  f f be   ed ced b  a fac  m a : 
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𝑅 1𝑚𝑆0 = 1𝑚 𝑅0  → 𝑆 1𝑚𝑆0 = 1𝑚 𝑆0      (8.8) 

 
(a) 

 
(b) 

Fig e 8.19 P i ci le f c ea i  f ge me ie  i h diffe e  le de e  a i . (a) E all  caled d  
c m ac i  cha el, (b) Mai ai  he c di a e i i  f he fibe  ela i e  he c m ac i  cha el 

(𝑺 = 𝟏𝟏𝟎 𝑺𝟎 a  a  e am le). 

F a , he a  c e  (c ac , d a , f be  ) f he f be  b d e ge e e  

h d ffe e  e de e  a  a e a  a e, a  h   F g e 8.20. 

 

Fig e 8.20 C ea e he ge me  f fibe  b dle a d c m ac i  cha el i h diffe e  le de e  a i  

(S). (a) C m a i  f he ge me  i h diffe e  a i  S. (b) 𝑺𝒐. (c) 𝟏𝟏𝟎 𝑺𝒐. (d) 𝟏𝟓𝟎 𝑺𝒐. 

The a e c ac  a  a  ca ed  f  f be  b d e de  h d ffe e  

e de e  a ,  c a e he  c ac  beha  a d c c e. F g e 8.21 
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e e  he c e  e e  f c  f e f ac  h  a d F g e 8.22 

e e  he 3D ge e  e de g, he a  e f ac   43.6 %.  

F g e 8.21 h  ha , a  he beg g f he c ac  e , he e f ac  c ea e  

de   e e,  he h ee ca e . A  he 𝑉  c ea e , he ga  be ee  f be  dec ea e, 

ead g  c ea ed f c  a d c a  a g f be . The ef e, he e e e  e 

ha . I  add , a  𝑆 dec ea e , he c ac  e e a  dec ea e  he  he 𝑉 = 

80%. The f a  c ac  e e  c e d g  he de  h a a e e  𝑆0, 110  𝑆0 a d 150  𝑆0 a e 1.18 M a, 0.56 M a, a d 0.045 M a e ec e . I  he f a  age f c ac , 

he f be  b d e  e e e ced g f ca  e a a  f c ac  e e. A  he 𝑆  a  

dec ea e , he e d c ac  e e f he a e 𝑉   a d he e a a  e e 𝑅  

dec ea e. Acc d g  he e a  8.1 a d 8.2, he a  𝑆 c e d   a  be d g 

ff e . The ef e, h e f be  h a e  𝑆 a  ca  e ea  be d a d h    ea e  

f  he e f be   e ca   f  he d   he a e  age  f c ac  a d eed e  

c ac  e e. Th  ca  be a da ed b  F g e 8.22,  h ch he ge e  h 150  𝑆0 

e e  a  0 def a  f f be  ec  c a ed  ge e e  h  𝑆0 a d 110  𝑆0 

(F g e 8.22 (a-c2)), he f be  ec  def a  h   c ac  e e a  be ee  

e de g f be   he ABAQUS  ( ea  ca e: f be  def a ), a  h   F g e 8.22 (d). 

W h dec ea g 𝑆, he c ac ed f be  a e e gh  ac ed, a d he  a a ge e  e d  

 ab e he a g a  c e (F g e 8.22 (e)). C ce g he c ac  e e f he 

ge e  h d ffe e  𝑆 a  a e 𝑉 , he e e f ge e  h d ffe e   𝑆0  h ghe , 

h  d ca e  ha  he f be  b d e ge e  h b gge  𝑆 , he e e a ce c ea e  

e c e ed a  a e 𝑉 . S , he e e  h   d ffe e  a   ad /acc da e  

he c c e: a e a  def a  h h gh ad a d ca  e ga a  h  ad. 

 

 

 

 

 



193 

 

(a)  

 
(b) 

 
(c) 

Fig e 8.21 Rela i hi  be ee  V l me-f ac i  a d C m ac  e e f diffe e  fibe  le g h- adi  

a i  (S). (a)  𝑺𝟎, 𝟏𝟏𝟎  𝑺𝟎 a d 𝟏𝟓𝟎  𝑺𝟎. (b) Z m f (a), 𝟏𝟏𝟎  𝑺𝟎. (c) Z m f (a), 𝟏𝟓𝟎  𝑺𝟎. 
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Fig e 8.22 C m ac i  im la i   ge me ie  i h diffe e  fibe  𝑺 a i . (a1-2) 𝑺𝒐, (b1-2) 𝟏𝟏𝟎 𝑺𝒐, (c1-

2) 𝟏𝟓𝟎 𝑺𝒐, (a-c 1) 3D e de i g fibe  b dle ge me ie , (a-c 2) C - ec i  f fibe  b dle a d, (d) 

i ci le f c ac  e e a i  be ee  fibe  i h e de i g beam a d eal ca e f fibe  ec i  

def ma i , (e) fibe  abili e he ia g la  c e. 

8.2.2 I dica  a al i  f ge me ie  i h diffe e  𝑺 

a) O ie a i  a d mi - ie a i  

The e a   he e  f f be  b d e ge e e  h d ffe e  𝑆 a  a e e e ed  

F g e 8.23, a d he e a  e  𝐴33  F g e 8.24. The ge e  h d ffe e  𝑆 a  

c ea ed a e e a  ca g, he c c e f he   a  a e bef e c ac . F  he 

d b  f he e a  e   e a   he e , he e  c c   

e f ed: a e  𝑆 ead  a gh  a g e , he a e f he e a  e  𝐴33 f he 

f be   he  c e  1.000. 
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Fig e 8.23 O ie a i  i  he e  f fibe  b dle ge me ie  i h diffe e  le de e  a i  f fibe . 

(a) Bef e c m ac i  im al i  f  diffe e  𝑺 a i  ge me . The ge me  i h (b) 𝑺𝟎, (c) 𝟏𝟏𝟎 𝑺𝟎 a d 

(d) 𝟏𝟓𝟎 𝑺𝟎 af e  c m ac i  im la i . 

 

Fig e 8.24 O ie a i  e  𝑨𝟑𝟑 i h diffe e  le de e  a i  f fibe : 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 a d 𝟏𝟓𝟎 𝑺𝟎. 

The - e a  f he f be   ge e e  h d ffe e  𝑆 a   h   F g e 8.25. 

The d b  f f be  - e a  a g e   f e ced b  f be  d a e e . Bef e 

c ac , he - e a  (𝜶 ) f he a  ge e   d b ed  [-6, 5] (° ). A  

e ed bef e, he f be  h a  𝑆 ha e e  be d g ff e , a d ca  he  ea a ge 

e ea   f   d  be ee  f be . The ef e, he def ec  f he f be  f  he Z-

a  (d ec  f he f be  e g h)  a g a  d b ed a  0 , e he  𝛼  𝛽. 
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(a) 

  
(b) 

Fig e 8.25 B l  f mi - ie a i  f fibe  i  ge me ie  i h diffe e  le de e  a i  f fibe : 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 a d 𝟏𝟓𝟎 𝑺𝟎. (a) 𝜶 ° . (b) 𝜷 ° . 

b) C ac  

The c ac  be  f ge e  h d ffe e  𝑆  e e ed  F g e 8.26. The a  a  

c ac  be  c ea e  f  he ge e  h 𝑟0,  110 𝑟0 a d 150 𝑟0. Th  d ca e  he e aga  

ha  he be  f c ac    d ec  e a ed  he c ac  ff e  a d e e     

ea   e a e  he f be  ga a . He e  ee   de a e a e c ac  c e 

f  he a e  f be . 

 

Fig e 8.26 C ac  mbe  f fibe  b dle ge me ie  i h diffe e  le de e  a i  f fibe : 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 

a d 𝟏𝟓𝟎 𝑺𝟎. 

He e aga  he d b  f c ac  a g e be ee  f be   e e e g. I  he f be  

ec  (𝜃 ° )  e e ed  F g e 8.27 (a), he d b  f c ac  a g e be ee  f be  
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 he f be  e g h d ec  (γ ° )  F g e 8.27 (b) a d he a e age a d a da d a e   

Tab e 8.9 . Af e  c ac , he c ac  a g e 𝜃  a  d b ed  [0-10  & 80-90 , 

20-30  & 60-70 ], a  he e h he dec ea e f 𝑆 a . I  add , he c ac  a g e (𝛾) 

be ee  f be   f be  e g h d ec   a  h f ed a d 0 , e c  he  𝑆 

dec ea e . The e he e a a da e he a e e : he  𝑆 dec ea e , a  he a e a e f 

c ac , he f be  e d  be a a ged  a ab e a g a  c e h  he f be  c -

ec .  

(a) (b) 
Fig e 8.27 C ac  a gle f ge me ie  i h diffe e  le de e  a i  f fibe : 𝑺𝟎, 𝟏𝟏𝟎 𝑺𝟎 a d 𝟏𝟓𝟎 𝑺𝟎. (a) 𝜽 °  i  he fibe  ec i , (b) 𝜸 (°) i  he fibe  le g h di ec i . 

Table 8.9 C ac  a gle be ee  fibe  𝜸 (°) i  he fibe  le g h di ec i . 

Bef e c m ac  
𝝁 𝝈 

3.552 2.235 

Af e  c m ac  

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝑺𝟎 
𝟏𝟏𝟎 𝑺𝟎 

𝟏𝟓𝟎 𝑺𝟎 

1.862 1.514 1.00 0.987 0.652 0.589 

c) C im  a d jec ed c a e adii 

The c  b  f d ffe e  ge e e  h 𝑆0, 110 𝑆0 a d 150 𝑆0 ca  be ee   F g e 8.28 

a d he a e age a d a da d a e   Tab e 8.10. F  de  h h a e  𝑆, he dec ea e  

he c a e ad  d ca e  ha  e ca  be d  a e f ed  he f be  af e  c ac . 

