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1   

1.1  

 │ ⌐ ⌂ ─ ≈≢№╢ ⅎ┌ ↄ ╢ ≈⅛╗⌂≥─

─ ⌐╙ ⅜ ⇔≡⅔╡ │ ─℮∟⌐ ╩ ™↓⌂⇔≡™╢

⌐⅔™≡╙ ─ │∆═≡ ⅜ ⌐╟╡ ∆╢╙─≢№╡

─ ╩ ∆╢ ≢ ╘≡ ⌂ ≢№╢   

⌐♃▬ꜘ─ ⌐⅔™≡ │ ⌐ ⌐ ╩ ⅎ╢ ╙

⌂ ≢№╢ 1-1─╟℮⌂ ♃▬ꜘ ─√╘─◦Ⱶꜙ꜠כ◦ꜛfi│

⌂╙─≢№╡ ∕↓≢│ ─ ⅜ ⌂ ≤⌂╢⅜ ♃▬ꜘ─ ⌐⅔

™≡ ─ │ ╩ ™≡™╢─⅜ ≢№╢ ⇔⅛⇔ │ ⌂

↕╩╙≈ ─ ╛ ◄Ⱡꜟ◑כ ⌂≥╩ ⇔⌂↑╣┌⌂╠∏ ⌂

≢№╡ │ ⅝⌂ ≤ ╩ ∆╢ ∕─√╘ ╩ ⌐ ≢⅝╢╟℮

⌂ ⸗♦ꜟ╩ ⇔ ₁⌂ ≢─ ╩ ⌐ ╘╢↓≤⅜≢⅝╣┌ ♃

▬ꜘ ⌐⅔↑╢◖☻♩ ─ ⅔╟┘◦Ⱶꜙ꜠כ◦ꜛfi ─ ⅜

≢⅝╢ ╕≢⌐ ⌐ ∆╢ │ ↄ ╦╣≡⅔╡ ◗ⱶ- ─

╩ ™√ ⌐╟╢♃▬ꜘ─ ╙ ↄ⌂↕╣≡⅔╡[1]-[2] ⌐

╩ ≢⅝╢ ⸗♦ꜟ⅜ ≤↕╣╢  

  

 

1-1 ♃▬ꜘ─  (Ⱪꜞ♆☻♩fi╟╡ ). 
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1.2  

 ◗ⱶ─ │ ⱥ☻♥ꜞ◦☻꜡☻ ─ ⌂≥ ─ꜟכ◔☻⌂₁

⌐ ∆╢ ⌂ ≢№╢   

 │ ─ ⌐╟╡ ∂╢√╘ ╩ ╢↓≤│ ╩ ∆╢

≢ ⌐ ≢№╢ 1- 2│◗ⱶ≤ ─ ╩ ⇔√ ≢№╢ ─ │

≢ꜟכ◔☻⌂₁ ⇔≡⅔╡ ⌐ ⇔≡™╢╟℮⌐ ⅎ╢ ≢╙

╩ ⇔≡╖╢≤ ⅜№╡ ∕─ ─ ╩↕╠⌐ ∆╢≤↕╠⌐ ⅜

∆╢ ∕─√╘ │ ⅛↑─ ⌐ ═≡│╢⅛⌐ ↕™≤ ╦╣≡

™╢[1] ⌐≈™≡ ∆╢⌐│ ⌐ ⅎ╢ ∞↑≢⌂ↄ √ ≢│ ⅛╠⌂™

╟℮⌂ ╕≢ ∆╢ ⅜№╢  

 

1-2 ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─ . 

 

Persson╠│ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ╩ ∆╢ ≤⇔≡ ™

↕─ⱴꜟ♅☻◔כꜟ ╩ ⇔√ ⸗♦ꜟ╩ ⇔√[3]-[5] ↕╠⌐ Persson╠│ ₁

─ꜟכ◔☻⌂ ↕⌐ ⇔≡ ∆╢◗ⱶ─ⱥ☻♥ꜞ◦☻꜡☻◄Ⱡꜟ◑כ≤ ─

⸗♦ꜟ⅛╠ ╩ ∆╢ ⸗♦ꜟ╩ ⇔√ ↓╣⌐╟╡ Ⱶ◒꜡⌂☻◔כꜟ

─ ↕⅜ ⌐ ⅝ↄ ╩ ⅎ╢↓≤╩ ⇔ ⱴꜟ♅☻◔כꜟ⌂ ≤◗ⱶ

─ ─ ⅜ ≤⌂∫√  

Persson╠⅜ ⌐⇔≡™╢Ⱶ◒꜡⌂ ─ ↕╟╡╙ⱴ◒꜡⌂ ─ ↕⅜

⌐ ╓∆ ⌐ ⇔≡─ ╙ ╦╣≡⅝√[6],[8] Busfield ╠│ FEM ╩

™≡◗ⱶ - ─ ה ⸗♦ꜟ⌐≈™≡ ╩ ∫√[6] ↓─⸗♦ꜟ⌐╟╢

⅛╠◗ⱶ ⌐ ⇔ ╕╣√ ─ ⌐╟╡∆═╡ ─ ⅜
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∆╢↓≤≢ ∆═╡ ─ ≤ ─ ≢ ↕╣╢ ⅜ ⌐ ⇔√

