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(b)  

Cam – Clay
BB Barcelona Basic Model [24]  

 
 

Cam – Clay
 3.1-6

 
 

 3.1-6  

     

 d Mg/m3 1.60  
 s Mg/m3 2.65  

 e  0.656  
   0.45  

 0  0.087 [25] 
 0  0.117 [25] 

 i  -0.165 [26] 
 

0.629MPa 
[27]  

s0  0.2108  

 
0.629MPa 

[27]  
sp  -0.544  

 M  0.580 [25] 
   0.727  

 Ps0 MPa 0.0  
 P0* MPa 1.5 [28] 

 
8 [5] [5]

 3.1-26
3.1-28  = exp(6.1893 1.40472 + 6.1677) 3.1-32  

w  3.1-32= 0.629MPa  
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 3.1-26 GX  
 

[29] BB

s 3.1-33
 

s
p
psp ss
ref

spss ,expln1, 0  3.1-33  

0s refp refp sp

p

gpp p gp ss

s [29]

ss 0 [30]
3.1-34 BB

0s sp  

atmref
sps

atm

s
s ps

ds
p
p

eps
ds

e
p

d
0

0
000

ln1
1

1
1

 3.1-34  

sd atmp  

 3.1-27
BB BB
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 3.1-27  

 
Alonso, et. al [24]
3.1-34 Ohmaki[31]  

0
2 2

2
ppq

q
d
d

s
p

vp

p
s  3.1-35  

p
sd p

vpd q

sp 0p  
0

0 3.1-35  

01
1

3
2

p
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p
s

d
d  3.1-36  

K0 3.1-36  

00 2113 KKpqp s  3.1-37  

3.1-34 3.1-35 3.1-36
3.1-37  

01
1

69
39  3.1-38  

3.1-37 0.727  
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 3.1-7  3.1-8

[9]

  
 

 3.1-7  
      
 h×b×l m 1.6×1.6×1.6  [32] 

 W t 28.0  [32] 
  kN/m3 67.0  [32] 

 
 3.1-8  

  
 

 
  

 N/mm2 30.0  60.0 
 

 kN/mm2 18.4  26.8 
6 [33]p.2-201
2.4-51 30 60

 
 kN/m3 23.0   H26 [23]p.7-61  

  0.2   H26 [23]p.7-61  

 
 kN/m3 52.4    

 
 

 3.1-9   
 

 3.1-9  

  
 

 
  

 N/mm2 30.0  60.0 
 

 kN/mm2 19.1  33.0 
6 [33]p.2-207
2.4-56 30 60

 
 kN/m3 24.5   H26 [23]p.7-61  

  0.2   H26 [23]p.7-61  
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 3.1-10   

 
 3.1-10  

  
 

 
  

 N/mm2 60.0  70.0 
6

[33]p.2-151
 

 kN/mm2 36.9  39.4 
6 [33]p.2-154
2.3-22 60 70

 

 N/mm2 4.6  5.2 
6 [33]p.2-154
2.3-23 60 70

 
 kN/m3 24.5   H26 [23]p.7-61  

  0.2   H26 [23]p.7-61  

 
 

 
 3.1-11   

 
 3.1-11  

  
 

 
  

 N/mm2 60  75.0 
6

[33]p.2-114
 

 kN/mm2 28.4  31.2 
6 [33]p.2-115
2.2-29 60 75

 

 N/mm2 4.4  5.2 
6 [33]p.2-115
2.2-30 60 75

 
 kN/m3 23.0   H26 [23]p.7-61  

  0.2   H26 [23]p.7-61  
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 3.1-12   

 
 3.1-12  

  
 

 
  

 Mg/m3 1.60 1.50 1.70 1.6±0.1
1.6±0.1  

 MPa 0.033 0.028 0.040 H26 [23]p.3-85 3.2-6
 

 MN/m2 4.9 4.0 6.3 H26 [23]p.3-76 3.2-3
 

  0.43   H26 [23]p.7-61  

 kN/m3 19.10   H26 [23]p.7-61  

 
 

 
 3.1-13   

 
 3.1-13  

  
 

 
  

 N/mm2 30.0  60.0 

W/B=45%

 

 kN/mm2 27.6  36.7 H19 [16]p.2-179 2.2-7
30 60  

 kN/m3 24.5   H26 [23]p.7-61  

  0.2   H26 [23]p.7-61  
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 3.1-14

 
  

 3.1-14  

  
 

 
  

 N/mm2 36.0    

 kN/mm2 27.9   H26 [23]p.7-61
 

 kN/m3 24.5   H26 [23]p.7-61
 

  0.2   H26 [23]p.7-61
 

[34] 100m

2006 11  

 
 

 
 3.1-15

 
 

 3.1-15  

  
 

 
  

 N/mm2 30.0  60.0 

W/B=45%

 

 kN/mm2 27.6  36.7 H19 [16]p.2-179 2.2-7
30 60  

 kN/m3 24.5   H26 [23]p.7-61  

  0.2   H26 [23]p.7-61  

 
 

 3.1-16  
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 3.1-16  

   
 

 
  

 

 N/mm2 30.0  60.0  

 kN/mm2 18.4  26.8 [33] 
 
 kN/m3 23.0   [23]  