B  c  dec ea e  af e  c ac . Tha  ea  ha  a  ca  be d  a ea  a d he e be d  

c ea e he e a  c a e f he f be . The c ea e  he e a  e  𝐴33 e e 
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d ca e  ha  he f be  b d e  e d  a g   he Z-a  d ec . B  c b g he 

b e a  f he f be  b d e ce e e def a  h he a a  f  c c c 

a a e e , a che a c d ag a  f he f be  h g  af e  c ac   e e ed  

F g e 8.30. F be  b d e h 150 𝑆0 a a e e  ha e a e  be d g ff e , e ba g h gh 

ca  c a e a d ead g he   def  ea e  d g he c ac  ce , a d he   

cc  e ea  he ace  ead g  a be e  ga a  a d he  a g ba  ea g e . 

A  a e , f be  b d e  h 𝑆- a a e e  f 150 𝑆0 ha e ca  ed ced c a e ad  b  

a  a a ge be  f a gh  a  e  a g , h ch ead   a e  ha  c  c e. The 

f be  b d e ge e  h d ffe e  𝑆 a e ca g h c eff c e  𝑚 (e a  8.2), he f be  

e g h (𝐿 )  a e  he e h ee de , b  he beg -e d c ec  e g h f f be  (𝐿𝑐)  h ghe  

f  150 𝑆0 a a e e ,  he c   a  f  150 𝑆0 a a e e . 

  

Fig e 8.28 The c im  b l  f  diffe e  𝑺. 

Table 8.10 The c im  f diffe e  𝑺(%). 

Bef e c m ac  

𝝁 𝝈 

0.079 0.058 

Af e  c m ac  

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝑺𝟎 
𝟏𝟏𝟎 𝑺𝟎 

𝟏𝟓𝟎 𝑺𝟎 

0.070 0.045 0.046 0.034 0.009 0.008 

I  c a , a ge  d a e e  f be , d e  he  g ea e  ff e , a  de e ea   he 

d ec  f he f be  a  bef e def g a d c g  c ac  h each he . A  a e , 

he a e f he cha ge  he  a e age c a e ad , h ch  dec ea ed h e he a da d 

de a  c ea e , h ch ea  a he  b   a g ed c e.   
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(a) 

 
(b) 

Fig e 8.29 B l  f jec ed c a e adii f diffe e  𝑺 ge me . (a) i  XZ la e, (b) i  YZ la e. 

Table 8.11 P jec ed c a e adii f fibe  b dle ge me  i h diffe e  𝑺 a i  (mm). 

Bef e c m ac  

𝑹𝑿𝒁 𝑹𝒀𝒁 𝝁 𝝈 𝝁 𝝈 

139 19 187 31 

Af e  c m ac  

𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝑺𝟎 
𝟏𝟏𝟎 𝑺𝟎 

𝟏𝟓𝟎 𝑺𝟎 

240 18 280 60 64 38 194 120 24 24 73 60 

 

Fig e 8.30 Schema ic diag am f he fibe  m h l g  af e  c m ac i . 

Th  ec  d c ed he c ac  beha  f he a e f be  c e h d ffe e  

e de e  𝑆 a . The c ac  e e f  he e de e  f be  a  g f ca  e . 

Th   de e ed b  he be d g ff e  f he f be , h ch  e a ed  he d a e e  f he 

f be . D g c ac , f be  eed  ea a ge a d def   ed ce e a d c ea e 

de . F be  h e  be d g ff e  a e e b ec ed  be d g a d def a , 

h ch a  he   f  ace  a d ga  e eff c e , he eb  ed c g he e ed 

c ac  e e. I  add , f be  ha  be d e ea  a  ada  e ea   he 

 f d g f be  d g ea a ge e , g a gh e  e -f be  
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a a ge e . Th  gh e  c e  a  d ca ed b  he c c a  a a e e  f he 

c ac ed f be , ch a  𝐴33. 

8.3 F ic i  be ee  fibe  

D g c ac  f f be  b d e , he f c  c eff c e   a a a e e  f he e ac  

be ee  he f be , h ch de e d   he cha ac e c  f he f be  face a  e  a  he 

c ac  be ee  he f be , a d f e ce  he e ac  be ee  he f be . C ac  

a  f f be  b d e ge e  h d ffe e  f c  be ee  f be  ( 𝜇 =0.2, 0.4, 0.6, 0.8) a e e f ed a d he e a h  be ee  𝑉  a d c ac  e e  

e e ed  F g e 8.31. The a  a e e f ed h c ac   he X d ec  

a d c ac   he Y d ec  de e de  a d he e  a e a a ed  b h d ec  

f  each a . 

A  h   F g e 8.31 (a, b), he c ac  a  a  f a  𝑉   = 67 %  g  

f e ced b  he f c  c eff c e , a d he f a  c ac  e e g ad a  c ea e  a  

he f c  c eff c e  c ea e . H e e , he  he f a  c ac  𝑉  c ea e   87 %, 

a  h  , he f a  c ac  e e ba ca  c e ge  f  each f c  c eff c e .  

A  e  𝑉 , e ace e  be ee  he f be , a d he f be  ca  e a d ea a ge e  

e a e  f ee . I  h  ca e, a h ghe  f c  c eff c e  ea  ha  he e a ce be ee  

f be  c ea e , ead g  a  c ea e  c ac  e e. Th   beca e a h ghe  f c  

c eff c e  ed ce  he e a e d g f he f be , a g he ea a ge e  e d ff c , 

h   e e  a g ea e  e e a  f ce  cha ge he  f he f be  a d  ach e e he 

dea  c ac  a e. W h he h ghe  e d 𝑉 , h ch ea  he f be  b d e bec e  de e , 

he ace be ee  he f be  dec ea e  a d he e  e  f eed  f  f be  ea a ge e . I  

h  ca e, e e  h a h ghe  f c  c eff c e , he e e  f he f be   g ea  e c ed 

a d he ef e he c ea e  c ac  f ce bec e  e  e e  cha ge   he f c  

c eff c e . Af e  each g a c ca  e f ac , he d ffe e ce  c ac  f ce  a  

 dec ea e  e e a     ge  g f ca  affec ed b  he f c  c eff c e . The 

c g c f g a   he e a e  f ge e  ha  f f c . The c c   

he  e e g ce  f  h he e f ac . The h ghe  e f ac  he 

e  f e ce f he f c  c eff c e . 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig e 8.31 Rela i hi  be ee  l me f ac i  a d c m ac i  e e f fibe  b dle ge me  i h 

diffe e  f ic i  (𝝁 = 𝟎. 𝟐, 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖) be ee  fibe , i h e d l me f ac i  𝑽𝒇=67%, 87%. (a) X 

a d (b) Y di ec i  e e i h c m ac i  e f med i  X di ec i , (c) X a d (d) Y di ec i  e e 

i h c m ac i  e f med i  Y di ec i . 

F  he 3D e de g f he f be  b d e  af e  c ac , he e  e d ffe e ce  he 

h g  f he f be , a  h   F g e 8.32 a d F g e 8.33. H e e , a  a  

e e  f he f be  de  h gh c ac  a e c d ca e cha ge   c ac  

e e. The ef e, he c c e f he f be   d c ed e . 
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Fig e 8.32 3D e di g f fibe  b dle ge me  i h diffe e  f ic i  c efficie  (𝝁 = 𝟎. 𝟐, 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖) 

be ee  fibe , i h e d l me f ac i  𝑽𝒇=67% a d 𝑽𝒇=87%, i h c m ac i  e f med i  X 

di ec i . 
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Fig e 8.33 3D e di g f fibe  b dle ge me  i h diffe e  f ic i  c efficie  (𝝁 = 𝟎. 𝟐, 𝟎. 𝟒, 𝟎. 𝟔, 𝟎. 𝟖) 

be ee  fibe , i h e d l me f ac i  𝑽𝒇=67% a d 𝑽𝒇=87%, i h c m ac i  e f med i  Y 

di ec i . 

8.3.1 Mic c e  a al e 

The ce e e f he f be  b d e ge e  af e  c ac   X a d Y d ec  a  𝑉 =67 % 

a d 87 %  e e ed  F g e 8.34. C ce g he  f he f be  ce e e , a  

cha ge  f c  c eff c e  be ee  he f be  e   a h f  f he f be  f  he a e 

c ac  e e. Th  ea  ha  he c eff c e  f f c  f e ce  he e ac  

be ee  he f be  a d h  he ea a ge e . 
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Fig e 8.34 Ce e li e f fibe  b dle af e  X di ec i  c m ac i  a  (a) 𝑽𝒇=67%, (b) 𝑽𝒇=87%; a d 

af e  Y di ec i  c m ac i  a  (c) 𝑽𝒇=67%, a  (d) 𝑽𝒇=87%. 

The d ffe e ce be ee  he c ac  a h   be d ed  de a   he e  ec ,  

add , he c c  f  he c c e a a  ega d g he f c  c eff c e  a e he 

a e f  b h d ec  f c ac  h   he X a  c ac   be ac ed f  he 

c c e a a .  

a) O ie a i  f he fibe  

The e a   he e  f f be  b d e ge e  h 𝜇=0.2 a d 𝜇=0.8 be ee  f be  a  𝑉 =87 % h X d ec  c ac   e e ed  F g e 8.35. The e ca e  c e d  

a  e a  e  𝐴33 =0.999 a d 𝐴33 =0.998, e ec e . The h ghe  c eff c e  f 

f c  (𝜇 = 0.8) e  g ea e  f c  be ee  f be , h ch ca  e e  f be  e e  

a d ea a ge e  d g c ac . D e  he e c ed d g f he f be  aga  each 

he , he f be  ca  effec e  ea a ge he e e   a e de ed c e, e g 

 ed ced d ec a . H ghe  c eff c e  f f c  a  ead  h ghe  hea  e e  ea  

he f be  c ac  , h ch a  affec  he ca  ea a ge e  a d d ec a  f he f be . 
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Th  ea  ha  he ca  c e h  he f be  b d e a  be e ab e a  h gh f c  

c eff c e , a d h  ab  a  ead  d ffe e ce   e a  d ec a  e e  he  he 

f a  c ac  e e  a e a . 