⌐ ═≡ ∆╢↓≤╩ ╠⅛⌐⇔√ ∕⇔≡ ⱴ◒꜡⌂ ─ ⅜ ⌐

╩ ╓∆↓≤╩ ⇔√ ◗ⱶ- ─ ⌐⅔™≡╙ ⅜ ∆╢↓≤≢

⌐╟╡ ⌐ ╩ ╓∆↓≤⅜ ↕╣╢⅜ ↓╣⌐≈™≡│ ∞ ⅜

≢№╢  
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1.3  

─ ⌂ ≢№╢ │ ◗ⱶ- ⌐⅔™≡│ ╛

╩ ∟ ◗ⱶ─ │Ⱶ◒꜡☻◔כꜟ⅛╠ⱴ◒꜡☻◔כꜟ╕≢─ ₁⌂ ⌐

∆╢ ⌂ ≢№╢ ↓─╟℮⌂◗ⱶ─ ─ⱴꜟ♅☻◔כꜟ ╩ ⇔√ ⌂

─ ⸗♦ꜟ╩ ∆╢↓≤│ ♃▬ꜘ ⌐⅔™≡ ◖☻♩

─ ⅜ ≢⅝╢╒⅛ ◗ⱶ─ ╩ ℮ ₁⌂ ⌐⅔™≡ ⌐ ꜟכ♠⌂

≤⌂╡ ╢  

◗ⱶ- ─ ≤⇔≡ ─ ⅜ ↄⱴ◒꜡⌂☻◔כꜟ─ ⌐╟

╢ ≤ Persson─ ⸗♦ꜟ⅜ ∆╢↕╠⌐ ⅛™ⱴꜟ♅☻◔כꜟ⌂ ⌐╟╢

╩ ∆╢ ⅜№╢ ─ │ ─ ─ꜟכ◔☻─≈2 ⌐╟╢ ╩

⇔ ─ꜟכ◔☻ ─ ╩ ╡ ╣√ √⌂ ⸗♦ꜟ╩ ∆╢↓≤≢№╢ ∕─

√╘ ╩ ™≡ⱴ◒꜡⌂ ╩⸗♦ꜟ ⇔ ◗ⱶ ≤ ה ╩ ℮

↓≤≢ⱴ◒꜡⌂ ⅜ ⌐ ╓∆ ╩ ╠⅛⌐∆╢  

1.4 ─  

─ ╩ ⌐ ∆  

1 ≢│ ≤⇔≡ ≤ ⌐≈™≡ ═╢  

2 ≢│ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ─ ⌐≈™≡ ═ ⌐╟∫≡

╠╣√ ╠⅛♃כ♦↕ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢  

3 ≢│ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ™√◗ⱶ- ─ ⸗♦ꜟ╩

∆╢ ╕√ ה ─FEM ─√╘─ ⌐≈™≡ ═ ⸗♦ꜟ╩

∆╢  

4 ≢│ 3 ≢ ═√ ⸗♦ꜟ⌐ ⇔FEM ╩ ⇔ ╩ ™≡ 

─ ⅜ ⌐ ╓∆ ⌐≈™≡ ∆╢  

5 ≢│ ≢ ╠╣√ ⅔╟┘ ⌐≈™≡ ∆╢ ╕√ ─ ⌐

≈™≡╙ ═╢  
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2  ↕Ɽ꞉כ☻Ɑ◒♩ꜟ 

2.1 Ɽ꞉כ☻Ɑ◒♩ꜟ─ ┘  

2.1.1 ↕Ɽ꞉כ☻Ɑ◒♩ꜟ─  

⌂≥─ ⌐≈™≡ ∆╢ ≢ ─ │ ⌐ ⌂Ɽ

ꜝⱷכ♃─ ≈≢№╢ ─ ⌐ ⅎ╢╒≥─ ⅝⌂ ∞↑≢⌂ↄ ∕─

─ ⌐ ∆╢ ⌂ ╙ ⌐ ⅝ↄ ╩ ╓∆↓≤⅜ ↕╣≡™╢[3]

↕─ⱴꜟ♅☻◔כꜟ ╩ ∆╢ ⌂ ─ ≈≢№╢ ↕Ɽ꞉כ☻Ɑ◒

♩ꜟ│ ─╟℮⌐ ↕╣╢[3]   

 ()
( )

( )()2

2

1
d e

2

iC x h h
p

- Ö= +ñ
q x

q x Ű Ű  (2-1) 

↓↓≢ ─ ╩♃כ♦↕ h(x)≤⇔ ộ Ớ│▪fi◘fiⱩꜟ ≢№╢ C(q)│ h(x)─

─ⱨכꜞ◄ ≢ ↕╣╢ q │ ⱬ◒♩ꜟ≢№╡ ⱬ◒♩ꜟ╩ ɚ≤

∆╢≤ q=2ˊ/ɚ⌂╢ ⅜№╢  

↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢↓≤≢◘fiⱪꜟ ⌐ⱴ◒꜡⌂ ⅛╠Ⱶ◒꜡⌂

─ꜟכ◔☻⌂℮╟─≤≢╕ ⅜≥─ ≥─ ╕╣≡™╢─⅛╩ ∆╢↓≤

⅜≢⅝╢  

 

2.1.2  

(2-1)⌐ ≠™≡ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢√╘⌐│ ♃כ♦↕ ( )h x ─

╩ ╘⌂↑╣┌⌂╠⌂™ ↓↓≢│ (2-1)╩ ∆╢↓≤≢

╩ ╘∏⌐ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢ ⌐≈™≡ ═╢[3]  

♃כ♦↕ h(x)⌐≈™≡ ♃כ♦ ╩ L≤⇔♦כ♃ ─ ╩ A(=L
2
)≤∆╢≤

│ ≢ ↕╣╢  

 ( )() ( )()21
d Ű lim

A

h h h h
A¤

+ = +ñx Ű Ű x Ű Ű (2-2) 