  0.2   [23]  
 
  52.4    

 

 N/mm2 30.0  60.0  
 kN/mm2 19.1  33.0 [33] 

 kN/m3 24.5   [23]  

  0.2   [23] 

 

 N/mm2 60.0  70.0 [33] 

 kN/mm2 36.9  39.4 [33] 

 N/mm2 4.6  5.2 [33] 

 kN/m3 24.5   [23] 

  0.2   [23] 

 

 N/mm2 60  75.0 [33] 

 kN/mm2 28.4  31.2 [33] 

 N/mm2 4.4  5.2 [33] 

 kN/m3 23.0   [23] 

  0.2   [23] 

 
( ) 

 N/mm2 30.0  60.0  

 kN/mm2 27.6  36.7 [16] 

 kN/m3 24.5   [23] 

  0.2   [23] 

 

 N/mm2 36.0   [34] 

 kN/mm2 27.9   [23] 

 kN/m3 24.5   [23] 

  0.2   [23] 

 

 N/mm2 30.0  60.0  
 kN/mm2 27.6  36.7 [16] 
 kN/m3 24.5   [23] 

  0.2   [23] 
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 3.1-10
2  3.1-10  3.1-17  

GL-100

 

 

 
 

 3.1-17  
    

    

  
   

 
 

 
 

 
 
 

 
 

0
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 3.1-28

BB

e-logp
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GL-100.0m GL-100.0m
PL=PG=1.0 MPa   3.1-31  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 3.1-31  
 

 
PG=0.1 MPa  

PC=PG-PL PL=PG-PC
 3.1-32  

 
 

 
 

PL=PG=1.1 MPa  
 3.1-33
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 3.1-32  
 

 
 3.1-33  
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(b)  
8 [5] GX  

3.1-42  
 3.1-41 1.387 

Mg/m3  3.1-42
1.34 Mg/m3 5 10-13 m/sec

 
 

 

 3.1-42 GX  
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20
 

100  
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 3.1-18  

       

 d Mg/m3 1.5 1.6 1.7  
d =1.6 0.1  

w (MPa) 0.38 0.63 1.19 [5] 
k (m/s) 3.00E-13 2.00E-13 1.00E-13 [5] 

 s0  0.1534 0.2108 0.2839  

 
 sp  -0.747 -0.544 -0.404  

 

 
 3.1-60  

 
 
 
 
 
 
 
 
 
 
 
 

 3.1-61  

0.38MPa

0.63MPa

1.19MPa



_1 

_2 _3 



_4 _5 

_6 _7 
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3.1.3 FEM

 
 

 
 

 
 

 
 3.1-76  

 
 

[35]  3.1-77 8
120m  

[36]  3.1-78
1

 
 
 



 

 3-80 

 
 3.1-77 [35] 

 

 
 3.1-78 [36] 

 
1 15m

 

 
 

120m  
15m  

 
 
 

 
 

 3.1-79
 

E E1I1 E2I2 E3I3 I1 I2 I3 (3.1-39) 
 

E  kN/m2  
E1  kN/m2  
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E2  kN/m2  
E3  kN/m2  
I1  m4  
I2  m4  
I3  m4  

 

 
 3.1-79  

 
 

[37]  
43

0 3.0
V

VV
Bkk 00 3.0

1 EkV   (3.1-40) 

 
kV  kN/m3  

kV0  
 

0.3m
kN/m3  

BV  m  
E0  kN/m2  

 
 =4 
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[16] [21] 19
24 [33] 19
26 [5]

 
 3.1-19  

 
 3.1-19  

   
 

 
  

 

 Mg/m3 1.60 1.70 1.6 0.1Mg/m3

 

 MPa 0.63 1.19 19 26
[5]  

 MN/m2 60 30 19 26
[5]  

 

 N/mm2 60   

 kN/mm2 28.4  19 24
[33]  

 N/mm2 4.44  19 24
[33]  

 N/mm2 60  19 24
[33]  

 kN/mm2 36.9  19 24
[33]  

 

 N/mm2 30   

 kN/mm2 18.4  19 24
[33]  
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19 26
[5] 1.6Mg/m3

1.7Mg/m3  
d 1.6Mg/m3 w 0.63 MPa 
d 1.7Mg/m3 w 1.19 MPa 

 
 

 
 3.1-80 [5] 

 
 

19 26
[5]

30 MN/m2 90 MN/m2

30 MN/m2 90 MN/m2

60 MN/m2 30 MN/m2

 
 



 

 3-84 

 3.1-81 [5] 
 
 

19 24
[33]

60 N/mm2  
E  28.4 kN/m2 

 

 

 3.1-82 [33] 
 

19 24
[33]

60 N/mm2  
E  36.9 kN/m2 
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 3.1-83 [33] 
 
 

19 24
[33]

30 N/mm2  
E  18.4 kN/m2 

 

 
 3.1-84 [33] 
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19 24 [33]
60 N/mm2

 
ftk  4.44 N/mm2 

 

 

 3.1-85 [33] 
 
 

 
FREMING FUJITSU

 
 

M
t ta

 

t M Z (3.1-41)
 

M kN m
Z  m3  

 
  



 

 3-87 

 