(a)  (b)  

Fig e 8.35 O ie a i  i  he e  f fibe  b dle ge me  i h diffe e  𝝁 be ee  fibe  a  𝑽𝒇=87% i h X di ec i  c m ac i . (a) 𝝁=0.2, (b) 𝝁=0.8. 

F g e 8.36 e e  he B  f he - e a  f f be  h 𝜇 =0.2 a d 𝜇 =0.8 a  𝑉 =87 % h X d ec  c ac . S a , he ff e  f he f be  h e ec   he Z-

a ,  he d ec  f he X-a  (𝛼) a d  he d ec  f he Y-a  (𝛽), e h b  e  a  

d ffe e ce . The a e  d b  a d he 0 a e d ca e  ha  he h gh f c  

c eff c e  f he f be , gh  ead   he d b  f he f be  ( e g h e) e a a  

f  he Z-a  d ec  af e  he a e c ac  e . Th  c c   c e  h he 

f be  e a  e  c c . A e  c eff c e  f f c  ead   a e d ec a  

f be  d b  af e  c ac . H e e , he d ffe e ce  b e ed a e e  a   

c c de h h gh deg ee f ce a . 

 
(a) 

 
(b) 

Fig e 8.36 B l  f mi - ie a i  f fibe  b dle ge me  i h 𝝁=0.2 a d 0.8 a  𝑽𝒇=87% i h X 

di ec i  c m ac i . (a) 𝜶, (b) 𝜷.  
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b) C ac   

F g e 8.37 h  he c ac  be  be ee  f be , f be  a d c ac  a e , a d a  

c ac  be  f f be  b d e ge e  h 𝜇=0.2 a d 𝜇=0.8 a  𝑉 =87 % h X d ec  

c ac . F be  b d e  h h ghe  f c  c eff c e  e   he fe e  e f be  

c ac  af e  c ac , h ch ca  be e a ed b  he fac  ha    e d ff c   

ea a ge he f be   be  c e c ac  h each he . The d ffe e ce  he a  be  f 

c ac  h  he f be  b d e a  d ffe e  f c  c eff c e   ab  20 %, h  d ffe e ce 

ca   be c de ed g f ca . The f c  c eff c e  d ec  affec  he a  f c ac  

be ee  f be   a f be  b d e d g c ac , a  e  a  he c ac  be ee  f be  a d 

he c ac  cha e . A h ghe  f c  c eff c e  a  ead   a ea e  e a  f 

he f be  b d e beca e he h gh f c a  e a ce be ee  he f be  e e  he e e  

a d ea a ge e  f he f be , e g  he f a  f fe e   f c ac  be ee  

he f be  e a e  a e e ed f be  b d e h a  f c  c eff c e . H e e , he 

f a  c ac  e e e e e e a  he a e, gge g ha  he de e a  f he 

c ac  ad,  ee  he  ha  e e  h gh he e  a d ffe e ce  he be  f c ac  

, he d g de he f be  b d e  dec ea e d e  he h gh f c  c eff c e , e g 

 a a  e e be g e ed  ach e e c ac . 

 

Fig e 8.37 C ac  mbe  f fibe  b dle ge me ie  i h 𝝁=0.2 a d 𝝁=0.8 a  e d 𝑽𝒇=87% i h X 

di ec i  c m ac i . 

The c ac  a g e   he ec  𝜃  a d  he e g h d ec  𝛾  be ee  f be  a d he 

b  f 𝜃 a d 𝛾 a e c de ed  F g e 8.38. The c ac  a g e be ee  f be   a ge  
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h h ghe  𝜇. Th  c f  he e  a a . S ce h gh 𝜇 e e  e a e e e  

f he f be , he e a e a a ge e  c e f he f be  f ed d g he a  

c ac  e  e a  e a e  ab e d g b e e  c ac . Th  ab   

he ab  f he f be   ea a ge he e e   a e  e  f c ac , e g  he 

a e a ce f h gh c ac  a g e ,   f  𝜃, b  a  f  𝛾. 

 
(a) (b) 

Fig e 8.38 C ac  a gle f ge me  i h 𝝁=0.2 a d 𝝁=0.8 a  𝑽𝒇=87% i h X di ec i  c m ac i . 

(a) 𝜽 °  i  he fibe  ec i , (b) 𝜸 (°) i  he fibe  le g h di ec i . 

c) U d la i  

The c  B  a d he ec ed c a e ad  f f be  b d e ge e  h 𝜇=0.2 a d 𝜇=0.8 a  𝑉 =87 % h X d ec  c ac   e e ed  F g e 8.39 a d F g e 8.40, 

e ec e . The c  a d he ec ed c a e ad  f ge e  h 𝜇=0.8 a d e 

h 𝜇=0.2 e h b  a  d ffe e ce  h ch g ba  c f  he e  f he a g e : a e  

c eff c e  f f c  ead   a e e d ec a  f be  d b  af e  c ac . 
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Fig e 8.39 The c im  B l  f ge me  i h 𝝁=0.2 a d 𝝁=0.8 a  𝑽𝒇=87% i h X di ec i  

c m ac i . 

 
(a) 

 
(b) 

Fig e 8.40 B l  f jec ed c a e adii f ge me  i h 𝝁=0.2 a d 𝝁=0.8 a  𝑽𝒇=87% i h X 

di ec i  c m ac i . (a) i  XZ la e, (b) i  YZ la e. 

The effec  f he f c  c eff c e  ha  bee  a a ed  h  ec . The f e ce f he 

f c  c eff c e   d ffe e  de e d g  he f be  e f ac . I deed, he ha e f he 

c ac  c e  d ffe e . I deed, a   e f ac  he c ea e  he f c  

c eff c e  d ce  a g f ca  c ea e  he c e  ad, e e g he f be  

e e  he  he a e  a e e ea  b e. A  h ghe  e f ac , he f e ce 

dec ea e  bec g eg g b e  each a  he a e c e  ad. I deed, e e  f 

a a  d f ca   he c ac ed c c e  ced a d he ed f  he 

d ffe e ce   he ea  age f e ga a ,  ee    affec  g f ca  he ff e .   
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8.4 C cl i   

I  h  ec , he f e ce f he e a  c e f he f be   he c ac  a  

a  a a ed: he d a  f he f be , he e de e  a  (𝑆), a d he f c  c eff c e  

be ee  f be  (𝜇). I  add , he c c e ( ) f he c ac ed f be  a  a  

a a ed b  he def  f c c a  a a e e : he e a  e  (𝐴33) f he 

f be , a g e f de a  f  he Z-a  (𝛼, 𝛽), be  f c ac  be ee  he f be , a g e 

f c ac  be ee  he f be  ( h  he f be  c - ec  (𝜃),  he d ec  f he f be  

e g h (𝛾)), c  f he f be , a d he ec ed c a e f he f be  (  he XZ (𝑅𝑋 ) a d 

YZ a e  (𝑅𝑌 ))).  

The a  a g e  f he f be   a  a  fac   de e g he  b e e  

def a  a d ea a ge e  beha  he  e g f be  b d e c ac  a . 

F  e fec  a a e  a d h gh  a g ed a gh  f be  b d e , d g a - a c 

c ac , he e   ace f  he f be   e d e  he  c e a g e . The ef e, 

de  e e a  f ce , he e f be  ada   he c ac  ce  a  h gh a a  gh  

be d g def a . I  c a , a b a  a g ed ea  f be  b d e  e h b  ea a ge e  

a d def a  d g c ac . S ce he e   c  a g e  be ee  f be , e 

e ac  be ee  f be  cc  he  c ac  e e  a ed, c d g d g a d 

be d g. The e e ac  e   def a  f he f be   he e g h e d ec  a d 

a  d ce ca ed ea a ge e  a d be d g. M c c a  a a e e  d ca e ha  

he e be d g def a  e a  e a e  a ge. The - f  d b  f he f be  

ead   a - f  d b  f c ac  f ce  be ee  he f be , e g  e  

c ce a  be ee  he f be , h ch   ca e f e def a  ca . 

 

The d a  f he f be  c ea e  he ab  f he f be   e ac  h each he . Th  

  affec  he de  a d ff e  f he a e a   a ac c c e e , b  a  cha ge  

he e  a fe  a d d b  be ee  f be   a c c c e e . Whe  f be  ha e a 

h gh deg ee f d a , he  a e e c ed  f  c e  c e  ch a  a g e  

a d c  d g c ac . The e c e  c ea e he f c  a d e a g e e  f he 

f be  h each he , e g  he eed f  g ea e  e e  e  he f be   f he  

c ac  he a e a . C a a e , f be  h  c  a e ea e   ea a ge a d de 

d g c ac , e g  a e a e   c ac  e e e ed  ach e e he 

a e e f ac . F be  b d e de  h a h gh deg ee f d a  (4 d a  
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) ha e  a  e f ac  (  de ), a d  e c de he effec  f a  

de   c ac , e-c ac  a  f f be  b d e   a a eg . A  a a e  age 

f he c ac  ce , he f a  c ac  e g h  e e e e a  he a e. 

F he e, a h gh he be  f c ac  de he f be  b d e d ffe ed be ee  h a d 

h  e-c ac  (d ffe e   20%), he e a  c ea e a   g f ca , e ec a  

he  c de g he c e  f he h gh c  f be . The c ac  e g h f he f be  

b d e   ea  e a ed  he be  f h ca  c ac  be ee  f be , b   e 

f e ced b  he h g  f he f be  he e e . F be  h a h gh deg ee f d a  

c ea e e e a ce  ace h gh e a g e e  a d e c g; h  c e  e 

d ff c   be cha ged de  a e e e, a d he ef e e h b  h ghe  e a ce d g 

c ac . 