(2-1)⌐ ⇔≡  
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 ()
( )

( )()2 2

2

1 1
d dŰ e

2
lim

i

A

C x h h
Ap

- Ö

¤

= +ñ ñ
q x

q x Ű Ű  (2-3) 

≤ ↕╣╢ ↓↓≢ h(x)─ⱨכꜞ◄ ╩ h(q)≤ ∆╢≤  

 () ()2d  eih q h Ö=ñ
q x

x q  (2-4) 

╦↕╣╢─≢  (2-3)⌐ (2-4)╩ ⇔ ∆╢≤  

 ()
( )

()( )( ) ( )2 2 2 2

2

1 1
d dŰ d  d  e e

2
lim

i i

A

C x q q h h
Ap

¡ ¡¡ ¡+ Ö - Ö

¤

¡ ¡¡ ¡ ¡¡= ñ ñ ñ ñ
q q Ű q q x

q q q  (2-5) 

≤⌂╢ ↓↓≢ ⱨכꜞ◄ ≤♦ꜟ♃ ─  

 ( ) ()
22d e 2ix p dÖ=ñ

q x
q  (2-6) 

 ()( )2d ( )q h hd¡ ¡ ¡- =ñ q q q q

 

(2-7) 

╩ ™╢≤ (2-5)│  

 ()
( )

2
2

( ) ( )lim
A

C h h
A

p

¤

= -q q q  (2-8) 

≤⌂╢ ╕√  

 
 
() ()2d  e ih x h - Ö=ñ

q x
q x

 

    
() ( ) () ( )2 2d  cos d  sinx h i x h= Ö - Öñ ñx q x x q x  

(2-9) 

 ( ) () ( ) () ( )2 2d  cos d  sinh x h i x h- = Ö + Öñ ñq x q x x q x  (2-10) 

≢№╢⅛╠ h(-q)│ h(q)─ ≤⌂╢ ⇔√⅜∫≡ (2-8)│  
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 ()
( )

2

22
( )lim

A

C h
A

p

¤

=q q  (2-11) 

≤ ↕╣╢ ╟╡ ♃כ♦↕ h(x)─ ╩ ╘∏⌐ h(x)─ⱨכꜞ◄

h(q)╩ ∆╢↓≤≢ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)╩ ∆╢↓≤⅜≢⅝╢ ⌐

(2-11)╟╡Ɽ꞉כ☻Ɑ◒♩ꜟ⅛╠ ♃כ♦ h(x)╩ ∆╢↓≤╙ ≢№╢(2.2.3 )  

 ╩ ≢№╢≤ ∆╢≤ (2-11)╩ ™≡ ╠╣√ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ

C(q)│ ╩ ∆╢ ∕↓≢ 2 ─♃כ♦ C(q)╩ ⱬ◒♩ꜟ q─☻◌ꜝכq≤ C(q)

─ ⌐ ⇔ 1 √⇔≥♃כ♦─  

Ɽ꞉כ☻Ɑ◒♩ꜟ⅛╠ ↕ Rq╩ ⌐ ∆╢↓≤⅜≢⅝╢ (2-1)

╟╡ ⱨכꜞ◄ ⇔ x=0≤∆╢≤  

 () ()
2 2dh qC=ñŰ q  (2-12) 

(2-12)─ ╩≤╣┌ Rq≤⌂╢ ≈╕╡  

 () (){ }
1 1

2 22 2
qR dh qC= =ñŰ q  (2-13) 

≤ ↕╣╢ ⇔√⅜∫≡ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢↓≤≢ ⱴ◒꜡⌂ ╩

∆ ≤⇔≡ ╦╣╢ Rq╙ ╢↓≤⅜≢⅝╢ ↓↓≢ C(q)⌐ ╩ ∆╣┌

ⱬ◒♩ꜟ q─ ╩ ∆╢↓≤≢ (2-13)│ (2-14)≤⇔≡ ∆↓≤⅜≢⅝╢  

 (){ }
1

2 2

q
0

R d dqqC q
p

q=ñ ñ  
 

 (){ }
1

22 dqqC qp= ñ  
(2-14) 

↓↓≢ q│ ⌐⅔↑╢ |q|≢№╢ (2-14)⅛╠ №╢ [qmin,qmax]

⌐⅔↑╢ ↕╩ Rq[qmin,qmax]≤∆╢≤  

 [ ] (){ }max

min

1

2

q min maxR , 2 d
q

q
q q qqC qp= ñ  (2-15) 

≤⌂╢ q=2 /́ɚ≢№╢─≢ qmin│ ⌐ ♃כ♦↕ h(x)─♦כ♃ L⌐╟∫≡ ╕╡ qmax

│ h(x)─ dx⌐╟∫≡ ╕╢  
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2.2 ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ  

2.2.1 ⱨꜝ◒♃ꜟ≤│ 

 ╩ ∆╢≤ ≤ ∂╟℮⌂ ⌐⌂╢╟℮⌂ ─↓≤╩ⱨꜝ◒♃ꜟ≤™℮

[8] ₁╛ ─ ─ ─ ⅝ ●ꜝ☻─ ⌂≥─ ⌂ ╙ⱨꜝ◒♃ꜟ≢№╢   

 ⌐ ╩ ↕∑√≤⅝⌐ ⌐⌂╢╙─╩ ⱨꜝ◒♃ꜟ(self 

similar fractal)≤ ┘ ⌐╟╡ ⌐⌂╢╙─╩☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ(self 

affine fractal)≤ ┬ ≈╕╡ h(x,y)⅜№╢≤⅝⌐ xŸɚx,yŸɚy≤™℮ ╩⇔√≤⅝

(2-16)─ ⅜ ╡ ≈ ╩☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ≤ ≢ ∆╢ H│☿ꜟⱨ

