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[4]

[5, 6]
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[11]

[12]
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[13, 14] FBM fibrous material
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1.2

1.2.1

L 2 p
2)

p

p 1 Π

L → ∞ 0 < pc < 1{
Π(p) = 0 (p ≤ pc)

Π(p) = 1 (p > pc)
(1-1)

2 pc � 0.59274621

[22] 2

Π(p) pc

pc

[10] pc Π(p) = 1

pc

Π(p) = 1

P

L → ∞
p ≤ pc P = 0 p > pc P > 0

pc ( p > pc)

P ∼ (p− pc)
β (1-2)

P p− pc [10] β

pc

pc

2)



4 1 -

1.1.

[23]

1.2.2

( )

[24]

G :

V (G) = {v1, v2, ..., vp} E(G) = {e1, e2, ..., eq}
V (G) 2 E(G) 1 ΦG

G = (V (G), E(G),ΦG) (1-3)

[25]

( 1.1) p× p

A A ajk

G 2 vj vk ajk ≥ 1 akj ≥ 1

vj vk vj vk

N (ajk = akj)

(ajj = 0) (ajk 0 1 )

t = 0, 1, 2, ... 1

1 A0 t
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At

Af
3) t → t+ 1 Af

At 1

configuration model Af (

⇔ Af 0 1 )

Erdös-Rényi (ER)

[26] Af

t

Cmax(t) Cmax(t)

N Cmax(t)/N

τ ≡ t/N N → ∞
Af Af

τc {
Cmax(t)/N = 0 (τ ≤ τc)

Cmax(t)/N > 0 (τ > τc)
(1-4)

[27] 4) ER

1.2 Cmax(t)/N τ = 0.5 0

ER τc = 0.5 (1-4)

τc O(N) (

o(N) ) τc O(N)

N

τc

[28]

1.2.3

3)

(configuration model)

4) Cmax τ Cmax(τ)

Cmax t
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1.2. ER Cmax(t)/N (N = 105) t = 0

τ = τc = 0.5

[29] N → ∞ 1

2

Cmax(t)/N 1

J ≡ maxt{Cmax(t+ 1)− Cmax(t)}
N

(1-5)

N → ∞ J 0

J → s 
= 0 (N → ∞) (1-6)

[30] (1-6) Cmax(t) 1 O(N)

t/N Cmax(t)/N N → ∞
0 (

)ER
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Cmax(t) ∼ O(N)

t Cmax(t) Cmax(t)

Cx(t) Cmax(t) 2 Cy(t), Cz(t)

Cmax(t) 2 Cmax(t)

Cmax(t+ 1)− Cmax(t) = Cx(t) (1-7)

Cmax(t+ 1)− Cmax(t) = Cy(t) + Cz(t)− Cmax(t) (1-8)

O(N)

(1-7) Cx(t) (1-8) Cy(t) Cz(t) O(N)

Cmax(t)

Cmax(t) ∼ O(N) t

Cmax(t) ∼ O(N)

γ,A (0 < γ < 1, 0 < A < 1)

t0 ≡ max{t|Cmax(t) < Nγ} (1-9)

t1 ≡ min{t|Cmax(t) > AN} (1-10)

Δ(γ,A) ≡ t1 − t0 (1-11)

γ,A

Δ(γ,A)

N
→ 0 (N → ∞) (1-12)

[30, 31] Δ(γ,A) Cmax(t) O(Nγ) O(N)

(1-12) τ = t/N Cmax(t) o(N) O(N)

t/N Cmax(t)/N

(

)ER



8 1 -

1.3

1.3.1

FBM FBM 2

N ( 1.3)

fi

x k xi = fi/k f(x)

f(x) =

{
kx (0 ≤ x ≤ xi)

0 (otherwise)
(1-13)

fi g(f)

[13] global load sharing

F

F (1)-(3)

(1) fi F

(2) fi

(3) fi (1) fi

n(F ) n(F )