 

I  add , he c c a  a a e e  ch a  d a e e , ha e a g f ca  effec   he 

beha  d g c ac . The e de e  f f be  h 𝑆𝑜( h f be  d a e e =0.5 ), 110 𝑆𝑜( h f be  d a e e =0.05 ), 150 𝑆𝑜( h f be  d a e e =0.01 ) e e a a ed 

h c ac  a . The e de e   a  a  fac  affec g he be d g 

ff e  f f be . The ef e, he ge e c de  f a -d a e e  f be  b d e  

de a ed  c ac  e e , c a ed  he a ge-d a e e  f be  b d e de .  

S a  d a e e  f be  a e e b ec ed  def a  de  e e a  f ce  beca e f he  

e  be d g ff e  ha  e ab e  ca  h gh c a e a d he  ab   f -  ga . Th  

def a     be d g  c e  a  he e e  f d d a  f be , b  a  

c de  ea a ge e  beha  de  he e ac  f e f be . Whe  he f be  a e 

c ac ed, he a a ge e   he c - ec  h  a ab e a g a  c e, h ch  

ca  he  c ac  a  f f g he ace.  

 

F c  c eff c e  d ec  affec  he ab  f f be   ea a ge a d e d g c ac , 

h  affec g he c ac  beha . C ac  a  e e e f ed f  f be  

b d e de  h d ffe e  f c  c eff c e . A   f be  b d e de e  (𝑉 ), h ghe  

f c  c eff c e  e e  h ghe  c ac  e e. H e e , f  ge e e  h h gh 

de , he effec  f f c  c eff c e   c ac  e e a  d a ea . Th  

d ca e  ha  he f c  c eff c e   a  a  fac  affec g he c ac  e e a  

he ea  e  f c ac . A  he c ac  ce  c e , he de  f he f be  

b d e  c ea e  a d he ace be ee  he f be  dec ea e   he e   add a  ace 
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f  f be  e e  a d ea a ge e . I  he h gh-de  c ac  a e, a h gh he 

f c  be ee  f be   e ,  effec   he c ac  e e  e a e  ea . Th  

 beca e a  he c g c f g a    a ge e ca  he e  a he  ha  a 

f c  e (e e  f b h a  c hab ). A  a e , he effec  f he f c  c eff c e   he 

c ac  e e a  d a ea  de  h gh-de  c ac . 

E e  f a  e e  e a   d , a d ch e ca c a  ha e  be d e  de 

a ea  a a e c a d e  d  h  ec  ga e a f  e e  f he e a  f 

he de e ed   a a e he f e ce f he a  c c e a a e e   he 

c e  beha  h ch  f a a  a ce  b d a c e  c e a . B  

he e  a he  a  e ha  ha   be add e ed, e ec a  beca e h e a c a d 

h a c a ache  a e c e  ed f  he f be  b d e  de g: ha   he f e ce 

f he ad g a h  he c c e a d f ce , a d c e e  a  ega d  c  

de g, ha   he e a h  be ee  he a  h  a d he e e . Th  e   

add e ed  he e  ec .    
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Section 9 I fl e ce f c m ac i  a ame e  

9.1 Im ac  f c m ac i  l adi g Pa h 

Th  ec  e ga e  he effec  f c ac  a h  he f be  b d e. S ch e ga  

ca  e ea  h  d ffe e  c e  a eg e  affec  he g f he e a  c e f he 

f be  b d e, he e -f be  e ac , he de  a d echa ca  e e  af e  

c e . I   a  f a a  a ce f  he h ge ed echa ca  de g a  he 

e ca e. 

9.1.1 Sim la i  f diffe e  c m ac  a h  

The c ac  a  de c bed ab e  g e e ca  d ec  c ac . I  add , 

b a a  c ac   a ad g e h d  f he  e ga e he effec  f f be  ea a ge e  

 c ac  e f a ce. 

He e, b a a  c a ed c ac  a  f f be  b d e  h d ffe e  c ac  

a h  a e e f ed, a d he a  de   h   F g e 9.1. S  d ffe e  c ac  

a h  e e e ed f   d ffe e  f a  a : 12 % a d 6 %, a  e e ed  F g e 9.2. The 

c ac  a h  a e e  1  6 f  he a  12 %, a d 1*  6* f  he a  6 %. The 

c ac  cha e  he e he f be  b d e  ca ed  ec a g a , he e g h  X d ec  

(5 )  h ghe  ha  he he gh   Y d ec  (3.22 ), he a h  1  5 a d 1*  5* f  

he a e c ac  eed  X a d Y d ec ; a h  6 a d 6* f  he a e def a  

( a )  X a d Y d ec  a  he a e e,  he c ac  eed  X a d Y d ec  

  he a e. H e e , he d ffe e ce   a  e c  a e a  e gh  be eg ec ed. 

The he  a  a a e e  f  a  he c ac  a h  a e he a e, e  e e ed 

 Tab e 6.1. E e  f 12 % c d be c de ed a  a e a e  h gh a e f  he a  a  

a , he ea ed a   X a d Y d ec  a e ed a d ca c a ed f  e 

c ac  a h . I deed, he g a  he e    b a  he c e e a  f he 

c  h ge ed ed a b   a a e he f e ce f he a h  he e e.  𝜀𝑋𝑋 = ∆𝑋𝑋 , 𝜀𝑌𝑌 = ∆𝑌𝑌                       (9.1) 𝜀𝑋𝑋 = 𝜀𝑌𝑌=12%, 12 𝜀𝑋𝑋 = 12 𝜀𝑌𝑌 = 6%                  (9.2) 
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(a)  
(b)  

Fig e 9.1 Fibe  b dle m del f diffe e  c m ac i  a h .  

 
(a) 

 
(b)  

Fig e 9.2 C m ac i  a h  (a) 1  6 i h 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐%, a d (b) 1*  6* i h 𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔%. 

a) 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 

F g e 9.3 e e  he e a h  be ee  a  a d c ac  e e  X a d Y 

d ec , a  d g he c ac  (a, b) b  a  a  he a e f a  a  f e d (c, d), a d he 

F g e 9.4 h  he c ac  e e a  he a e a  (𝜀𝑋𝑋 = 𝜀𝑌𝑌)  ( e  d-1  

e  d-4 )  F g e 9.5. F g e 9.5 e e  he 3D c ac  def ed ge e  f 

c ac  a h 1  6.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig e 9.3 Ge me  i h diffe e  c m ac i  a h  1  6, 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐%. (a) Rela i hi  be ee  

S ai  YY (𝜺𝒀𝒀) a d P e e f Y di ec i , (b) ela i hi  be ee  S ai  XX (𝜺𝑿𝑿) a d P e e f X 

di ec i , (c) e d f c m ac i  e e i  Y di ec i , (d) e d f c m ac i  e e i  X di ec i . 
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(a)  (e)  

(b)  (f)  

(c) (e) (g)  

(d)  (h)  

Fig e 9.4 The c m ac i  e e f ge me  i h diffe e  c m ac i  a h  4  6. (a-d) The Y 

di ec i  e e a  he c m ac i  e  mid-1  e  mid-4 i  f c m ac  a h i  Fig e 9.2 (a). (e-h) 

he X di ec i  e e a  he c m ac i  e  mid-1  e  mid-4 i  f c m ac  a h i  Fig e 9.2 
(b). 
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Fig e 9.5 Sim la i  i h 6 diffe e  c m ac i  a h  1  6, 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐%. 
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The c ac  beha  f he f be  b d e de  h gh d ffe e  c ac  a h   

g f ca  d ffe e . Th   a f  a e   he a ed e ; he a  a h ee   ead 

 d ffe e  f ce . M e ha  ha  he de   he ad g d ec  ee   d e he a  

be ee  he e e. The f  a  d ec  d c g h ghe  e e  he a e d ec . 

C e e ,   c c ded ha  he f a  a  a e a d he e  a e a e  d ec  e a ed. 

The c e  ha e  a e he e ec ed e , h ch  e a ed he eaf e , b  he d ffe e  f a  

f ce  a e he e e a  . L g a  a h 2 a d a h 3, he e a h 2  c ac   he 

X-d ec  f ed b  c ac   he Y-d ec , a d a h 3  he e. The e d f 

he c ac  e e  a  e ec ed a  he e. The a d e d f he e e 

f  he f be   he X a d Y d ec  he  he X d ec   c ac ed f   he a e a  

he a d e d f he e e f  he f be   he Y a d X d ec  he  he Y d ec  

 c ac ed f . Le  he  c de  he f be  b d e h ch  f  c ac ed  he X-

d ec  beca e he d e   he Y-d ec  a e f ed, he f be  ca  e a d  he Y-

d ec   acc da e c e   he X-d ec . The e ga a  ha  he   cc  

h  a e  ace. Th  ead  a  a ead  ee   a  c ea e f he X e e, h e e , he 

e e   a ed b  he f be  e   he Y de  f he b , he Y e e d e  

 c ea e   gh . Th  ca  be e a ed b  he c ac  a h a d he f c  f ce  

be ee  he f be , he c ac  a g e  be ee  he f be  a e  he ad   be a fe ed 

a d X d ec  a d  a d Y d ec . Th  a  a ead  b e ed  he  f La  

(La  e  a ., 2011). He had deed ced ha  he  he e f ac  c ea e  he c f ed 

a d f ee c ac  beha  e e c e g g, ea g he c f e e  had  f e ce,  

he  d , he c e  d c g  e e   he a e e d ec  e e   

b c ed. He e  he fac   a  f  a h ghe  e f ac  gh  be e a ed b  he 

e e ce f  ha  ed ce  he f c  c eff c e . Th  ec f c ad g a fe  h ch  a  

e c e ed  he g a a  ed a  d b ed  he ea  h  he a  a h f e ce  he 

ad c f g a . I  a ea  he  c ea  ha  ce he ad  a e  a fe ed f  e 

d ec   he he , he f  a  d ec   ee  a h ghe  e e ha  he a e e 

e.   