▪ⱨ▫fiⱨꜝ◒♃ꜟ─ ≢№╡ Hurst ≤ ┌╣╢  

 ( , ) ( , )Hh x y h x yl l l-=  (2-16) 

Hurst ≤ⱨꜝ◒♃ꜟ Df≤─ ⌐│ Df=3-H⌂╢ ⅜№╢ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒

♃ꜟ─≤⅝ Hurst │ 0<H<1─ ⌐№╡ H=1─≤⅝ ╩ ≈  

2.2.2 ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─  

↓↓≢│ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ≤∕─ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ─ ⌐≈

™≡ ⇔ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─ ⌐≈™≡ ∆╢  

↕Ɽ꞉כ☻Ɑ◒♩ꜟ│ (2-1)╟╡  

 ()
( )

( )()2

2

1
d e

2

iC x h h
p

- Ö= +ñ
q x

q x Ű Ű  (2-17) 

≢ ↕╣≡™╢ ↓↓≢  

 l¡x x  l¡Ű Ű  (2-18) 

≤ ∆╢≤ (2-17)│  

  
()

( )
2 2

2

1
d e

2

iC x h h ll
l lp

¡- - Ö¡ ¡ ¡+å õ å õ
¡= æ ö æ ö

ç ÷ ç ÷
ñ

q xx Ű Ű
q  (2-19) 

≤⌂╢ │☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ≢№╢≤∆╢≤ (2-16)╟╡  
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  ( ) ()H Hh h h hl l
l l

- -¡ ¡ ¡+å õ å õ
¡ ¡ ¡= +æ ö æ ö

ç ÷ ç ÷

x Ű Ű
x Ű Ű  (2-20) 

≤ ↕╣╢ (2-20)╩ (2-19)⌐ ∆╢≤ (2-21)≤⌂╢  

  ()
( )

( )()2 2 2

2

1
d e

2

H iC x h h ll
p

¡- - - Ö¡ ¡ ¡ ¡= +ñ
q x

q x Ű Ű  (2-21) 

↓↓≢  

 
 

ql= =q
 
Ĕ q=q q  (2-22) 

≤⅔ↄ≤ (2-21)│  

   
() ( )

( )
( )()2 H+1 Ĕ2

2

1
d e

2

iC q x h h
p

- ¡- Ö¡ ¡ ¡ ¡= +ñ
q x

q x Ű Ű  (2-23) 

≤⌂╢ (2-23)╟╡ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─Ɽ꞉כ☻Ɑ◒♩ꜟ│ ⱬ◒

⅜|q=|qכꜝ◌☻─ꜟ♩ ∆╢≤ q
-2(H+1)⌐ ⇔≡ ∆╢↓≤⅜╦⅛╢ ≈╕╡

≤Ɽ꞉כ☻Ɑ◒♩ꜟ─ │ ╩≤╢≤ 2-1⌐ ∆╟℮⌐ ≤⌂╡ ∕─ ⅝│

-2(H+1)≤⌂╢  

ↄ─ ↕│ 2-1 ≢ ↕╣╢╟℮⌐ C(q)⅜ ⌐⌂╢ qL<q<q0

≤☿ꜟⱨ▪ⱨ▫fi ╩ ∆ q0<q<q1─ ≈─ ⌐ ↑╢≢⅝╢↓≤⅜ ╠╣≡

™╢ ↓─ 2≈─ │ ↕─ ⅜ ⅝ↄ ⌂╡ ⌐ ╓∆ ╛ⱷ◌♬☼ⱶ

╙ ⌂╢╙─≤⌂╢  
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⌐ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─ ↕ Rq⌐≈™≡ ⅎ╢ (2-23)

─ ⅛╠ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)│ C0╩ ≤⇔≡

─╟℮⌐ ∆↓≤⅜≢⅝╢  

   
() ( )2 +1

0

H
C q C q

-
=  (2-24) 

(2-24)╩Ɽ꞉כ☻Ɑ◒♩ꜟ≤ Rq─ (2-15)⌐ ⇔≡  

 [ ]{ }max

min

1

22 -1

q min max 0R , 2 d
q

H

q
q q qC qp -= ñ   

 
      

( )
1

2
2 20

min max

H HC
q q

H

p - -ë û
= -ì ü
í ý

 (2-25) 

≤ ↕╣╢ ↓↓≢ qmin<<qmax≢№╢≤∆╢≤ (2-25)─ qmax─ │ ∆╢↓≤⅜≢

⅝ (2-26)─╟℮⌐⌂╢  

 

2-1 ↕Ɽ꞉כ☻Ɑ◒♩ꜟ. 
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[ ] 0
q min max minR , H C

q q q
H

p-=  (2-26) 

(2-26)⅛╠ ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ≢│ Rq│ qmin╛ Hurst H

C0⌐╟∫≡ ╕╢↓≤⅜╦⅛╢ ≈╕╡ qmin│ⱴ◒꜡⌂ ↕╩ ╘╢Ɽꜝⱷכ♃─ ≈

≢№╢ 2-1─╟℮⌂ [qL ,q1]╩ ≈ ≢╙ ☿ꜟⱨ▪ⱨ▫fi ─ q0⅜

ⱴ◒꜡⌂ ↕⌐ ⅝ↄ ⇔≡™╢≤ ⅎ╢  

2.2.3 ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ─  

↓↓≢│ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)⅛╠ ♃כ♦ h(x)╩ ∆╢ ⌐≈™≡

═╢  

♃כ♦ ♃כ♦╩ L×L─ ≤∆╢≤ (2-11)╟╡ 

   
()( )