L L
L0

 

 
 3.1-86  

 
 3.1-86  

i i i

AB O  
AOB i i+1     (3.1-42)

L0 OAB r L0

 
2 2  L0  

r L0 (3.1-43)
 3.1-86 CD OCD
R H  
R  r H 2 
R  L0 H 2  (3.1-44) 

L  
L  2 2  
L  R  

i
i+1

i+1i

H

r
R

L

L0

O

A
B

C
D
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L  (L0 H 2) ( i i+1) (3.1-45) 
L

L L L0 (3.1-46)
 

 
 3.1-20 5  

 
 

 
 

 
 

3.1.3 3.3
 

 
10m

120m 1/4 1/2 3/4 30m 60m 90m  

1.6Mg/m3 1.7Mg/m3 0.63
1.19MPa  

60MN/m2 30MN/m2
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 3.1-20  

case 
  

  
    

m  Mg/m3  MPa  kN/m2  
1 

 
 

 
 

10 

1.60 0.63 60,000 
2 30 
3 60 
4 90 
5 10 

1.70 1.19 30,000 
6 30 
7 60 
8 90 
9 

 
 

10 

1.60 0.63 60,000 
10 30 
11 60 
12 90 
13 10 

1.70 1.19 30,000 
14 30 
15 60 
16 90 
17 

 
 
 

 
 

10 

1.60 0.63 60,000 
18 30 
19 60 
20 90 
21 10 

1.70 1.19 30,000 
22 30 
23 60 
24 90 
25 

 
 

10 

1.60 0.63 60,000 
26 30 
27 60 
28 90 
29 10 

1.70 1.19 30,000 
30 30 
31 60 
32 90 

  



 

 3-90 

 3.1-87  3.1-90  3.1-87  3.1-90
case-1 case-16

case-17 case-32
 

 

 
 3.1-87 case-1 case-8  

 



 

 3-91 

 
 3.1-88 case-9 case-16  

 



 

 3-92 

 

 3.1-89 case-17 case-24  
 



 

 3-93 

 

 3.1-90 case-25 case-32  
  



 

 3-94 

 

 3.1-21
/ /

/ / 15m
 

 
 3.1-21  

case 
 

 
 

 
  

    
kN m  N/mm2  mm  mm  mm  mm  

1 258,686 1.72 0.95 0.70 0.47 0.15 
2 412,564 2.74 2.26 1.39 1.13 0.42 
3 256,138 1.70 3.09 0.68 0.89 0.21 
4 253,149 1.68 3.69 0.00 0.79 0.00 
5 613,858 4.08 2.55 1.03 1.27 0.31 
6 1,102,657 7.33 6.58 1.87 3.15 0.74 
7 877,787 5.84 10.31 0.51 3.01 0.20 
8 674,753 4.49 11.85 0.00 2.08 0.00 
9 243,406 1.62 0.06 1.76 0.03 0.81 
10 218,250 1.45 0.34 1.55 0.20 0.62 
11 206,597 1.37 1.43 1.43 0.61 0.61 
12 218,250 1.45 1.55 0.34 0.62 0.20 
13 607,044 4.04 0.09 5.21 0.05 2.03 
14 618,919 4.11 0.32 5.22 0.20 1.92 
15 527,389 3.51 3.91 3.91 1.68 1.68 
16 618,919 4.11 5.22 0.32 1.92 0.20 
17 238,554 1.21 0.76 0.36 0.38 0.10 
18 420,248 2.14 1.89 0.61 0.94 0.24 
19 320,932 1.63 2.98 0.22 0.87 0.07 
20 256,749 1.31 3.45 0.00 0.62 0.00 
21 572,827 2.91 2.20 0.36 1.03 0.14 
22 1,121,568 5.71 6.26 0.78 2.60 0.29 
23 1,059,546 5.39 10.29 0.14 2.83 0.07 
24 707,037 3.60 10.82 0.00 1.66 0.00 
25 234,359 1.19 0.04 1.54 0.02 0.62 
26 233,249 1.19 0.12 1.50 0.07 0.56 
27 203,441 1.04 1.18 1.18 0.51 0.51 
28 233,249 1.19 1.50 0.12 0.56 0.07 
29 575,253 2.93 0.01 4.51 0.00 1.49 
30 663,782 3.38 0.09 5.16 0.09 1.70 
31 489,474 2.49 2.94 2.94 1.26 1.26 
32 663,782 3.38 5.16 0.09 1.70 0.09 
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 3.1-91  3.1-94
 3.1-93  3.1-94  3.1-19 2012

 [38] 80N/mm2

 
case-1 case-16

case-17 case-32 20%
case-17 case-32

5 30% case-1 case-16
case-17 case-32

case-1 case-16  
 3.1-93  3.1-94

1.6Mg/m3

60MN/m2

2.7N/mm2

1.7Mg/m3

30MN/m2

10m
30m 60m 4.44N/mm2

 
 

 

 3.1-91 case-1 case-16  
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 3.1-92 case-17 case-32  
 

 

 3.1-93 case-1 case-16  
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 3.1-94 case-17 case-32  
 