U(F ) ≡ n(F )/N U(F ) F

1/N U(F ) = 0

σ ≡ F/N N → ∞ σc

{
U(F ) > 0 (σ ≤ σc)

U(F ) = 0 (σ > σc)
(1-14)

5) U(F ) σc

5) (1-4) U σ
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σc g(f) σ = σc F Fc

σc g(f)

U(F )− U(Fc) ∼ (σc − σ)1/2 (1-15)

(1)-(3)

tf (F ) N → ∞ σc [14] FBM

F

1

Δ 6)Δ

F 0 Fc {fi}
Δ Δ D(Δ)

D(Δ) U(F ) U(F )

[13] FBM g(f)

D(Δ)

D(Δ) ∼ Δ−5/2 (1-16)

[32] Δ D(Δ)

F 0 Fc

F F0 Fc f ′, f ′
0, f

′
c

F, F0, Fc 1

f ′
0 � f ′

c

D(Δ) ∼ Δ−5/2(1− e−Δ/Δc) (1-17)

[33]

Δc =
1

r′(f ′
c)

2(f ′
c − f ′

0)
2

(1-18)

r(f ′) = 1− f ′g(f ′)

1− ∫ f ′

0
g(s)ds

(1-19)

(1-17) |f ′
c − f ′

0| Δc

D(Δ) ∼ Δ−3/2 (1-20)

D(Δ) Δc 2

Δ

U F
6) F 2 ( 0 )
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1.3. FBM

1.3.2

FBM D(Δ) ( (1-16))
7)g(f)

G(f) =

∫ f

0

g(x)dx (1-21)

F f ′

N → ∞ F f ′

F (f ′) = N(1−G(f ′)) · f ′ (1-22)

〈F 〉(f ′) 8)

Fc f ′ f ′
c

d〈F 〉
df ′

∣∣∣∣
f ′
c

= 1−G(f ′
c)− f ′

c g(f ′
c) = 0 (1-23)

7) [32]
8) g(f)

g(f)
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〈F 〉(f ′) f ′ (f ′, f ′+df ′)

N(1 − G(f ′))

fi Ng(f ′)df ′

f

N(1−G(f ′))

δf ′ =
f ′

N(1−G(f ′))
(1-24)

a = a(f ′) = Ng(f ′)δf ′ =
f ′g(f ′)

1−G(f ′)
(1-25)

(1-23) a(f ′) f ′ = f ′
c 1 a(f ′) ≥ 1

f ′ < f ′
c

a(f ′) < 1 (1-26)

Δ (1-24) Δ

a(f ′)Δ fi

f ′ Δ − 1

a(f ′)Δ

(aΔ)Δ−1

(Δ− 1)!
e−aΔ (1-27)

Δ − 1

1 ≤ n ≤ Δ − 1 n

n (f ′, f ′ + nδf ′)

1/Δ [32] f ′

Δ− 1 Δ

φ(Δ, f ′)

φ(Δ, f ′) =
(aΔ)Δ−1

Δ!
e−aΔ (1-28)

Pb(f
′) f ′ d− 1

(f ′ − δf ′) 0 (f ′ − 2δf ′)

1 (f ′ − dδf ′) d− 1

d → ∞ Pb(f
′) (f ′ − dδf ′)
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δf d

ph,d

1− h

d
(1-29)

[32] (f ′ − dδf ′) h (1-27)

(ad)h

h!
e−ad (1-30)

(1-29) h

f ′ d

f ′

Pb(f
′|d) =

d−1∑
h=0

(ad)h

h!
e−ad

(
1− h

d

)

= (1− a)e−ad
d−1∑
h=0

(ad)h

h!
+

(ad)d

d!
e−ad (1-31)

(1-26)

Pb(f
′) = lim

d→∞
Pb(f

′|d) = 1− a(f ′) (1-32)

f ′ Δ

Φ(f ′) = φ(Δ, f ′)Pb(f
′) =

ΔΔ−1

Δ!
a(f ′)Δ−1e−a(f ′)Δ[1− a(f ′)] (1-33)

Φ(f ′) (f ′, f ′ + δf ′) Ng(f ′)df ′

f ′ 0 f ′
c ( N )

D(Δ)

N
=

∫ f ′
c

0

Φ(f ′)g(f ′)df ′

=
ΔΔ−1

Δ!