2

L
h C

p
=q q  (2-27) 

≤ ↕╣╢ ⇔√⅜∫≡ h(q)│ꜝfi♄ⱶ⌂ ū(q)╩ ™≡  

   
() ()

( ) e
2

iL
h C

f

p
=

q
q q

  
()( )0 2f p¢ ¢q  (2-28) 

≤⌂╢ (2-28)╩ⱨכꜞ◄ ∆╢↓≤≢  

     
() () ()( )2d  e

2

iL
h q C

f

p

Ö +
=ñ

q x q
x q  (2-29) 

≤⌂╡ dq=2 /́L≤⇔≡ ∆╢≤  

     
() () ()( )

B e  
i

q

h
fÖ +

=ä
q x q

x q  (2-30) 

     
() ()

2
B C

L

p
=q q  (2-31) 

≤ ↕╣╢ (2-30)│ ♃כ♦ h(x)╩ⱨכꜞ◄ ╩ ™≡ ⇔√╙─≢№╡

(2-31)╟╡ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ⌐╟∫≡ⱨכꜞ◄ ─ ╩ ╘╢↓≤⅜≢⅝╢

↓─╟℮⌐⇔≡ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ⅛╠ ♃כ♦ h(x)╩ ⌐ ∆╢↓≤

⅜ ≤⌂╢ 2-2(a)⌐ ∆ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ⅛╠ ⇔√☿ꜟⱨ▪ⱨ▫fiⱨ
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ꜝ◒♃ꜟ ⅜ 2-3(b)≢№╢ ♃כ♦ L=0.03[m] q0=1000[1/m] dx,dy=29.3[ɛ

]≤⇔ Hurst ╩ 0.8≤⇔√  

 

(a) 

 

(b) 

2-2 (a) ↕Ɽ꞉כ☻Ɑ◒♩ꜟ, (b) ☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ . 

-27 

-25 

-23 

-21 

-19 

-17 

3 3.5 4 4.5 5 5.5 6 6.5 

lo
g

 C
(q

) 
[m

4
] 

log q [1/m] 
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2.3  

2.3.1 ┘  

⌐ ∆╢ ⅛╠ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢√╘⌐ ─ כ♦↕

♃⅜ ≢№╢ ☻fi◄כ◐≡⇔≥ כ◙כ꜠─ (KEYENCE VK-9500)╩

™ ╩ ™ ♃כ♦↕ h(x)╩ √ ─ ⌐│ ─ ♁ⱨ♩

VK-Analyzer╩ ⇔√ כ◙כ꜠ ─ ╩ 2-3⌐ ∆  

כ◙כ꜠⌐2-1  ⌐╟╢ ─ ╩ ∆ 2 ∕╣∙╣─ ⌐ ⇔

╩ ⅎ√ ᵑ ⅜ ™⅜ ⅜ ™ 10 ᵒ ⅜ ↄ ⅜

™ 100 ─ 2≈─ ≢ ╩ ™ ╩♃כ♦ √ ╩ ⅎ╢─│

⌐╟∫≡ ╠╣╢Ɽ꞉כ☻Ɑ◒♩ꜟ─ ⅜ ℮√╘ ╩ ⅎ╢↓≤≢ ™

─ ╩♃כ♦─ ╢√╘≢№╢ ╕√ │ ™ ∕╣∙╣─

≢─ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ⇔ ∕╣╠─Ɽ꞉כ☻Ɑ◒♩ꜟ─ ╩

⌂ ≤⇔√ ⌐ 100 ─ │♃כ♦ ⌐╟╢┌╠≈⅝⅜ ⅝™√╘ 10 ╟╡

╙ ↄ─ ╩ ⇔ ⇔√  
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 2-1 . 

♃כ♦  ♃כ♦    

ᵑ 10  28.5×28.5[mm] 2048×2048 3 

ᵒ 100  2.85×2.85[mm] 2048×2048 6 

  

 

כ◙כ꜠ 2-3 ─ . 
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2.3.2 ◘fiⱪꜟ 

2-4⌐ ⌐ ™√ ◘fiⱪꜟ╩ ∆ A ≤ B─ 2 ─ ⌐≈™≡

╩ ∫√ A │Γ3M Safety-Walk ∆═╡ ⱪכ♥╘ typeBΔ B│ΓMARAZZI

 ♃▬ꜟ ◖fi♥♬ꜙ▪Δ≤⇔ ≤╙⌐ ─╙─╩ ™√ A B≤

∆╢ 2-5 2-6⌐ ⌐╟∫≡ ⇔√ ╩♃כ♦↕ A B∕╣∙╣ 3

⌐ⱪ꜡♇♩⇔√ ╩ ∆ A ─ ⌐⅔™≡ ↄ╖╠╣╢ ∫≡™╢ │

─ ⌐ ⇔√ⱡ▬☼≢№╢  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

(a) (b) 

2-4 ─ , (a)  A, (b) B. 
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(a) (b) 

2-6 B ─ 3 , (a) 10 , (b) 100 . 