 3.1-95  3.1-98  
3.1-95  3.1-98 15m

1.7Mg/m3

30MN/m2

90m
12mm

3mm  
 

 
 3.1-95 case-1 case-16  

 

ft=4.44( )

ft=3.53( )
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 3.1-96 case-1 case-16  
 

 
 3.1-97 case-17 case-32  

 

 
 3.1-98 case-17 case-32  
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12mm 3mm
 

 
 

 
 3.1-99 case-1  
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 3.1-100 case-1  

 

 
 3.1-101 case-1  
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 3.1-102 case-2  

 

 
 3.1-103 case-2  
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 3.1-104 case-2  

 

 
 3.1-105 case-3  
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 3.1-106 case-3  

 

 
 3.1-107 case-3  
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 3.1-108 case-4  

 

 
 3.1-109 case-4  
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 3.1-110 case-4  

 

 
 3.1-111 case-5  
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 3.1-112 case-5  

 

 
 3.1-113 case-5  
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 3.1-114 case-6  

 

 
 3.1-115 case-6  

 



 

 3-108

 
 3.1-116 case-6  

 

 
 3.1-117 case-7  
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 3.1-118 case-7  

 

 
 3.1-119 case-7  

 



 

 3-110 

 
 3.1-120 case-8  

 

 
 3.1-121 case-8  
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 3.1-122 case-8  

 

 
 3.1-123 case-9  
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 3.1-124 case-9  

 

 
 3.1-125 case-9  
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 3.1-126 case-10  

 

 
 3.1-127 case-10  

 



 

 3-114 

 
 3.1-128 case-10  

 

 
 3.1-129 case-11  
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 3.1-130 case-11  

 

 
 3.1-131 case-11  

 



 

 3-116 

 
 3.1-132 case-12  

 

 
 3.1-133 case-12  

 



 

 3-117 

 
 3.1-134 case-12  

 

 
 3.1-135 case-13  

 



 

 3-118 

 
 3.1-136 case-13  

 

 
 3.1-137 case-13  

 



 

 3-119 

 
 3.1-138 case-14  

 

 
 3.1-139 case-14  
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 3.1-140 case-14  

 

 
 3.1-141 case-15  

 



 

 3-121

 
 3.1-142 case-15  

 

 
 3.1-143 case-15  
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 3.1-144 case-16  

 

 
 3.1-145 case-16  

 



 

 3-123

 
 3.1-146 case-16  

 

 
 3.1-147 case-17  



 

 3-124

 
 3.1-148 case-17  

 

 
 3.1-149 case-17  

 



 

 3-125

 
 3.1-150 case-18  

 

 
 3.1-151 case-18  

 



 

 3-126

 
 3.1-152 case-18  

 

 
 3.1-153 case-19  

 



 

 3-127

 
 3.1-154 case-19  

 

 
 3.1-155 case-19  

 



 

 3-128

 
 3.1-156 case-20  

 

 
 3.1-157 case-20  

 



 

 3-129

 
 3.1-158 case-20  

 

 
 3.1-159 case-21  

 



 

 3-130

 
 3.1-160 case-21  

 

 
 3.1-161 case-21  

 



 

 3-131

 
 3.1-162 case-22  

 

 
 3.1-163 case-22  

 



 

 3-132

 
 3.1-164 case-22  

 

 
 3.1-165 case-23  

 



 

 3-133

 
 3.1-166 case-23  

 

 
 3.1-167 case-23  
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 3.1-168 case-24  

 

 
 3.1-169 case-24  
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 3.1-170 case-24  

 

 
 3.1-171 case-25  
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 3.1-172 case-25  

 

 
 3.1-173 case-25  
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 3.1-174 case-26  

 

 
 3.1-175 case-26  

 



 

 3-138

 
 3.1-176 case-26  

 

 
 3.1-177 case-27  

 



 

 3-139

 
 3.1-178 case-27  

 

 
 3.1-179 case-27  
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 3.1-180 case-28  

 

 
 3.1-181 case-28  
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 3.1-182 case-28  

 

 
 3.1-183 case-29  
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 3.1-184 case-29  

 

 
 3.1-185 case-29  
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 3.1-186 case-30  

 

 
 3.1-187 case-30  
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 3.1-188 case-30  

 

 
 3.1-189 case-31  
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 3.1-190 case-31  

 

 
 3.1-191 case-31  
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 3.1-192 case-32  

 

 
 3.1-193 case-32  
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 3.1-194 case-32  

 
 

i

L  3.1-85 L
1.0m 1.0m

L 15.0m
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 3.1-22 case-1  
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 3.1-23 case-2  
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 3.1-24 case-3  
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 3.1-25 case-4  
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 3.1-26 case-5  
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 3.1-27 case-6  
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 3.1-28 case-7  
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 3.1-29 case-8  
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 3.1-30 case-9  
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 3.1-31 case-10  
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 3.1-32 case-11  
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 3.1-33 case-12  
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 3.1-34 case-13  
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 3.1-35 case-14  
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 3.1-36 case-15  
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 3.1-37 case-16  
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 3.1-38 case-17  
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 3.1-39 case-18  
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 3.1-40 case-19  
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 3.1-41 case-20  
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 3.1-42 case-21  
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 3.1-43 case-22  
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 3.1-44 case-23  
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 3.1-45 case-24  
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 3.1-46 case-25  
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 3.1-47 case-26  
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 3.1-48 case-27  
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 3.1-49 case-28  