∫ f ′
c

0

a(f ′)Δ−1e−a(f ′)Δ[1− a(f ′)]g(f ′)df ′ (1-34)

Δ

Laplace [34]

a a = 1

D(Δ)

N
= CΔ−5/2 (1-35)
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C =
f ′
c g(f ′

c)
2

√
2π[f ′

c g′(f ′
c) + 2g(f ′

c)]
(1-36)

1.3.3

Δ (1-17) 9)

r(f ′) = 1− a(f ′) = 1− f ′g(f ′)
1−G(f ′)

(1-37)

(1-34)

D(Δ)

N
=

ΔΔ−1e−Δ

Δ!

∫ f ′
c

0

g(f ′)r(f ′)[1− r(f ′)]Δ−1eΔr(f ′)df ′ (1-38)

F0 
= 0 (1-38) 0

f ′
c f ′

0 f ′
c r(f ′) f ′

c 0

(1− r)ΔeΔr = exp[Δ(ln(1− r) + r)]

= exp

{
−Δ

[
r2

2
+O(r3)

]}

� exp

[
−Δ

r(f ′)2

2

]
(1-39)

r(f ′) � r′(f ′
c)(f

′ − f ′
c) (1-40)

(1-38) f ′
0 f ′

c

D(Δ)

N
� ΔΔ−1e−Δ

Δ!

∫ f ′
c

f ′
0

g(f ′
c)r

′(f ′
c)(f

′ − f ′
c)e

−Δr′(f ′
c)

2(f ′−f ′
c)

2/2df ′

=
ΔΔ−2e−Δg(f ′

c)

|r′(f ′
c)|Δ!

[
e−Δr′(f ′

c)
2(f ′−f ′

c)
2/2

]f ′
c

f ′
0

=
ΔΔ−2e−Δ

Δ!

g(f ′
c)

|r′(f ′
c)|

(1− e−Δ/Δc) (1-41)

Δc

Δc =
2

r′(f ′
c)

2(f ′
c − f ′

0)
2

(1-42)

9) [33]
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Stirling Δ! � ΔΔe−Δ
√
2πΔ

D(Δ)

N
= C ′Δ−5/2(1− e−Δ/Δc) (1-43)

C ′

C ′ =
g(f ′

c)√
2π|r′(f ′

c)|
(1-44)
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2

2

2.1

t 2

j, k j, k Cj(t), Ck(t)

t → t+ 1 j, k

P (j, k; t+ 1) =
1

W
· Pa(Cj(t), Ck(t)) (2-1)

Pa W (2-1)

2

Pa

Pa(Cj(t), Ck(t)) = (Cj(t)Ck(t))
ω−1 (2-2)

[35] ω

W

W (t) =
1

2

∑
j �=k

(Cj(t)Ck(t))
ω−1 (1− ajk(t)) (2-3)
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j 
= k j, k

ω ω

ω

ω = 1

ER

ER

[35]

1)

2.2

(2-2)

α′, β′ Cα′ , Cβ′

2 t → t+ 1

P (α′, β′; t + 1)

P (j, k; t + 1) Cα′ × Cβ′

P (α′, β′; t+ 1) =
(Cα′(t)Cβ′(t))ω

W (t)
(2-4)

2 t → t+Δt

Ps(α
′, β′; t+Δt) =

[
1− (Cα′(t)Cβ′(t))

ω

W (t)

] [
1− (Cα′(t+ 1)Cβ′(t+ 1))

ω

W (t+ 1)

]

...

[
1− (Cα′(t+Δt− 1)Cβ′(t+Δt− 1))

ω

W (t+Δt− 1)

]

≤
[
1− (Cα′(t)Cβ′(t))

ω

W (t)

] [
1− (Cα′(t)Cβ′(t))

ω

W (t+ 1)

]

...