The a e he e   b e ed  a e  e e d f  a h  4, 5, 6 a d 1 e h b g c e  

e d a d a e  ega d g he e  a a . Th , e ha  he c a  f  a  

a h  h ch c d be e ed ce ab e  a d ce a e  e , he 6 c e  a d 

d ffe e  e  f  he 6 a h  e ab e  c f  he a a  a d he c c . I  de   

a da e  f he  a d ee he f e ce f he a , he e  def ed a h  a e a a ed 
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he eaf e . 

b) 
𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔% 

The e a h  be ee  a  a d c ac  e e f X a d Y d ec  h a a  f 

6 %  e e ed   F g e 9.6 a d 3D c ac  a  ge e  f c ac  a h 1*  

6*  F g e 9.8. S a , d ffe e  c ac  a h  f e ce he c ac  beha  h 

a f a  a  f 6 %. D g c ac , he X a d Y d ec  e ded d ffe e   he 

c ac  e e. E e  f e ab e  a e ced d g he ca c a , h  e ab e  

 c f  he e  a a  a d c c . 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig e 9.6 Ge me  i h diffe e  c m ac i  a h 1*  6*, 𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔%. (a) Rela i hi  

be ee  S ai  YY (𝜺𝒀𝒀) a d P e e f Y di ec i , (b) ela i hi  be ee  S ai  XX (𝜺𝑿𝑿) a d 

P e e f X di ec i , (c) e d f c m ac i  e e i  Y di ec i , (d) e d f c m ac i  e e i  X 

di ec i . 
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(a) 

 
(c) 

 
(b) 

 
(d) 

Fig e 9.7 The c m ac i  e e f ge me  i h diffe e  c m ac i  a h  4  6 a d a h 4*  6*. 
(a, b) The Y di ec i  e e a  he c m ac i  e  mid-1 a d e  mid-2 i  f c m ac  a h i  

Fig e 9.2 (a, b). (e-h) he X di ec i  e e a  he c m ac i  e  mid-1 a d e  mid-2 i  f 

c m ac  a h i  Fig e 9.2 (a, b).
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Fig e 9.8 Sim la i  i h 6 diffe e  c m ac i  a h 1*  6*, 𝟏𝟐 𝜺𝑿𝑿 = 𝟏𝟐 𝜺𝒀𝒀 = 𝟔%. 

9.1.2 A al e f he i dica  f mic c e f fibe  b dle 

The c ac  c e  c a g he def a  f 12 %  6 % a e h   F g e 9.9. 

The c ac  e e  X a d Y d ec  a e h   F g e 9.9 (a) a d (b), e ec e . 

I  add , he ce e e  f he f be  h def a  f 12 % a d 6 % a e h  

 F g e 9.9 (c) a d (d), e ec e .  

I   ea ab e ha  he  f he f be   e a ed  he c ac  e e. Th   

beca e he  f he f be  de e e  he a  c ac  a d e ac  be ee  he 

f be . I  add , he f be   f c ac  1  c de ed a  he efe e ce, he d a ce 

be ee  he f be  f c ac  a h 1, 2 a d 1, 3 a e e e ed  Tab e 9.1; he a e a a e 

f  c ac  a h 1*, 2* a d 1*, 3*, h   Tab e 9.2.  

I  add , a e age a d a da d a e f he d a ce f f be   be ee  c ac  

a h 2, 3 (FPDDR (acc d g  he d a e e  f f be ))  h   Tab e 9.3. A  he c ac  

c e c ac  a h h a  12 %, he f be  a a ge e   cha ged g f ca  

c a ed  a e h c ac  a h h a  6 %. 
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(a) (b) 

(c) 
 

(d) 

Fig e 9.9 C m ac  e e c m a i  be ee  a h  1  6 a d a h  1*  6*. (a) P e e f Y 

di ec i , (b) e e f X di ec i , (c) ce e li e f fibe  b dle af e  c m ac i  a h 1  6, (d) 

ce e li e f fibe  b dle af e  c m ac i  a h 1*  6*. 

Table 9.1 The di a ce f fibe  i i  be ee  c m ac i  a h 2, 3 a d 1. 

 C m ac  a h 

I dica  (%) 2 3 

 𝝁 𝝈 𝝁 𝝈 

FPDDR (acc di g  he diame e  f fibe ) 18.8 10.5 15.8 12.1 
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Table 9.2 The di a ce f fibe  i i  be ee  c m ac i  a h 2*, 3* a d 1*. 

 C m ac  a h 

I dica  (%) 2* 3* 

 𝝁 𝝈 𝝁 𝝈 

FPDDR (acc di g  he diame e  f fibe ) 19.8 10.0 15.8 11.9 

Table 9.3 The di a ce f fibe  i i  be ee  c m ac i  a h 2 a d 3, a d 2* a d 3*. 

 C m ac  a h 

 3 3* 

I dica  (%) 𝝁 𝝈 𝝁 𝝈 

FPDDR (acc di g  he 

diame e  f fibe ) 
25.6 11.2 27.1% 13.4 

a) O ie a i  a d mi - ie a i   

The e a   he e  f f be  af e  c ac  a h 1, 2 a d 3 a d 1*,2* a d 3* a e 

e e ed  F g e 9.10, a d he e a  e   F g e 9.11. The e a  𝐴33  f 

c ac  a h 2, 3 a d 2*, 3*  h ghe  ha  1 a d 1*, h ch ea  he f be  a a ge e  

a e e d ec a , h ch ea  he f be  d b ed a g he Z-a /𝒆𝟑. I  add , he 

- e a  (𝛼  a d 𝛽 )  c de ed  d ca e he e a  f f be . The 𝛼  a g e 

c e ge c e  f a  he a h  a d 0 f  6  12 %, a d he 𝛽 d e  a e 

ed ced c e  d e  he c e ge ce a d a be e  ga e c c e. H e e , 

 g f ca  f e ce ca  be ced  he a g e  de e d g  he a  a h, e ec a  

beca e he  c e ge a d 0. 
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Fig e 9.10 O ie a i  i  he e  f fibe . (a1-c1) C m ac  a h  1  3, (a2-c2) c m ac  a h  1*  3*. 

  

Fig e 9.11 O ie a i  e  𝑨𝟑𝟑 f c m ac  a h  1  3 a d 1*  3*. 

 

 

(a) 

 

 

 

(b) 

Fig e 9.12 B l  f mi - ie a i  f fibe  i h c m ac  a h  1  3 a d 1  3*. (a) 𝜶 (°), (b) 𝜷 

( ). 
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b) C ac  mbe  a d c ac  a gle. 

The c ac  be  be ee  f be , be ee  f be  a d a e , a  c ac  be  f 

c ac  a h  1  3 a d 1*  3*  e e ed  F g e 9.13 a d he c ac  a g e be ee  

f be   f be  ec  𝜃 a d  f be  e g h d ec  𝛾  F g e 9.14 a d Tab e 9.4. Af e  

d ffe e  c ac  a h , he c ac  be  ee  a  a e (F g e 9.13). The a  

f c ac  f f be  h d ffe e  a h  ead g  he a e e f ac  a d 

def a  e  ha , a h gh he c ac  a h  a e d ffe e , he c ac  ce  

 a - a c a d he f a  def a   he X a d Y d ec  a e he a e ( he h g  

f he c ac  cha e   he a e), a d ha  he e f he f be  b d e  de he b  

 e e a  c e ed d g he c ac  ce . A h gh d ffe e  c ac  a h  

a  a  ead  d ffe e  e a  a g e  a d e  d b , he effec  f h  

a  d he  a  c ac  ceed , a  he a e a  c e e d   a ab e 

c f g a , , he c ac  be  a e a  a e f  c ac  a h 1, 2, 3 a d a  f  

c ac  a h 1*, 2*, 3*.  

The c ac  a g e  a e e e e g  a a e beca e he a gh e g a d be d g f a 

f be  g  de e d   he ad g d ec . I  ha  he   be ced ha  he e  a d 

f a  a e f 𝛾   d ffe e  f  he d ffe e  c f g a . Pa h 3 d ce  a g f ca  

dec ea e  𝛾 a g e he  12 %  eached.  

The d b  f 𝜃  a  a  e e g d ca  ce  h  a ch e   

f c ac  f  20  45   he a h 3 ha  f  he  he , h   a  ba a ce b  a 

h ghe  [0, 10] a d [80, 90] ( ) a e.  

Th  d ffe e ce  he f be  c ac  a g e  gh  e a  h  he e a h  be ee  he 

e e  d ffe e  (F g e 9.15) he ea  he c ac  be   c e.  
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Fig e 9.13 C ac  mbe  f c m ac  a h  1  3 a d 1*  3*. 

 

(a) 
 

(b) 

Fig e 9.14 C ac  a gle f c m ac  a h  1  3 a d 1*  3*. (a) 𝜽 °  i  he fibe  ec i , (b) 𝜸 (°) i  

he fibe  le g h di ec i . 

Table 9.4 C ac  a gle be ee  fibe  𝜸 (°) i  he fibe  le g h di ec i . 

 

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

1&1* 2&2* 3&3* 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 1.667 1.060 1.210 0.950 0.975 0. 83 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟔% 3.220 2.163 2.951 2.205 3.416 2.270 

(a)  (b)  

Fig e 9.15 The chema f ela i hi  be ee  c ac  mbe  a d c ac  a gle 𝜽.  
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c) C im  a d c a e  

The b  f c  f ge e  af e  c ac  a h  1, 2 a d 3 a d 1*, 2* a d 3*  

e e ed  F g e 9.16, a d he a e age a d a da d a e f c   Tab e 9.5. I  add , 

F g e 9.17 h  he c a e ad  f f be   XZ a d YZ a e. The c  B  

d ca e  ha  he f be  h c ac  a h 3  e c ed, b  h  d ffe e ce   

g f ca . We b a  he e aga  ha  he a e f a  ace  be ee  he f be  e d   b g 

he c  a d 0, a   he a e a  ha e e  he a h, h e e , h  d e    

ha  he f be  ha e he a e a ec . 