 

  



 

 3-176

 3.1-50 case-29  
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 3.1-51 case-30  
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 3.1-52 case-31  
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 3.1-53 case-32  
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pH

BOTDR/BOTDA BOCDA
[39]

FBG

 

 
 

 
 

[40]

250
 3.2-1  

 

 
 3.2-1  
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 3.2-2  
 

 
 3.2-2  

 

pH

 
 

 
 

 
pH

 3.2-1
No.1 Corning

No.2 [41]
[42] OFS No.3

[43] [44]

250  3.2-3
 3.2-4  3.2-6  

 
 3.2-1  

No.    
1  Corning  SMF-28 Ultra Bare Fiber 
2  OFS  F78814 
3   SMF-RRSMFB 

 

pH
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 3.2-3  

 

 
 3.2-4 No.1 

 

 
 3.2-5 No.2 

 

 
 3.2-6 No.3 

 

No.1 No.2 No.3 
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 3.2-2  
 

 3.2-2  
 No.1  No.2  No.3  

 
  

  
 1310nm / 1550nm 1310nm / 1550nm 1310nm 

 
 

9.2 0.4 m 
 @1310nm 
10.4 0.5 m 
 @1550nm 

8.9 0.5 m 
 @1310nm 
10.0 0.5 m 
 @1550nm 

8.6 0.7 m 
 @1310nm 

 
   

 

 
 

   

 125 0.7 m 125 1 m 125 2 m 

 

0.32dB/km 
 @1310nm 

0.18dB/km 
 @1550nm 

0.5dB/km 
 @1310nm 

0.3dB/km 
 @1550nm 

0.6dB/km 
 @1310nm 

0.5dB/km 
 @1550nm 

 1260nm 1310nm 1260nm 

   
 

 

 242 5 m 250 10 m 245 10 m 
 

 
>1% 
(0.69GPa) 

>1% 
(0.69GPa) 

>1% 
 (0.69GPa) 

 -60 85  -40 85  0 60  
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 3.2-3

250m

 

 
 

 3.2-3  

   
1 2 3 

 2
60  10  50  100  

pH pH13
60  10  50  100  

 200Gy/h  5h 25h 50h 
 

[45] pH

[46] 60

60 [47]
 3.2-7  3.2-4  

[48]
2 6% 60

 
pH [49]

0.5 pH 13.4  
0.3M KOH + 0.2M NaOH + 0.0005M(0.5mM) Ca(OH)2  (3.2-1) 
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 3.2-7  
 

 3.2-4  
  

 4.5kW 
 -40 150  
 20 98  rh 

(W) (D) (H) 1000×800×1000 mm 
 

[45]
[43] [44] [50]  3.2-8

200Gy/h L1
500mSv/h 0.7m

2 10-3 [51] 137
200Gy/h 1 20

3 50 1000
 

 3.2-9  3.2-5  
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 3.2-8  

 

 

 3.2-9  
 

 3.2-5  
  
 137 

 244.2TBq 
 338 600mm 
 300mm 

 4.8 1500Gy/h 
 

 

[52]
 3.2-10  3.2-11 n
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 3.2-10  

 

 
 3.2-11  

  

ns  3.2-12

nd  3.2-13  
3.2-14  

 

 
 3.2-12  

log [ MPa)]

lo
g 

[T
f
(m

in
.)]

- ns
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 3.2-13  

 

 

 3.2-14  
 

70
 3.2-15

No.1
No.2

n

 
8.0 8.5 3 5GPa

125 m 4.4 7.3%  
 

lo
g 

[
f
(M

Pa
)]

1
1+nd
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 3.2-15  

 
 

1 2

T1 T2 [53]
1%

1 T1 1 n=20 0.5%
2 T2 1.05 106 12

n
[52]  

1

2

2

1

T
T

n

         (3.2-2) 

[54] [55]

 
 

 [56] 

1 2 A( ) P1( )
1 P2( ) 2

 3.2-16  

)(
)(log10)(

2

1
10 P

PA        (3.2-3) 

7.6

7.7

7.8

7.9

8.0

8.1

8.2

8.3

8.4

8.5

8.6

-5 -4 -3 -2 -1 0 1 2 3 4

No.1 No.2 No.3 

0.025%/min. 0.25%/min. 2.5%/min. 25%/min.
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 3.2-16  

 
( ) A( )

L  

L
A )()(         (3.2-4) 

OTDR Optical Time Domain Reflectometry
OTDR

OTDR
OTDR  3.2-17

OTDR  3.2-18
OTDR  3.2-19

Z1

Z2  

21

21 )()()(
ZZ
PP

       (3.2-5) 

 

 

 3.2-17 OTDR  

P1 P2 ) (dB)

1 2
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 3.2-18 OTDR  
 

 

 3.2-19 OTDR  
 

[43]
 

1550nm  3.2-20
L 150m A(1550nm)

No.1 No.3
 

 

O
TD

R
dB

P1

P2

Z0 Z1 Z2
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 3.2-20  

 

pH
 

 
 

 

 

FISO FOP-M-BA  3.2-6
 3.2-21  3.2-22
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 3.2-6  
  

 0 1MPa 
 ST  
 M5 30mm  

 

 

 3.2-21  
 

 

 3.2-22  
 

 3.2-23
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 3.2-7  
 

 3.2-7  
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 3.3-1
[58]

 

 
 

 
 

 3.3-1 [58] 
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1,000  3.3-2
[59]

 

 

 
 

 
 3.3-2 [59] 
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LIFE D.N.A.  
 