[
1− (Cα′(t)Cβ′(t))

ω

W (t+Δt− 1)

]
(2-5)

ω > 1

0 < c < 1 O(N) = cN

1) [35]
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(2-3)

W (t) <
(cN)2(ω−1)

2

∑
j �=k

(1− ajk(t)) (2-6)

∑
j �=k

1 = N(N − 1) (2-7)

∑
j �=k ajk(t) t ajk akj

t = 0 2b∑
j �=k

ajk(t) = 2(b+ t) (2-8)

W (t) < (cN)2(ω−1)

{
N(N − 1)

2
− b− t

}
≡ W−(t) (2-9)

t′ W−(t′) > W (t′) W−(t) t

W−(t) W (t),W (t+1), ...,W (t+Δt− 1)

Ps(α
′, β′; t+Δt) ≤

[
1− (Cα′(t)Cβ′(t))

ω

W−(t)

]Δt

(2-10)

Cmax(t) < O(N) t

b+ t < O(N2) (2-11)

(b+ t = O(N2) Cmax(t) = O(N) )

W−(t) = O(N2ω) (2-12)

Δt ≥ O(Nλ) (2-13)

Cα′ = O(Nα′
), Cβ′ = O(Nβ′

) (2-14)

(2-10)

Ps(α
′, β′; t+Δt) ≤ O

([
1−N−{2−(α′+β′)}ω]Nλ)

(2-15)
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λ > {2− (α′ + β′)}ω N → ∞ 0

α′ β′ Δt∗

Δt∗ ∼ N{2−(α′+β′)}ω (2-16)

α′ + β′ > 2− 1/ω α′ β′ O(N)

1 (2-1) (2-2)

ω > 1 :

Cmax(t) < O(N) (2-17)

Cm(t) = O(Nα′
m) (2-18)

min
m

α′
m > 1− 1/2ω (2-19)

∑
m

Cm(t) = O(N) (2-20)

max
m

α′
m < γ′ < 1 (2-21)

0 < A′ <
∑
m

Cm(t) (2-22)

Δ(γ′, A′) ≤ N{2−2minm α′
m}ω−1 → 0 (N → ∞) (2-23)

γ′, A′

(2-17)-(2-18)

ω ≤ 1 i Ci(t) ≥ 1

(2-3)

W (t) ≤ 1

2

∑
j �=k

(1− ajk(t)) =
N(N − 1)

2
− b− t ≡ W ′

−(t) (2-24)

t′ W ′
−(t

′) > W (t′) W ′
−(t) t

W ′
−(t) W (t),W (t+1), ...,W (t+Δt− 1) ω > 1

Ps(α
′, β′; t+Δt) ≤ O

([
1−N−{2−(α′+β′)ω}]Nλ)

(2-25)
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ω ≤ 1 ω > 1

:
Cmax(t) < O(N) (2-26)

Cm(t) = O(Nα′
m) (2-27)

min
m

α′
m > 1/2ω (2-28)

∑
m

Cm(t) = O(N) (2-29)

2.3

ER

Nσ

aN1−σ 1 (1 − a)N

1

(n n− 1

) (2-1) ER ω = 1

σ > 1/2

( a )

〈Cmax(t)〉 Cmax(t) 100 t0, t1

t = 0 Cmax(t) ≥ Nσ (1-9), (1-10), (1-11)

γ = σ, A = a

t0 = max{t|〈Cmax(t)〉 < Nσ} = 0 (2-30)

t1 = min{t|〈Cmax(t)〉 > aN} (2-31)

Δ(σ, a;N) = t1 (2-32)

2.1 σ > 1/2

〈Cmax(t)〉/N 〈Cmax(t)〉/N
N
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2.1. 〈Cmax(t)〉/N (a = 0.2, σ = 2/3, 100 )