Th   c f ed b  he d  f he c a e F g e 9.17, deed, f c e  c e g g 

a d c a e ed c , he e  h  a  e e d ega d g he  

acc da ed a g e be ee  a h 2 a d 3. Tha  ea  he c  ed c   b a ed h gh 

a eged ea g e    h g a  d ec . The f a  c ea e f  RXZ  h ghe  f  

he Pa h 3 acc d g  a h 2 he he  he RYZ  e . Th  e e d ca  he  be e a ed 

 he e  c c  ega d g he c ac  a g e  a d he cha ge   he e e 

e a h . 

 

Fig e 9.16  C im  f c m ac i  a h  1  3 a d 1*  3* (%). 
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Table 9.5 C im  f c m ac i  a h  1  3 a d 1*  3* (%). 

 

𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

1&1* 2&2* 3&3* 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 0.043 0.027 0.031 0.029 0.045 0.030 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟔% 0.067 0.068 0.066 0.062 0.070 0.072 

 

(a) 

 

 

 

(b) 

Fig e 9.17 C a e adii f c m ac   a h 1-3 a d 1*-3* (mm). (a) I  YZ la e, (b) i  XZ la e. 

Table 9.6 C a e adii f c m ac  a h 1-3 a d 1*-3* i  XZ a d YZ la e (mm). 

 

 

 

𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝑹𝑿𝒁 𝑹𝒀𝒁 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 𝝁 𝝈 

1&1* 2&2* 3&3* 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟏𝟐% 260 200 278 222 260 198 336 260 287 210 279 209 𝜺𝑿𝑿 = 𝜺𝒀𝒀 = 𝟔% 95 64 169 168 125 80 164 161 80 46 188 141 

The f e ce f c ac  a h a  c de ed he e, he d ffe e  c ac  a h . The 

f e ce he c e  e e  g f ca  he ea  a  d ca  f he c c e 

e a  c e. Th  ee   de a e ha  he c ac  a g e  be ee  he f be  a  a 

g f ca  e  he c ac  e e e e  h a  e a e  c ac  be . He e e 

ha e  fe  e  a d he  eed  be c f ed d ffe e  c c e  a d a h . The 
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c ac  eed a  a  affec  he f be -f be  e ac  a  e  a  he f a  f be  

a a ge e . I  he e  ec , he f e ce f c ac  eed  c de ed. 

9.2 I fl e ce f c m ac i  eed a d 𝑽𝒇  

9.2.1 C m ac i  eed 

F g e 9.18 h  he c ac  e e   f c  f e f ac  h d ffe e  

c ac  eed : 𝑉0 = 103  / , , a d he  𝑉 = 0.5𝑉0, 2𝑉0, 3𝑉0, 4𝑉0, 5𝑉0, 10𝑉0,20𝑉0, 100𝑉0, da g 𝛼 = 105 ( h  a a e e  a  a da ed  Sec  6). The 3D e d g 

f be  b d e ge e  af e  c ac  h eed 𝑉0, 10𝑉0, 100𝑉0 a e e e ed  F g e 

9.19. I  he c ac  a  f f be  b d e , he h ghe  he c ac  eed, he h ghe  

he e ed c ac  e e. I   beca e he h ghe  he c ac  eed, he e 

g f ca  he e a  effec  f he f be  b d e d g c ac  (Ha  e  a ., 2023; Ha  

O a a, 2018). Ra d  g f be  b d e  e e g ea e  f ce   e c e he  

e , e ec a  he  a e g  cha ge he  a a ge e   a h  e d f e. 

A  h gh c ac  eed , he c c e de he f be  b d e a   be ab e  a e  

a   e e a  e e  d f ca , .e., he f be  a   be ab e  ea a ge 

he e e  effec e   ed ce he  e a d ada  he e e. F c  a d c ac  

h  he f be  a  c ea e c , e g g ea e  e e a  f ce   cha ge he  

a g e . Th  ha   be   e a  h he e a a  he e  b e ed 

e e e a  ha  d e e  be d ed  he e  f e. Beca e b h a e e a ed  

a c  effec  ha  ee   ha e a g f ca  f e ce  he ed a e e. A f  

a ach  ed  he e  ec , e e  f a  e e   e ed  cha ac e e 

. 
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(a)  

 

(b) 
 

(c) 

Fig e 9.18 Rela i hi  be ee  c m ac i  a d l me f ac i  i h diffe e  c m ac i  eed  

i h  ela a i  e , he efe e ce c m ac i  eed 𝑽𝟎=1000 mm/mi  i h dam i g c efficie  𝜶 =𝟏𝟎𝟓. 

 

Fig e 9.19 3D e di g f ge me  af e  c m ac i  i h diffe e  c m ac i  eed  i h  ela a i  

e , he efe e ce c m ac i  eed 𝑽𝟎=1000 mm/mi  i h dam i g c efficie  𝜶 = 𝟏𝟎𝟓. 

The e a a  he e  a  b e ed  he e e e  a  f f be  b d e ( ec  6), , 

he f e ce f e a a  f c ac   a a ed  h  a . I  he c ac  a , 
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he SMOOTH STEP   ed  def e e-a de, ABAQUS /E c  a a ca  

c ec  each da a a   a c e. B h he f - de  a d ec d- de  de a e  f he e 

c e  a e h a d ha e a e  e a  each da a . S ce b h de a e  a e h, 

  b e  a  SMOOTH STEP  d ace e  ad  g  he a  a d f a  

da a , a d he e ed a e   be h. Th , g a SMOOTH  e f 

ad g a de a  f  a - a c a a  h  a e  d e  d c  ad g 

a e ( ABAQUS D c e a  (6.5-1),  .d.). F  e a e, F g e 9.20 h  he c ea ed 

SMOOTH STEP   ABAQUS/E c . I  he ge e a  c ac  a , he 0-A  

a ge a  ed  e-a de. I  de   c de  he e a a  e   he e d f 

c ac  a , he A-B  e  a  c de ed a  e a a  e .  

 

Fig e 9.20 Scheme f di laceme  am li de defi i i  i  ABAQUS®/E lici  ( ABAQUS 

D c e a  (6.5-1),  .d.). 

The c ac  e e  f c  f e  e (  ABAQUS /E c )  e e ed  

F g e 9.21, he e he c ac  h  a d h e a a  e  a  e f ed. The e d f 

c ac  e  h  a d h e a a  e  a e  A a d B, e ec e . The 

c ac  c e  h  e a a  a  c e  h e  h e a a . F g e 9.22 

e e  he ce e e f f be  b d e af e  c ac  d a , a  he c ea e f c ac  

eed, he ∆𝐴𝐵 c ea ed, a d he d ffe e ce be ee  f be  bef e a d af e  e a a  e   

e g f ca . Th   beca e he e a a   c ac  e e  b gge  f 𝑉 = 100𝑉0, 

he f be  a a ge e   h  e d,  he f be   cha ged bef e a d af e  e a a  

e . 



231 

 

 

Fig e 9.21 C m ac i  e e i h diffe e  c m ac i  eed  i h ela a i  a d - ela a i  e , 

he efe e ce c m ac i  eed 𝑽𝟎=1000 mm/mi  i h dam i g c efficie  𝜶 = 𝟏𝟎𝟓. 

(a)  (b)  

(c) (d) (e) 

Fig e 9.22 Ce e li e af e  c m ac i  (a) i h  ela a i , c m ac i  eed i h 𝑽𝟎, 𝟏𝟎𝑽𝟎, 𝟏𝟎𝟎𝑽𝟎, 

(b) i h ela a i , c m ac i  eed i h 𝑽𝟎, 𝟏𝟎𝑽𝟎, 𝟏𝟎𝟎𝑽𝟎, (c) i h/ i h  ela a i , c m ac i  

eed i h 𝑽𝟎, (d) i h/ i h  ela a i , c m ac i  eed i h 𝟏𝟎𝑽𝟎, (d) i h/ i h  ela a i , 

c m ac i  eed i h 𝟏𝟎𝟎𝑽𝟎. 
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F g e 9.23 h  he c ac  e e  he f c  f e  e f d ffe e  e d f he 

c ac  𝑉 . I  c ac  e  f f be  b d e , he e a a  beha  f f be  b d e   

e a ed  he e a  c e f he a e a , he c ac  eed,  add   he e d 

de  ( e f ac  𝑉 ). The e a a  effec    a   f a  de  f f be  b d e 

(𝑉 =70 %). A  e  de , he e a  ace f he f be  b d e  a ge , a d he e -f be  

c ac   ea e ,  he f be  ca  be gh  ad ed a d ea a ged e a e  ea  d g 

he a  c ac  e , a d h  he e a a  effec    g f ca . A  he 𝑉  c ea e , 

he e a a  effec  c ea e , he d a ce be ee  f be  dec ea e , a d c ac  c ea e. Th , 

he e a  e  e a a   e ced he  h  𝑉    a a ed. H e e ,  

ee  ha  a  𝑉 =80 %, he f be  b d e bec e   de e ha  each f be   a   a c ed 

a e a d he e -f be  ga  a e  a  ha  he f be  ca  ha d  e. A  h  age, he f be  

b d e  gh  each a e f- c g a e d e  he h gh de , a d he e  d b   

e f ,  he e a a  effec   ed ced. W h f he  c ea e  e f ac  𝑉 =85 %, he e a a  e   d ff c   d c a e f  he ab e  d e  he b a  

cha ge   c c e d ced b  c -  effec . The e e a  e  e e  be 

c f ed b  he  ca c a  a d a dee e ed a a   he c c e.    

 

Fig e 9.23 I fl e ce f c m ac i  e e i h diffe e  c m ac i  a e  (𝑽𝒇) i h ela a i  e . 
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9.3 C cl i  

I  h  ec  he effec  f c ac  a a e e   he f be  b d e a  d c ed: 

c ac  a h, c ac  eed, a d f a  e f ac  𝑉 .  