 
LIFE D.N.A.

Ca
[60]  

 
 

 
Ca  

 

iidii
ii

eff
i QCu

x
Cu

xx
CD

xt
C

  3.3-1  

Ci i i
effD i (m2/s)

ui i (m/s) ud (m/s)  
Qi i  

 
 

LIFE D.N.A.
Nernst-Planck Debye-Hückel

3.3-2 i
effD

 
 

ii
eff DfD 0       3.3-2  

f( )
iD0 i (m2/s) 

 

vol
vol

vol P
Sd
Gc

1
1

      3.3-3  

Gvol (m3/m3) Svol

(m3/m3) Pvol c d (c=1.5 d=0.86) 
 

f( )=0.001+0.07 2 0.18      3.3-4  
f( )=0.001+0.07 2 1.8( -0.18)2 0.18  



 

 3-199

T
baD iii 1exp0       3.3-5  

ai bi T K  
 

OPC
LPC+FA [61]

OPC FA
 

 
 

 

leachcapgeltotal      3.3-6  

total gel cap leach

 
 

gel T.C.Powers [62]  
 

32.0/
19.0
CW

F
gel       3.3-7  

F W/C  
 

cap [61]
3.3-8  

OPC+FA 20 LIFE D.N.A.
LPC+FA cap  

 
cap 0.758 W/C-4.670     3.3-8  

W/C  
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 3.3-3 W/C [61] 

 
 

LIFE D.N.A.  3.3-4 Ca
LIFE D.N.A. Ca

Na K
Ca  3.3-4

LIFE D.N.A.
Acp1 C1Ca n

[63] OPC LPC+FA
 3.3-1

 3.3-4 [63] 
 
 

CP0Ca

Cp1Ca =ACp1 CP0Ca

C0CaC1Ca

Ca(OH)2

C-S-H

Ca2+ (mmol/l)

Ca
C

p(
m

ol
/l)

 

Ettringite
CaCO3
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 3.3-1 Acp1 C1ca n  

 OPC LPC FA 

Acp1 -170/T+1.40 -170/T+1.48 

C1ca 1.5 1.0 

 4.5 7 

[63]

 3.3-5  
 

 
 3.3-5 [63] 

 
Ca  

LIFE D.N.A. Ca 3  
Na K Ca(OH)2 Ca  
Ca(OH)2 C-S-H  
C-S-H Ca  

 
Na K Ca(OH)2

 3.3-4 C0Ca

 
C-S-H Ca (C1Ca) 1.5

1.0 Cp2Ca C0Ca C1Ca
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n

Ca

Ca
cpCapCap C

CACC
/1

0

1
102      3.3-9  

 
Cp2Ca C-S-H Cp0Ca

(mol/L-paste) Cp1Ca C-S-H Ca
Acp1 Cp0Ca Acp1 C-S-H C0Ca Ca(OH)2 Ca

mmol/L C1Ca C-S-H Ca n C-S-H
 

Ca  3.3-1 C1Ca

Ca 0  
 

Na K  
 3.3-6  3.3-7 Na+ K+ Ca

[63] Na+ K+

Ca  
 

0.97 1  

03.0
97.0-1094.81094.8-

][

03.0
97.0-1043.61043.6-

][

0
44

0

0
44

0

KK

NaNa

CrC
K

CrC
Na

  3.3-10  

 
0.97  

rK

rNa

38.9exp10][

04.9exp10][
7

7

     3.3-11  

 
[Na+]* Na+ (mol/L) [K+]* K+ (mol/L) r Ca (mol/L)

Ca C0Na Na+ (mol/L) C0K K+ (mol/L) 
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 3.3-6 CpCa/Cp0Ca Na+ [63] 

 

 
 3.3-7 CpCa/Cp0Ca K+ [63] 

 
 

LIFE D.N.A.

 
 

 
2Na+ + SO42- + 10H2O  Na2SO4 10H2O 

 
 

6Ca2+ + 2Al(OH)4- + 3SO42- + 4OH- + 26H2O  3CaO Al2O3 3CaSO4 32H2O 
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Ca Ca 2

Ca Ca
Ca [64] 412mmol/L

 
 

Na+ Ca2+  
Ca2+ 2Na+

Ca
Na Ca Ca  

 
Na+ OH  

pH 11
Na+ OH [65]  

 
OHOHSiMgONaAlSiHOHNaOHOSiAlMgNa 25

2
721260241022 10421088 3.3-12  

 
Mg2+ Si(OH)5  

 
 

Ca
 

 

piip

nsol

i
ileach CCVh 0

1

      3.3-13  

 
nsol ( ) Vhi (l/mol) Cp0i i

(mol/L) Cpi i (mol/L) 
 

 
 

 
 

 3.3-2
Case1
Case2 2

18 25
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 3.3-8 Case2
Case2 EDZ  

 
 3.3-2  

No.   
 