N = 4 × 103 N = 16 × 103

〈Cmax(t)〉/N = 0.2

2.2 a σ

Δ(σ, a;N) N Δ(σ, a;N) Δ(σ, a;N) ∼ Nβ

a

2.3 Δ − N β σ

σ > 1/2 β < 1 Δ(σ, a;N)/N ∼ Nβ−1 → 0

σ ≤ 1/2 β 1

σ 0.2

β � 1

σ 0.2 0.25

a



2.3 21

2.2. a = 0.1, σ = 0.2, 0.35, 0.55 Δ(σ, a;N) N (

) Δ(N) = CNβ(σ) β(0.2) =

0.99± 0.02, β(0.35) = 0.83± 0.01, β(0.55) = 0.76± 0.03

2.3. Δ−N Δ(N) = CNβ(σ) β(σ) σ (a = 0.1

) β β = 1
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3

cut-off

cut-off

3.1 cut-off

j, k

(2-1)

[36]

cut-off

t → t + 1 2 j, k

sjk(t)
1) s̄jk(t) j, k

2) Pa

Pa(Cj(t), Ck(t)) =

{
1 (sjk(t) ≤ as̄jk(t))
0 (sjk(t) > as̄jk(t))

(3-1)

a a ≥ 2 (a

j, k s̄jk � 1 sjk = 2

1) j, k Cj(t), Ck(t) j, k

sjk(t) = Cj(t) + Ck(t) j, k sjk(t) = Cj(t) = Ck(t)
2) t n(t) j, k s̄jk(t) = N/n(t+1) =

N/(n(t)− 1) j, k s̄jk(t) = N/n(t+ 1) = N/n(t)
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) cut-off

cut-off [37, 38]

cut-off

cut-off

cut-off

3.2

Cmax(t) (1-7) (1-8) t′ → t′ + 1 (1-8)

Cmax(t
′) ≥ Cy(t

′), Cz(t
′)

Cy(t
′) + Cz(t

′)− Cmax(t
′) < Cmax(t

′) (3-2)

Cmax(t
′) α t

Cα(t) α (1-7)

Cα(t) ≥ Cmax(t
′) > Cy(t

′) + Cz(t
′)− Cmax(t

′) (3-3)

Cmax (1-7)

Cmax Cmax

2 Csec(t)

J = max
t

{
Csec(t)

N

}
(3-4)

Csec(t) t Cmax(t)

Csec(t) ≥ N − Cmax(t)

n(t)− 1
(3-5)

Cmax(t) t Csec(t) t

Cmax(t) t cut-off

sjk s̄jk a

l Cl(t) ≤ aN/n(t)

Cl(t) ≤ N

Cmax(t) ≤ min

{
aN

n(t)
, N

}
(3-6)
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n(t) n(0) ≤ N t n(t) → 1

a 2 N n(t) > a

n(t) n(t) n0 n(t) = n0

t0 (3-6)

Cmax(t0) ≤ aN

n0
(3-7)

(3-5)

max
t

{Csec(t)} ≥ Csec(t0) ≥ N

n0 − 1

{
1− a

n0

}
(3-8)

(n0 > a ≥ 2 ) a n0

O(N) J = maxt{Csec(t)/N} = O(1)

3.3

N cut-off

N 3.1

a = 2, N = 105 Cmax(t)/N Cmax(t)/N t/N = 1

3.2 a J 〈J〉 N

ER ER 〈J〉
N → ∞ 0 J

√〈(J − 〈J〉)2〉
cut-off 〈J〉 a 0.4√〈(J − 〈J〉)2〉 ER

cut-off

N → ∞
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3.1. cut-off Cmax(t)/N

(a = 2, N = 105) J
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3.2. ER cut-off (a)〈J〉 (b)
√〈(J − 〈J〉)2〉 N

104 (a) J√〈(J − 〈J〉)2〉 〈J〉 ∼ N−β
√〈(J − 〈J〉)2〉 ∼ N−σ

β = 0.301± 0.003 σ = 0.294± 0.004
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4

fiber bundle model ran-

domly displaced fiber bundle model

l0 l0 � 1 FBM l0 � 1

FBM l0

4.1

FBM

N i li

l0, lc, k

f(li) =

{
k (li − l0) (l0 ≤ li ≤ lc)