 

 

 

 

 

  

(a) (b) 

2-5 A ─ 3 , (a) 10 , (b) 100 . 
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2.3.3  

 ╠╣√ ╩ꜟ♩◒Ɑ☻כⱤ꞉╠⅛♃כ♦↕ ∆╢ כ◙כ꜠ ╩ ™≡

⇔ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢╕≢─ ⌐≈™≡ ⌐ ═╢ 2-7

│ ⅛╠Ɽ꞉כ☻Ɑ◒♩ꜟ─ ╕≢─ ╩ⱨ꜡כꜗ♅כ♩⌐ ⇔√╙─≢№╢

2-7─ⱨ꜡כꜗ♅כ♩⌐ ∫≡ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ─ ⌐≈™≡ ∆

╢  

 ╕∏ כ◙כ꜠(1) ╩ ™≡ ─ ♃כ♦ h(x)╩ ∆╢ Ɽ꞉כ☻Ɑ◒

♩ꜟ─ ⌐ ™╢ ⱨכꜞ◄ (FFT)╩ ∆╢√╘⌐│ ♃כ♦ │ 2─═⅝ ≢

⌂↑╣┌⌂╠⌂™ ∕↓≢ (2) ♃כ♦ h(x)─ ╩♃כ♦─ ⌐ ╡ ⅝ ♃כ♦

╩ 2─═⅝ ⌐ ⅎ╢ ⌐ (3)FFT╩ ™≡ h(x)─Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)╩

⇔ (4) ─ ⅛╠ 2 Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)╩ 1 ─Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)

⌐ ∆╢ ╠╣√ 1 ─Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)│ ⌐┌╠≈⅝⅜ ⅝ↄ ∕─╕

╕≢│ ⌂ ╩ ╢↓≤⅜ ⇔™─≢ (5)№╢ q─ ⌐№╢ C(q)─ ─ ╩≤

╢↓≤≢ C(q)─┌╠≈⅝╩ ↕∑╢ 

  

 

 



23 

 

 

  

 

2-7 ↕Ɽ꞉כ☻Ɑ◒♩ꜟ ─ⱨ꜡כꜗ♅כ♩. 
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2.3.4  

 2-8 2-9⌐ A B ∕╣∙╣─ ╠⅛♃כ♦ ⇔√ ↕Ɽ꞉כ☻

Ɑ◒♩ꜟ╩ ∆ │ q─ ╩≤∫√ log q≢№╡ │Ɽ꞉כ☻Ɑ◒♩ꜟ C(q)

─ ≢№╢ ─ꜝ▬fi⅜ 10 ─Ɽ꞉כ☻Ɑ◒♩ꜟ ─ꜝ▬fi⅜

100 ─Ɽ꞉כ☻Ɑ◒♩ꜟ≢№╢ 10 100 ─Ɽ꞉כ☻Ɑ◒♩ꜟ│ ─ ⌐ ∆

╟℮⌂ ≢ ⌐≈⌂⅜╢≤ ⅎ╢↓≤⅜≢⅝╢ ⇔⅛⇔ ∕╣∙╣─Ɽ꞉כ☻Ɑ◒

♩ꜟ─ ≢│ ╟╡╙ ⅝™ ╩≤∫≡™╢ ↓╣│ ─ ⌐ ∂√

ⱡ▬☼─ ⌐╟╢╙─≤ ⅎ╠╣╢ ⇔√⅜∫≡ ∕╣∙╣─ ─ │

─ ╩ ⇔≡™⌂™≤ ⅎ Ɽ꞉כ☻Ɑ◒♩ꜟ⌐≈™≡ ∆╢ │↓─

╩ ∆╢ ⅜№╢  

 2-10⌐ A ≤ B ─∕╣∙╣─ ╠⅛♃כ♦ ⇔√ ↕Ɽ꞉כ☻Ɑ◒

♩ꜟ╩ ⇔√ ╩ ∆ ∕╣∙╣─Ɽ꞉כ☻Ɑ◒♩ꜟ│ ─╟℮⌐ 10 100

∕╣∙╣─Ɽ꞉כ☻Ɑ◒♩ꜟ─ ≢│ⱡ▬☼─ ╩ ↑≡™╢≤ ⅎ

╩ ⇔√ ⌐ 2≈─ ─Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ⇔√╙─╩ ⇔√ 2-2⌐

Ɽ꞉כ☻Ɑ◒♩ꜟ⅛╠ ╠╣√ ╩ ∆ ↕ Rq⅜ A ─╒℮⅜

⅝™↓≤⅛╠ⱴ◒꜡⌂ ↕│ A ─╒℮⅜ ⅝™↓≤⅜ ⅛╢ 2-8 2-9⅛╠

A B≤╙⌐ q0 ≢ ⌐ ™ ╩ ∫≡™╢↓≤⅜╦⅛╢ ≈╕╡

│ 2-1⌐ ∆☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ╩╙≈⸗♦ꜟ≤ ∆╢↓≤⅜≢⅝ ⱴ

◒꜡⌂ ↕ qL<q<q0 ≤☿ꜟⱨ▪ⱨ▫fiⱨꜝ◒♃ꜟ ╩ ∆╢Ⱶ◒꜡⌂ ↕

q0<q<q1⌐ ∆╢↓≤⅜≢⅝╢  

 

 2-2 . 

 A B 

↕ Rq 76.6[µm] 62.9[µm] 

Ɫכ☻♩  H 0.6307 0.6067 
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2-8 A ─ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ. 

 

2-9  B─ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ. 