EDZ  
  

Case1 EDZ  
   

1,000  
 

Case2 EDZ  
   

 
 

 
 3.3-8 28 10  

 
 

Case1  3.3-9  3.3-10 Case1 EDZ

 
 3.3-11

2
25.0m Case2  
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3.3-9 Case1  

 

 
3.3-10 Case1  

 

1.0m

0.6m

0.7m

0.3m

331,171 
356,022 
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 3.3-11  

 
Case2  3.3-12  3.3-13 Case2 EDZ

EDZ
[66] 2.0m  

1.5mm
1.0m  3.3-13

 
3.3-14  
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3.3-12 Case2  

 

 

3.3-13 Case2  
 

1.0m
0.6m

0.7m

0.3m

EDZ

1.5mm@1.0m

331,171 
356,022 
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 3.3-14 Case2  

 
 

 
 3.3-3 Case1

[67] Case2 Case1

pH
[68] [69] [70] [71] pH

pH
pH 28.94 mmol/L

[71]  
 

 3.3-3  

No. pH 
mmol/L  

Na+ K+ Ca2+ SO42- 

Case1
8.5 0.77 0.03 0.125 

0.14

Case2 28.94 
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 3.3-4 10

1.0 10-10 m2/s
50 2.0 10-9 m2/s [72] 0.07m/m

 
Case2 EDZ [66]

104 3.0 10-4  
 

 3.3-4  

   EDZ 

  50.0 60.0 

 m2/s 2.0 10-9 

 m/s 3.0 10-8 3.0 10-4 

 
 m/m 0.07 

 3.3-9  3.3-12  
 

 

 3.3-5
 3.3-6

 3.3-7  
 

 3.3-5  

  
 

 
   

 

    

 OPC LPC+FA 

 0.45 
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 3.3-6  

   

 
OPC =3.16g/cm3 

LPC =3.22g/cm3 

 S =2.68g/cm3 

 G =2.71g/cm3 

 

LEX =3.15g/cm3 

LS =2.71g/cm3 

FA =2.25g/cm3 

 
 3.3-7  

 
%  

CaO Na2O K2O 

OPC OPC 64.17 0.28 0.42 

LPC+FA 
LPC 63.54 0.13 0.35 

FA 3.72 0.83 1.64 

 

 3.3-8
 3.3-9  3.3-10  

 
 3.3-8  

W/B 
%  

s/a 
%  

 
%  

kg/m3  

W B LS S G LPC FA LEX 

45.0 51.5 2.5 160 229 107 20 249 832 786 

 
 3.3-9  

W/B 
%  

s/a 
%  

 
%  

kg/m3  
W OPC S G 

45.0 60.0 3.0 202 449 972 643 
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 3.3-10  

W/B 
%  

 
%  

kg/m3  

W B LS S LPC FA LEX 

45.0 2.5 230 338 153 20 307 1223 

 

 3.3-11  
 

 3.3-11  

  
 

 
   

 
 

(m2/s) 5.0×10-12 5.0×10-13 1.0×10-13 5.0×10-13 

 
(m/s) 1.0×10-12 5.0×10-13 1.0×10-13 5.0×10-13 

pH 13.5 13.3 

 

JNC 1999  
3.3-12  

 
 3.3-12  

 
mmol/L  

Na+ K+ Ca2+ SO42- 

 28.0 0.12 0.053 0.10 

 
 3.3-13

15  
 

 3.3-13  

 
(m2/s) 1.0×10-10 1.7×10-9 

 
(m/s) 5.0×10-13 5.0×10-11 
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15  

 
 

LIFE D.N.A. Ver.2.6.0
LIFE D.N.A.

Ca
 

 
 

 3.3-14 1,000  
 

 3.3-14  

  

Ca  

0 12 100 300 600 1000  

 

 

pH 

m2/s  

m/s  

%  
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Case1 Case2  3.3-36  3.3-155

 
 

EDZ Case1  
 

Case1 Ca  3.3-15 Ca 100
300

Ca
Ca 13.0mol/L

Ca
15 Ca
Ca

 
1,000 Ca

10 12mol/L
Ca

13mol/L Ca
Ca

 

1,000 Ca
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0  100  

  
300  1,000  

 3.3-15 Ca mol/L Case1  
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Case1  3.3-16 100 CSH

Ca(OH)2 Ca
Ca(OH)2

Ca(OH)2 300
Ca(OH)2 3 CSH

1,000
Ca(OH)2 CSH

 
Ca

1,000
Ca(OH)2 CSH  
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 Ca(OH)2 CSH  

0 
 

   

100 
 

   

300 
 

   

1,000
 

   

 3.3-16 (mol/L) Case1  
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Case1 pH  3.3-17
pH

pH [73]
 3.3-17  

100 pH=12.5
3m Ca(OH)2 pH=12.0 12.5

10m 300 pH
pH=12.0 12.5

2m pH=12.5 100 1,000
 

 