0 (otherwise)
(4-1)

lc > l0 ≥ 0, k > 0 l0

l0

l < l0 f(li) 0

yi ( 4.1) 4.1 2 2

yi p(y)

k = 1 lc = 1 yi > 1

p(y) [0, 1] x 2 f(li)
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fX
i (x)

fX
i (x) = f(li) · x

li

=

⎧⎨
⎩x

(
1− l0√

x2+y2
i

)
(l0 ≤ √

x2 + y2i ≤ 1)

0 (otherwise)
(4-2)

FX(x)

FX(x) =
∑
i

fX
i (x) (4-3)

FX(x) x

F

randomly displaced fiber bundle model (RDFBM) global load sharing

RDFBM FBM

(4-2)

FBM

[19, 20] 2

RDFBM

4.2

U(F ) N

(4-3)

FX(x) = Nx

∫
l0<

√
x2+y2<1

(
1− l0√

x2 + y2

)
p(y)dy. (4-4)

F F x

FX(x) least monotonic function[32]

Fph(x) = LMF[FX(x)] (4-5)

LMF[A(x)] A(x′) x′ ≤ x

x(F ) = F−1
ph (F ) (4-6)
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4.1. RDFBM

F x x

x

U(x) =

∫
√

x2+y2<1

p(y)dy (4-7)

F

U(F ) ≡ U(F−1
ph (F )) (4-8)

4.2 l0 U(F )

(4-4) (4-7) F − U U(F ) FX(x)

U(x)

l0 F

U(F ) D(Δ)

l0 Δ

4.3

U(F ) D(Δ)

l0 � 1 l0 � 1 2 D(Δ)

l0 � 1 l0
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4.2. U(F ) (p(y) [0, 1] N =

103, l0 = 0, 0.5, 0.95) (4-4),(4-7) F − U

l0 = 0.95

(4-2)

fX
i (x) =

{
x (0 ≤ x ≤ xi)

0 (otherwise)
(4-9)

xi =
√
1− y2i (4-9) (1-13)

FBM fi =
√
1− y2i

g(f) = p(y)

∣∣∣∣dydf
∣∣∣∣ = p(

√
1− f2)

f√
1− f2

(4-10)

f ′ 1

FBM Nf ′(1 − G(f ′))

D(Δ) ∼ Δ−5/2

l0 = 1− ε (0 < ε � 1) ε � 1

x < 1− ε D(Δ) x < 1− ε

F ′

x′ = x(F ′) F ′ 1−ε <
√
x′2 + y2i < 1√

(1− ε)2 − x′2 < yi <
√
1− x′2
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n(x′) = N

∫
1−ε<

√
x′2+y2<1

p(y)dy

= N

∫ 1

1−ε

l · p(√l2 − x′2)√
l2 − x′2 dl

� Nε
p(
√
1− x′2)√
1− x′2 (4-11)

l =
√
x′2 + y2 n(x′)

F ′

Δ D′(Δ)

ε 0 n(x′) = O(N)

FX(x′) =
∑

i f
X
i (x′) (4-4)

FX(x′) = Nx′
∫
1−ε<

√
x′2+y2<1

(
1− 1− ε√

x′2 + y2

)
p(y)dy

= Nx′
∫ 1

1−ε

l

(
1− 1− ε

l

)
p(
√
l − x′2)√
l − x′2 dl

� Nx′ε2
p(
√
l − x′2)√
1− x′2 (4-12)

(4-11) (4-12) 1

〈fX(x′)〉 = FX(x′)/n(x′) = εx′ (4-13)

(4-2) fX
i (x′) εx′

fX
i (x′) εx′

FBM√
(1− ε)2 − x′2 < y <

√
1− x′2 p(y) p̃(y)

fi � εx′ = ε
√
1− y2i

g̃(f) = p̃(
√

1− f2/ε2)
f

ε
√
1− f2/ε2

(4-14)