C ce g he c ac  a h: d ffe e  c ac  a h  gh  affec  he f a  

h g  f he f be , ce he f a  c ac  def a   he a e, he a  c ac  

be  ee  a  a e.  H e e , he  f be  b d e  ach e e a  f a  𝑉   de  

d ffe e  a h , he c ac  a g e  he f be  ec  𝜃 a d he c ac  a g e  he f be  e g h 

d ec  h d ffe e  c ac  a h a e d ffe e , g ha  he f be  ea a ge e  e d 

 d ffe e  h d ffe e  c ac  a h . Th  e   a d ffe e  c e  e e 

h ch ee   d ca e ha  he a  a e ca  be d ec    e a  h he e  

a e f  f be  b d e . The acc g f he a  a h  he echa ca  beha  f f b  

ed a  a c c a  e a d e e   be c f ed h f he  a a .  

 

A  ega d  he c ac  eed: a  he c ac  eed c ea e , he c ac  e e 

e ed f  a f be  b d e  each he a e e f ac  c ea e . Ra d c ac  a  

ead  d ffe e  f be  def a  a d ea a ge e  d a c , h e e  c ac  a  

a  e e f  he f be   ada   he e e cha ge , ead g  d ffe e  e a  

c e  a d echa ca  e e . The c ac  eed ha  a  a  effec   he 

c ac  beha  a d e a a  effec  f f be  b d e  ha  ha  bee  ced  he 

e e e a  e . H gh eed c ac  ead   d ffe e  e  a e  a d e ced 

e a a . 

 𝑉    a e  a a e e  a  ega d  c ac  e  a d affec  he de , echa ca  

e e  a d c c e f he f be  b d e. Cha ge   𝑉  a e d ec  e a ed  f be  

e ac , ea a ge e  d a c , a d f a  a e a  e e . The f a  c ac  

de  ee   affec  a  he e a a  e , h ch bec e  e ced a  𝑉  

c ea e . H e e , af e  𝑉  eache  a ce a  e e , he c g f he c c e ee  

 ed ce h  effec . 
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C cl i  a d e ec i e 

The  e e ed  h  a c  a   a da e a a  e a  f he echa ca  

beha  f g- e f be  b d e   be ab e  ca   a a e c a d e  d e  

f he d ffe e  a ch ec a  a a e e . T  ach e e h  g a , he c ac /c e  

beha  a  ch e  beca e   he  c e , h ch e e  he  e ga a  f 

he e . T  ca   he d , a de  c a g 40 gh  e a g ed, a  a a e , 

e e  f be  h a d a e e  f 0.5  a  ch e  a  a de  a e. The a e a  

ch e   b a  a c e be ee  he b  f he a ea a ce f h ca  

he e a a d he a  f ca c a  c . F a , he c e  e  a  ch e  

a  he a da  e . 

T  de e  acc a e de  f f b  a e b e , he a eg  e e ed  ba ed  d g a  

a  f c ac /c e  c ed h X- a  g a h . The b ec e   

b a  he e a  c c e f he a e a  e  a   e  d g 

c ac /c e  a d f a ,  b a  he beha  c e  f he a e de  

c ac /c e . T  d  h , a - ce g a eg  f  g a h  age  f he 

f be  b d e a  e ab hed, ba ed  he e ac  f he a e age e  f he f be  h he 

a  f de g he , b e e , b  bea  e e e   Aba /E c . The ed 

a ach a  a a c, effec e, a d acc a e e ac  f he a e age e  f he f be  

f he f b  a e b ; h  e ac / ec c  a  a da ed b  e g he 

g a h  age  h he ec c ed f e . I  add , he ca e e/c ac  

cha e  c a g he f be  d g g a h  a  e ac ed a d de ed a Ca a V5  f  

ge e  he  de ed  Aba  b  d c e e g d de . 

I  de   e he a  a a e e , e e e a  g e a d c c ed e  e  

e e ca ed   he f be   de e e he  Y g'  d ;  a  a  ca ed  

 he a  e f he e e e   de   ed ce ca c a  e , b  e e acc ac  a  

a e e. F a , he e e a  c  a  ca ed . I deed, he a a  e  f he 

g a h a d he ec  f MATLAB  a a c c  de ec  g a  ca  ead  

gh  h f   he a   f he f be , h ch ca  ead  d ffe e ce  be ee  he 
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 f he f be  e g f  he a  a d h e e g f  e e e a  

af e  e g. A e e a  c ec  a eg  a  he ef e e e ed. 

 

T  be ab e  d  he c c e f f be   he def ed a e, d ca  e e def ed, 

a d he a c a ed a a   e e de e ed. The c a  d ca  a e he be  f 

c ac  h  he f b  a e b , he d b  f c ac  a g e , he d a  f he 

f be  ( ad  f ec ed c a e  XZ a d YZ a e, he e a e  a e a a e   he f be  

e g h (Z-a ) ) a d he e a  f he f be  ( e a  e  a d - e a  a d 

he Z a  f he d ec  f he f be ), a  e  a  he c e  e e c e  a  a f c  

f he f be  e f ac . 

O ce he  e e c ea ed a d he a  a a e e  de e ed, h ee a e  e e ed 

 a da e he a eg  b  c a  be ee  he e ca  a  a d he e e e a  

e  de  g a h c b ed c ac . The e  h  d ffe e ce  be ee  

e e e  a d a  f a fe  e ce  f  a  he d ca . A h gh he e e  c d 

 be ed, he  a e  b e  a da e he a  a eg  a d he 

c c e a a   de e ed. The e e a ach ca  he  be ed    he 

echa ca  e e  f e  f b  a e b e   d ffe e  echa ca  ad g a h, h  

e g e e e a  e . 

 

I   he  ef   c ea e ea c a  cha c de  f he e a e b e . A a eg  f  

c ea g a  e ca  a d  f be  b d e ge e e  h c ed c a  a a e e  

a  h  de e ed. I  h  a eg ,  a d e e a , he N f be  a e ge e a ed  N a e  

a d he ge e a  f he f a  b d e  ca ed   3 e : g a MATLAB g a  each 

a gh  f be   c ea ed h a a d  , a e a  a d he f be  a   e ed; 

a   e e a   f d a  a e e ed  he f be . The ,  de   a e he 

a e b  ea c, a g a  e   ed  Aba . Th  a eg  f c ea  f a f be  

b d e a  a da ed b  c ac /c e  a  h c ea ed 3 ge e e , h e 

c c a  a a e e  c e d  h e f a e 2 ed f  he e e e a  e . 

E e  f he ac  beha   c e  h  e a  d ffe e ce  be ee  he ge e a ed 
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f be  b d e a d he e e e , he e  e a  e  c e . The a  ge e a  

c ea ed c d he ef e be ed  ca   e  a  e ,  de   de a d he 

f e ce f d ffe e  c a  a d ad g a a e e . 

The c a  a a e e  d ed a e he d a  f he f be , he e de e , a d he 

f c  c eff c e  be ee  f be . The e  b a ed a d he a a  f he c c e 

d ca  e e ed ade  b e  d a  e a  c c , h  h g he 

e a  f he de e ed a eg . 

F , he a  a g e  f he f be   a  a  fac   he ab  f he e   

ea a ge a d def ;  fac , f  e fec  a a e  a d a g ed f be , he fe  ace  be ee  

f be  d   a  he   e d g he e ;  he e, a d  a g ed a gh  f be  

a  e e ac  d g e g, f  e a e, d g a d be d g. The e e ac  

ge e a e g d a  def a  a d ca  d ce ca  ea a ge e . F a , f  

d a ed f be , he d a  c ea e  he ab  f he f be   e ac  h each he . 

The e d a ed he f be  a e, he e c e  c e  he  a e ab e  f  d g 

c ac , he eb  c ea g e a g e e  a d he ef e c e e ff e . 

Sec d ,  e  he effec  f f be  e de e , h ee de  e e c a ed h d ffe e  f be  

d a e e  (0.5 , 0.05  a d 0.01 ). A  e de e   a  e e a  a a e e  f be d g 

g d , f be  f a e  d a e e  a e e ab e  def  de  e e a  ad  a d he ef e 

e ab e  f  e  ace , ead g  e c ac ed a e b e  de  a e  e e . 

Th , he f e ce f he be d g g d  f he f be   he c e e g d  a  h . 

F a ,  de   e  he ac  f he f c  c eff c e , 4 de  e e c ea ed, h f c  

c eff c e  f 0.2, 0.4, 0.6 a d 0.8 a d h  ha  f   f be  e f ac , a  he 

beg g f he e , he h ghe  he f c  c eff c e , he h ghe  he c e  g d ; 

f  h gh f be  e f ac , he effec  f he f c  c eff c e   he c e  ff e  

d a ea  d e  he c g f he c c e. The f c  c eff c e   he ef e a  

a  a a e e  a  he beg g f c e , b   effec  dec ea e d g he e  

 he  a e  ge  ed a . 

A  he e a a e  a  ade  b e  h  ha  he be  f c ac   he 

c c e , f   a e f  a a e e , d e   a   acc  f  he e  f 
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c e  ff e , e e   he c ac  e . U d a , f be  a d c ac  a g e   

a  be a e   acc . 

 

F a , he f e ce f he ad g a a e e  a  a a ed: he ad g a h a  e  a  he 

ad g eed a d e a a . T  a a e he ac  f he e a a e e , e e a  de  e e 

c ea ed b  a g he f be  e f ac  a d he ad g eed . The e  e e ab e  

a e he f e ce f he e a a e e   he c c e a d  he c e  

beha . If he ad g a h ha   g f ca  f e ce  he be  f c ac  a d he 

f be  c  he  he f a  a  a e he a e, he  ac  he ea a ge e  f he f be , 

a d  a c a  he c ac  a g e  h ch ead   a d f ca  f he ad g a fe . Th  

e   a d f ca  f he e e/ a  e a h . Th ,  ee  ha  he a e a e 

f a  d e   e a ca  ead  he a e a e f ad  de e d g  he ad g a h, 

h ch  a e   f  de g a  h ghe  ca e . 