  
0  100  

  
300  1,000  

 3.3-17 pH Case1  
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Case1 pH Ca
 3.3-18  

pH
CSH

pH=11 [74] 100
pH=11 Ca

 3.3-15
Ca(OH)2 Ca  

300 pH
Ca

Ca  
1,000 pH=12.0

pH=12.0 1,000
pH=13.0

Ca
300
Ca
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 pH  Ca  

0 
 

  

100 
 

  

300 
 

  

1,000 
 

  

 3.3-18 pH Ca (mmol/L) Case1  
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Case1 SO4 3.3-19 Case1
SO4  

 
 

  

0  100  

  

300  1,000  
 3.3-19 SO4 (mmol/) Case1  
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Case1 Ca  3.3-20
100

Ca
Ca  

300
 3.3-16 Ca(OH)2

Ca
Ca

 
1,000 Ca

Ca
 

 

  

0  100  

  

300  1,000  
 3.3-20 Case1  
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Case1  3.3-15  3.3-21
 

 
3.3-15 Case1  

   
No.  

 
 

 1 

 
 

 2 
 3 
 4 
 5 
 6 

 

 7 
 8 

 9 
 10
 11 

 

 12 
 13 
 14 
 15 

 
 

 16 
 17 
 18 
 19 

 

 
3.3-21 Case1  
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Case1  3.3-22
 3.3-23 No.1 No.2

No.3
 3.3-16

No.1 No.2 No.3
No.1 No.2 No.3

Ca
Ca Ca

No.4 No.5 No.6
No.5  

 

 
 3.3-22 Case1  

 

 
 3.3-23 Case1  
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Case1  3.3-16  
3.3-17  

1,000 10%
5% Ca

 

1,000
 

 
 3.3-16 Case1  

   
No. 

m/s  
 

(0 ) 100  300  1,000  

 

 7 

5.0 10-13 5.0 10-13 

5.1 10-13 5.5 10-13 
 8 5.0 10-13 5.1 10-13 

 9 5.1 10-13 5.5 10-13 
 10 5.1 10-13 5.4 10-13 
 11 5.1 10-13 5.4 10-13 

 

 12 
1.0 10-13 

( ) 
 13 
 14 
 15 

 
 

 16 
5.0 10-13 

( ) 
 17 
 18 
 19 

 
 3.3-17 Case1  

   
No. 

m2/s  
 

(0 ) 100  300  1,000  

 

 7 

1.00 10-10 1.00 10-10 

1.01 10-10 1.04 10-10 
 8 1.00 10-10 1.01 10-10 

 9 1.01 10-10 1.04 10-10 
 10 1.01 10-10 1.03 10-10 
 11 1.01 10-10 1.03 10-10 

 

 12 
1.0 10-13 

( ) 
 13 
 14 
 15 

 
 

 16 
5.0 10-13 

( ) 
 17 
 18 
 19 
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EDZ Case2  
Ca  

Case2 Ca  3.3-24 100
 

300 Ca
Ca
Ca  

1,000
Ca 10mol/L  

1,000 Ca
 

 

  
0  100  

  
300  1,000  

 3.3-24 Ca (mol/L) Case2  
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Case2  3.3-25 100

Ca(OH)2

Ca(OH)2

CSH
 

300 Ca(OH)2

Ca(OH)2 CSH
 

1,000 Ca(OH)2

Ca(OH)2 Ca(OH)2

CSH CAH
CAH Al2+ SO42-
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 Ca(OH)2 CSH  

0 
 

   

100 
 

   

300 
 

   

1,000 
 

   

 3.3-25 mol/L Case2  
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pH  
Case2 pH  3.3-26 100

pH=12.0 pH=12.0
300 1,000 EDZ

pH  
Case1 pH=12.0~12.5 EDZ

 
 

  

0  100  

  

300  1,000  
 3.3-26 pH Case2  

 
 

Case2 pH Ca
 3.3-27 100 Case1

pH Ca
 

300 100 pH
pH Ca
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1,000 pH Ca
 

 
 pH  Ca  
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100 
 

  

300 
 

  

1,000 
 

  

 3.3-27 pH Ca (mmol/L) Case2  
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Case2 SO4 3.3-28 100
SO4

SO4

SO4

 
300 1,000

 
 

  

0  100  

  

300  1,000  
 3.3-28 SO4 (mmol/L) Case2  
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Ca
 

300
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3.3-18 Case2
 No.   

 
 

1  

 
 

 2  
20 

 

3 
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 6 

 

7 
 8 
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14 
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16 
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18 
19 

 
 

 
3.3-30 Case2  
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Case2  3.3-31
 3.3-32 No.1 No.3 No.20

Case1
No.1 No.3 No.20 No.1

No.20 No.3 No.4
No.5 No.6 Case1

No.5  
 

 
 3.3-31 Case2  

 

 
 3.3-32 Case2  
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Case2  3.3-19  3.3-20
 

1,000 10 20%
% Case1 Ca

Case1 1,000
 

 
 3.3-19 Case2  

   
No. 

m/s  
 

(0 ) 100  300  1,000  

 

 7 

5.0 10-13 5.0 10-13 

5.1 10-13 6.1 10-13 
 8 5.0 10-13 5.1 10-13 

 9 5.1 10-13 6.1 10-13 
 10 5.2 10-13 5.5 10-13 
 11 5.2 10-13 5.5 10-13 
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