-28 
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2-10 ↕Ɽ꞉כ☻Ɑ◒♩ꜟ─ . 
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3   

3.1 ⸗♦ꜟ 

↓↓≢│ⱴ◒꜡⌂ ⅛╠Ⱶ◒꜡⌂ ╕≢╩ ⇔ ⌐ ╩ ∆╢√

╘─⸗♦ꜟ╩ ∆╢ 2 ⌐⅔™≡ ◘fiⱪꜟ─ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩

⇔ Ɽ꞉כ☻Ɑ◒♩ꜟ─ ⅛╠ ◘fiⱪꜟ─ ⅜ⱴ◒꜡☻◔כꜟ─ ↕╩ ∆╢

≤Ⱶ◒꜡☻◔כꜟ─ ↕╩ ∆╢ ⌐ ≢⅝╢↓≤╩ ⇔√ Persson╠─

[3]≢│ 2-9⌐ ∆ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ⅛╠ q0<q<q1─Ⱶ◒꜡⌂ ↕ ⌐

≈™≡☿ꜟⱨ▪ⱨ▫fi ╩ ⇔ ╩ ∆╢⸗♦ꜟ╩ ⇔√ Persson─

⸗♦ꜟ⌐╟∫≡ Ⱶ◒꜡☻◔כꜟ─ ↕⅜╩ ⇔√ ⅜ ≢⅝╢ ≢

Busfield╠│ ≤◗ⱶ ─ ה ≤ ╩ ⇔√ -◗ⱶ ─ FEM

⌐╟∫≡ ⱴ◒꜡☻◔כꜟ─ ↕⅜ ⌐ ╩ ⅎ╢↓≤╩ ╠⅛⌐⇔√[6]

↓─ 2 ─ ╩ ╖ ╦∑╢↓≤≢ⱴ◒꜡⌂ ⅛╠Ⱶ◒꜡⌂ ╕≢╩ ⇔√

─ ⅜ ⌐⌂╢≤ ⅎ╢  

 ≢│ ⌐ ∆╢╟℮⌂ ≤◗ⱶ ─ ⸗♦ꜟ╩ ∆╢

⸗♦ꜟ─ ╩ 3-1 ⌐ ∆ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ⱴ◒꜡☻◔כꜟ─

qL<q<q0≤Ⱶ◒꜡☻◔כꜟ─ q0<q<q1⌐ ∆╢ ⱴ◒꜡☻◔כꜟ─ │

↕ Ra╛ ↕ Rq≢ ≠↑╠╣╢ ─ꜟכ◔☻⌂ ↕ ≢

№╡ Ⱶ◒꜡☻◔כꜟ─ │ ─ꜟכ◔☻™ ↕ ⅜ ⌂╡ ∫√ⱴꜟ♅☻◔

ꜟכ ╩ ∆╢ ⌂ ↕ ≢№╢ Persson─ ⸗♦ꜟ╩ ™≡Ⱶ◒꜡☻◔כꜟ

─ q0<q<q1─ ↕⌐╟╢ ╩ ⌐ ╘╢↓≤⅜≢⅝ ↕╣√

╩min≤∆╢ ⱴ◒꜡☻◔כꜟ─ qL<q<q0─ ↕╩ ⸗♦ꜟ≤⇔

min╩ ≤⇔√ FEM⌐╟╢ ╩ ℮ ⌐╟∫≡ ╠╣√∆═╡ ─

P≤ F─ (mout=F(min)/P)╟╡ⱴ◒꜡⌂☻◔כꜟ─ ↕─ ╩ ⅎ√

mout╩ ∆╢ ╟╡ ◗ⱶ- ─ ─ꜟכ◔☻ ↕╩ ⇔√ ─

⅜ ≤⌂╢≤ ⅎ╢  

 



28 

 

 

  

 

3-1 ⸗♦ꜟ. 
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3.2  

 ↓↓≢│ ⱴ◒꜡☻◔כꜟ ─ ⅜ ⌐ ╓∆ ⌐≈™≡ ∆╢√╘─

FEM ─ ⌐≈™≡ ═╢ ⇔√ ⸗♦ꜟ≢│Ⱶ◒꜡⌂ ⅛╠─

─ ≤ⱴ◒꜡⌂ ─ ╩ ∆╢√╘─ ה ╩ ℮↓≤⅜ ≢

№╢ Gabriel, Busfield╠│ ⱴ◒꜡☻◔כꜟ─ ↕╩ ⇔√ ה ╩ ∫√

◗ⱶ ⌐ ╩ ⇔ ╖ ∆═╠∑╢↓≤≢ ⇔ ╖ ↕╩ ↕∑√≤⅝─

─ ⌐≈™≡ FEM ╩ ™≡ ⇔√[6] ↓─ ⌐╟∫≡ ◗ⱶ ⌐

⅜ ™ ╗↓≤⌐╟╡ ⅜ ∆╢↓≤╩ ≤ ⅛╠ ⇔ ⱴ◒꜡

─ꜟכ◔☻ ↕⅜ ⌐ ╩ ⅎ╢↓≤╩ ╠⅛⌐⇔√  

 ≢│ ⱴ◒꜡☻◔כꜟ─ ⅜ ⌐ ╓∆ ╩ FEM╩ ™≡ ∆╢

◗ⱶ ╩ ⌐ ⇔ ╖ ∆═╠∑╢↓≤≢ ⇔ ╖ ╩ ↕∑√≤⅝─

─ ⌐≈™≡ ∆╢↓≤≢ ⱴ◒꜡☻◔כꜟ─ ⅜ ⌐ ╓∆ ╩

∆╢  

FEM │◗ⱶ─ ⌐ ↕╣≡⅔╡ ◗ⱶ꜡כꜝכ─ ≢│ ↄ─

[8]⅜⌂↕╣≡™╢ ⇔⅛⇔ ↓─ │ ─ ≢№╡ ↕╩╙≈ ≤

◗ⱶ─ ─ │ ⌂ↄ ─ ╩ ⇔√ [13]│№╢⅜ ╩

ⅎ√ │⌂™ ↓╣│◗ⱶ⅜ ⌐╟╡ ⌂ ╩ ↑╢√╘ ⅜

⌐ ⌐⌂╢⅛╠≢№╢ ⌐⅔™≡ │ ⌂ ⅜№╡ ה

⌐⅔↑╢ ─ ╩ ↑╢√╘⌐ ⌐│ ╩ ™ ⅜ ≢№╢

≢ ∫√ ⌐ │ ⌐ ═≡ ╛ ⌂≥─ ─ ™

─ ⌐ ⇔≡⅔╡ ╙ ™≤™℮ ⅜№╢ ⌐│ Altair ─ FEM

♁ⱨ♩ Radioss11.0╩ ™╢  

 