The effec  f c ac  eed  a  e e g a d a  ab e  h gh gh  ha  he e he 

eed c ea e , he e he e e ece a   each he a e f be  e f ac  

c ea e , h gh gh g he ab  f he f be   e ga e he  he ad g eed  a e ea  

a d, he ef e, he a ce f he e a a  he e  a   eed. The he e  f 

e a a , b e ed d g he e , a  a  add e ed. I   e  e d ced b  he de , 

a d  ee  ha  he e f ac  a  a e  he e  f he e a a . The e a  

  h gh gh  c  beha , h ch d be e e g  d   e de a  a d 

h ch, ce aga , d eed  be a e   acc   de g a  h ghe  ca e . 

 

A  h  h gh gh  he a   ca ed     ace a  he  ece a   

a a e he c c e f f b  ed a a d he e  e e ed, a h gh e a , 

a e he e a  f he a eg . H e e , he e a e  a  e   c f  a d e e. 

The d ca  ha e  bee  def ed a d he  ece a  f  he  e ac    ace. 

We h d  be ab e  dee e  g  h gh he c c e f f b  a e b e  g 

he e . L e e, g f ca   e a   ca g  a   a e  acc  

a  he a a e e , c d g: 
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 L ad g a h  

o I  h  d , he a ed ad g  a e a a   b a a  c e  h 

d ffe e  a h . H e e , he da aba e c ea ed  be e ched h e  

c c e , a d e   f c a   c f  he c c  h ch 

a e f a  a ce f  he de g f echa ca  beha . 

o O he  a h  c d be e e g, ch a  c f ed c ac ; d g 

c f ed c ac , beca e f he a e a  f eed , he e ac  be ee  

f be  a d he  def a  e e  g ea e  f eed , a g he f be   e 

a d e  f ee   he c ac ed d ec . 

o O he  e  f ad g a e a   be e ed  b e e he e e f he 

c c e b  a , e c e   a a  ad g   d ffe e  de  

h e e e a  a da  de  g a h . B a a  c e  e  de  

g a h  d be a c a  e e g  c f  he e . 

 H e e  he e a:  c d be e e g  a e ad g/ ad g c c ed,  

de   de a d he e e   h e e  he e a,  be ab e  e a e he 

e d a  a  f he c c e a d  e . 

 Sha e f he f b  e : a he  e e g    a  he ha e f he 

f b  e . F  e a e, (Pha  e  a ., 2020) ca ed  a  f e c a  

a  c ac , h ch e  a e  e ec e  h  d ; deed,  he  d , 

he f b  a e b  ha  a  dea ed e c a  ha e (de e d  a/b a ), a  h  

 F g e A. The f be  a e b   b ec ed  a a   b a a  c ac ,  de  

 b e e he effec  f d ffe e  h g e  f f b  a e b e  a d he  cha ge 

 c c e d g c ac . Th  a ach he   de a d he d a c  

f f b  e  de  c ac .  

 

Fig e A The le - ha ed c m ac i  ca el. 



239 

 

 I f e ce f c c a  a a e e : he a  a eg  de e ed he e a  

ade  b e  d  he f e ce f c c a  a a e e   he echa ca  

beha . The ge e a  c ea ed ade  b e  a e  acc  d ffe e  

a a e e  f he c c e, ch a  he e de e , c a e, def ec  f he 

f be   he d ffe e  a e . A h gh he c a e  a d e de e  f he f be  

ha e bee  e e e  d ed he e, he e e a  a  f a a   be ca ed   

he def ec , a c a  f  a a a e  f e . I  gh  be e e g, 

f  e a e,  e e dee  h  he deg ee f f be  def ec  h  he e  

affec  he c ac  beha . Add a ,   a   e ha  d g he 

g a  c ac  ab a  ce , he deg ee f f be  def ec  a  cha ge a d 

ac  he acc ac  f he e . The ef e, f e  c d e he ge e a  

 ed ce h  e , a d e e ha  he deg ee f f be  def ec  d g he a  

e fec  a che  he a  ge e . 

 S a e he a e e c ac  beha  f ed  ed a   ed c  

he h g  f he c - ec  a d e a  f be  da age. 

 N be  f f be :  h  d , a de  a e f 40 f be  f 0.5  d a e e  a  

a e   acc . H e e , c e  ech ca  f be  g  a e c ed f h d ed  

 e e a  h a d f be  f a fe  e  f c  d a e e . I  he f e,   be 

a a e  d ce f b  a e b e  ha  c e c e  a d c e   ea , a d  

e  he  beha  de  a  ad g . 

 Effec  f g: a g  acc  g  a   a  a f da e a  e 

a d a cha e ge  c e  e ea ch. The g ce , d g h ch he a  a e e  

 a , a e   b e  e he  e e , ch a  he f c  

c eff c e  a a ed  h  d . H e e , g a  a e   b e  b a  

he  e e  h ch a e  d ed he e a d e e e  a cha e ge d e  he  

d e : che ca  c , c , a , e c. The def  f a  

a a e e   a e he e e e   acc   a  e e a g f ca  be  

f e e e a  e . T  e c e h , e e a  a eg e  ca  be e e ed, ch 

a  he e f h gh- e  ag g ech e   a e he d b  f he 
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a  g, a d  he c c c a a e e  ece a  f  he de e e  f 

e c e  a  de . 
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Xinling SONG 

Caractérisation expérimentale, modélisation et simulation à l'échelle microscopique 
du comportement mécanique des mèches de fibres 

Résumé :  
 
Le comportement mécanique d un renfort fibreux est fondamental lors de sa mise en forme pour la fabrication 
des matériaux composites. Afin de prédire ce comportement, des essais mécaniques seuls ne sont pas 
suffisants. Il est donc n cessaire d obtenir une v ritable loi de comportement du renfort en fonction des 
param tres de la structure fibreuse. L objectif de cette th se est d étudier le comportement m canique d un 
assemblage de fibres quasi parallèles. Pour atteindre cet objectif, il est donc nécessaire de comprendre et 
quantifier l influence des param tres de l architecture fibreuse sur son comportement mécanique. Une 
démarche mixte expérimentale/numérique est proposée. La stratégie numérique consiste à réaliser des 
simulations numériques par éléments finis, en dynamique explicite, en modélisant chaque fibre par une poutre 
B31, en contact les unes avec les autres. Au niveau expérimental, et en utilisant des assemblages de quelques 
dizaines de fibres modèles de 500 microns, des essais de compaction/compression sous tomographe sont 
réalisés. Ces essais permettent d obtenir l volution de l architecture fibreuse en fonction du chargement 
impos  et des conditions aux bords appliqu es. Des indicateurs d volution de la microstructure sont alors 
d finis afin d analyser et post-traiter les résultats. Un algorithme de reconstruction permet de reconstruire un 
mod le num rique repr sentatif de l assemblage test , où chaque fibre est modélisée par une poutre B31. 
L identification de la loi de comportement de la fibre permet alors de r aliser les simulations de la structure 
test e. La comparaison sur plusieurs types d chantillons permet de valider la d marche num rique et ainsi 
de mettre au point un estimateur virtuel utilisable pour simuler le comportement d assemblage non existant. 
Par la suite, une strat gie de cr ation d architectures fibreuses virtuelles est mise au point pour l tude 
paramétrique. Celle-ci permet de créer rapidement des architectures de tout type avec des paramètres 
d architectures maitris s. Gr ce  l ensemble des étapes précédentes une étude paramétrique peut être 
men e et ainsi l influence de certains param tres peut tre tablie : param tre de la microstructure initiale, 
diamètre des fibres, facteur de frottement fibre/fibre et trajet de chargement. Cette dernière étape permet de 
d montrer l efficacit  de la d marche propose et ouvre galement de nombreuses perspectives. 
 
Mots clés : Fibres, Composites, Mécanique, échelle microscopique, Modélisation 

Experimental characterization, modelling and simulation at the microscale of the 
Mechanical behaviour of fibre bundles 

Abstract:  
 
The mechanical behaviour of a fibrous reinforcement is fundamental during its shaping for the manufacturing 
of composite materials. To predict this behaviour, mechanical tests alone are not sufficient. It is therefore 
necessary to obtain a true behaviour law of the reinforcement based on the parameters of the fibrous structure. 
The objective of this thesis is to study the mechanical behaviour of an assembly of quasi-parallel fibers. To 
achieve this objective, it is essential to understand and quantify the influence of the fibrous architecture's 
parameters on its mechanical behaviour. A mixed experimental/numerical approach is proposed. The 
numerical strategy involves conducting finite element simulations using explicit dynamics, where each fiber is 
modelled as a B31 beam, in contact with the others. Experimentally, using assemblies of a few dozen model 
fibers of 500 microns, compaction/compression tests are conducted under tomography. These tests allow for 
the observation of the evolution of the fibrous architecture depending on the imposed load and the applied 
boundary conditions. Microstructure evolution indicators are then defined to analyse and process the results. 
A reconstruction algorithm enables the creation of a representative numerical model of the tested assembly, 
where each fiber is modelled by a B31 beam. The identification of the fiber's behaviour law then allows for the 
simulation of the tested structure. Comparisons across several types of samples validate the numerical 
approach, thus enabling the development of a virtual estimator that can simulate the behaviour of non-existent 
assemblies. Subsequently, a strategy for creating virtual fibrous architectures is developed for parametric 
studies. This strategy allows for the rapid creation of various architectures with controlled parameters. With all 
the preceding steps, a parametric study can be conducted, establishing the influence of certain parameters: 
initial microstructure parameters, fiber diameter, fiber/fiber friction factor, and loading path. This final step 
demonstrates the effectiveness of the proposed approach and also opens up numerous future perspectives. 
 
Keywords: Fibres, Composites, Mechanical behaviour, Microscale, Modelling 
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