F ′ F0

F ′ F ′ 
= 0 f ′
0 0 x′ < 1

f ′
c ε ε → 0 f ′

c

|f ′
c − f ′

0| D′(Δ) ∼ Δ−3/2

D(Δ) D′(Δ) l0 � 1 D(Δ) ∼ Δ−3/2
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4.3. D(Δ) (p(y) [0, 1] N = 103 l0 = 0, 0.7, 0.99 100

) D(Δ) ∼ Δ−5/2 D(Δ) ∼ Δ−3/2

4.3 l0 D(Δ) l0 � 1

D(Δ) ∼ Δ−5/2 l0 � 1 D(Δ) ∼ Δ−3/2

4.4

D(Δ) l0 � 1 D(Δ) x < 1−ε = l0

x < l0 x > l0 D(Δ)

4.4 x < l0, x > l0 D(Δ) x < l0

D(Δ) D(Δ) ∼ Δ−3/2

4.5

(1-17) FBM D(Δ)

RDFBM l0 D(Δ)

RDFBM FBM

4.5 l0 D(Δ) (1-17)

(1-17) D(Δ) Δc
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4.4. x < l0 x > l0 D(Δ)(p(y) [0, 1] N = 103 l0 =

0.99 100 ) D(Δ) ∼ Δ−5/2 D(Δ) ∼ Δ−3/2

D(Δ) ∼ Δ−3/2 D(Δ) ∼ Δ−5/2

4.6 Δc l0

l0 Δc � 1 D(Δ) D(Δ) ∼ Δ−5/2

l0 1 Δc l0 → 1

l0 → 1 D(Δ) D(Δ) ∼ Δ−3/2

tf (F ) 4.7 (a) l0 � 1 (b) l0 � 1

tf (F ) l0 tf (F ) Fc

FBM

l0 tf (F ) Fc

FBM Fc F

4.6

D(Δ)

E
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4.5. Eq. (1-17) D(Δ) (p(y) [0, 1]

N = 103, l0 = 0.5, 0.95 100 )

l0 = 0.95 Δc = 8.90 ( )

l0 = 0.5 Δc = 0.52

4.6. D(Δ) Δc l0 (

4.5)

l0 [0.3, 0.94] [0.94, 1]
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4.7. p(y) [0, 1] N = 103 (a) l0 = 0, (b) l0 = 0.99 tf (F )

Fc

E D(E)

D(E)

Gutenberg-Richter

[17] RDFBM

(1 − l0)
2/2

D(E) ∼ D(Δ)

D(E) ∼ E−1.7±0.2 [39]
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RDFBM l0 � 1 −3/2
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5

5.1

1

(FBM) 2

FBM

FBM U(F )

D(Δ)

2

t O(Nβ) (0 < β < 1)

Cmax(t) o(N) O(N)

Cmax(t)/N 2

[35]

ER

2

Δt N order estimation
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ER

3

t O(1) Cmax(t)

O(N)

cut-off cut-off

[37, 38]

cut-off cut-off a

t Cmax(t) a

t maxt{Csec(t)}
t a O(N)

cut-off a

4

FBM

fibrous material

FBM randomly

displaced fiber bundle model (RDFBM) FBM

RDFBM

FBM

l0

l0 l0 � 1

FBM FBM

U(F ) l0 � 1 FBM l0

1

U(F ) D(Δ) l0 � 1 FBM

D(Δ) ∼ Δ−5/2 l0 � 1 D(Δ) ∼ Δ−3/2

D(Δ) ∼ Δ−3/2 FBM

RDFBM l0 � 1

RDFBM l0 � 1

FBM l0 � 1 l0 � 1
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D(Δ)

Δc l0

l0 tf (F )

5.2

RDFBM U(F )

U(F ) D(Δ)

U(F ) tf (F )

p(y)

FBM tf (F )

RDFBM fibrous material

RDFBM

[19, 20] [39]
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