3.3  

 ◗ⱶ ─ ה ─ FEM ─ ⌐≈™≡ ═╢ ⸗♦ꜟ╩ 3-3⌐ ∆

⅜ ↕╣╢◗ⱶ │ⱷ♇◦ꜙ╩ ⅛ↄ ─ⱷ♇◦ꜙ│ ⅛╠

⌐ ⅛∫≡™ ₁⌐ⱷ♇◦ꜙ◘▬☼╩ ⅝ↄ⇔≡ ─ ╩ ⇔√ ◗

ⱶ ╩ ≤⇔ ↓─ ─ ≤ y ╩ ⇔ z ⌐ ╩

ⅎ╢↓≤≢◗ⱶ ╩ ⌐ ⇔ ╖ ∕─ z ╩ ⇔ ─

⌐ ⌂ x ⌐ ╩ ⅎ╢↓≤≢∆═╡ ─ ╩ ∫√  
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◗ⱶ ⌐│ Neo-Hookean─ ⸗♦ꜟ╩ ™√ ◗ⱶ ─ │ 60[mm]

60[mm] ↕ 40[mm]≤⇔√ ↕⌐ ⇔≡│ ⌐ ⇔≡◗ⱶ ─

⅜╒≤╪≥ ╩ ⅎ⌂™ ⌂ ⅝↕⌐ ⇔√  

 │ A ≤ B─ 2 ╩ ™ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ╩ ∆╢ ⌐

√ √⇔◓fiꜞ♦⸗╠⅛♃כ♦↕ │♃כ♦↕ 10 ≤ 100 ꜡◒ⱴ⅜╢№⅜♃כ♦─

⌂ ─ ╩ ∆╢─≢ 10 ─ ╩♃כ♦↕ ™√ ⱴ◒꜡⌂ ⌐╟╢ ╩

⇔™√╘ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ─ ╩ ╡ ↄ ⅜№╢ ◗ⱶ ─

≤ ∆╢ ─ⱷ♇◦ꜙ◘▬☼│ 1 10
-3

[m]≢№╡ ⅜ 10
-3

[m]─ 1/2╟╡╙

↕⌂ │ ↕╣√≤ ⅎ╢ ↕Ɽ꞉כ☻Ɑ◒♩ꜟ ≢│ 3-2─╟℮⌐

│ ↕╣√≤ ⅎ╢↓≤⅜≢⅝╢  3-4│ A B╩ FEM ╩ ℮ ≢

⸗♦ꜟ ⇔√╙─≢№╢  

 

 

3-2 ─ FEM⸗♦ꜟ . 
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◗ⱶ ≤ ─ ▪ꜟ◗ꜞ☼ⱶ│Ɑ♫ꜟ♥▫ ╩ ™╢ ─ ⌐⅔™≡

ⱴ◒꜡⌂ ─ ⌐ ™≡™╢─│ ⇔√ µin ≤ ⅛╠ ╠╣√

µout─ ≢№╡ µin─ ⌐ ─ │⌂ↄ ─ ─

0.15≤⇔√ ⌐≈™≡  3-1⌐╕≤╘╢  

 

 3-1 . 

♁ⱨ♩ Radioss 11.0 ( ) 

 [mm],[N],[s] 

(◗ⱶ )  G [MPa] 0.3333 

(◗ⱶ ) ⱳ▪♁fi  ɜ 0.495 

▪ꜟ◗ꜞ☼ⱶ Ɑ♫ꜟ♥▫  

 µin 0.15(const.) 

 12800  

 15192  

 

 ⱴ◒꜡⌂ ─ ┼─ ╩ ∆╢√╘⌐ ∆═╡ ─ µout╩

⇔√ ─ ╩ 3-5⌐ ∆ ◗ⱶ ╩ ⇔ ╖ ∕─ x ┼

╩ ⅎ≡™╢ ╟╡ ⇔┌╠ↄ x ╩ ⅎ╢≤ ⇔≡™╢⅜ ⅜

≤⌂╢↓≤⅜╦⅛╢ ↓─ ≤◗ⱶ │ ⌐ ∫≡™╢≤ ⅎ ⌐

⅔↑╢ ≤ ─ ╩ µout≤∆╢ ↓─╟℮⌐⇔≡ √∆═╡ ─ µout≤

⌐ ⇔√ µin⅛╠ ─ ū(=µout/µin)╩ ⇔ ─ ╩

∆╢ ─ ≢│ū=1.0≢№╢─≢ ╩╙≈ ≢│ū⅜ ∆╢ ↓

╣│ ⅜ⱴ◒꜡⌂ ⌐╟╢ ╩℮↑≡™╢↓≤╩ ∆╢  

  

 



32 

 

 

 

  

(a) (b) 

3-4 ⸗♦ꜟ (a) A  (b) B. 

 

 

 

(a) (b) 

3-3 ⸗♦ꜟ (a)  (b) . 






































