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RRESEARCH ON THE MAINTENANCE AND RECONSTRUCTION OF THE 
INFRASTRUCTURE SUBJECT TO FROST DAMAGE AND COMBINED EFFECT OF 
DETERIORATION 

Research Period FY2016-2021 
Program Leader Director of Cold-Region Maintenance Engineering Research Group 

KUWAJIMA Masaki 
Research Group Cold-Region Construction Engineering Research Group 

(Structures, Geotechnical) 
  Cold-Region Maintenance Engineering Research Group 

(Materials, Road Maintenance) 
Cold-Region Hydraulic and Aquatic Environment Engineering Research Group 
(River Engineering, Port and Coast) 

Materials and Resources Research Group 

Abstract Extending the lifespan of infrastructure in cold, snowy regions requires research and 
development of technologies that address frost damage and combined deterioration caused by harsh weather 
conditions, such as low temperatures, snow cover, freeze-thaw, snowmelt water, and salt. 
This research and development program aims at cross-sectoral technological development for various 
structures and the systematization of inspection, diagnosis and evaluation methods, repair and 
reinforcement, and renewal and new construction with higher durability, based on the characteristics of the 
mechanism of frost damage and combined deterioration and damage. 
In fiscal year 2020, we carried out laboratory tests and experimental construction to assess the techniques 
for inspecting, diagnosing and evaluating various civil engineering structures, including wheel load tests of 
bridge slabs with horizontal cracks. We also carried out laboratory test and field experiments to test 
techniques for repairing and reinforcing various civil engineering structures, including experimental 
construction to assess effect of geosynthetics with wicking action. We also carried out laboratory tests and 
experimental construction to develop techniques for renovating and building various civil engineering 
structures, including field experiments to develop techniques for applying surface penetrants under cold 
conditions. Finally, we considered draft countermeasure manual for frost damage and combined effect of 
deterioration. 

Key words : frost damage, combined deterioration, concrete structure, road pavement, cut slope 

-5-



8  

88.1  

8.1.1   

0 3%

2

1  

2  

2 1   
2.1.1  

B 2
55%2)

2.67g/cm3 2.65g/cm3

0.87% 2.80
2.67g/cm3

2.64g/cm3 1.66% 7.04
25mm  

AE 42 3)

AE

4)

AE AE
AE

4.5 1.5%2)  
2.1.2  

100mm 100mm
400mm 7

28 20 60%

10mm 5mm 21
100mm

400mm  

-6-



8  

 

 28  

 

(MPa) 

 

 
 

 (%) 

kg/m3  
AE  

    

N-n-18 
 
 
 
 

55 

158 287 872 1058  47.0 -18 16  
23 8   

1 1  N-a-18 150 273 864 1057 38.0 

N-n-40 158 287 872 1058  47.0 -40 16  
23 8   

1 1  N-a-40 150 273 864 1057 38.0 

B-n-18 
 

 
B  

155 282 875 1058  35.7 -18 16  
23 8   

1 1  B-a-18 147 267 865 1058 33.0 

B-n-40 155 282 875 1058  35.7 -40 16  
23 8   

1 1  B-a-40 147 267 865 1058 33.0 

N B AE n a 18
40  

AE  

AE  
(ml/m3) (kg/m3) 2.5ml/kg 

AE 1%  
1%  (g/m3) (kg/m3) 2.5(g/kg/A) 1.7 2.3(A) 

A  

2.1.3  
28

ASTM C 672 6mm
1 1 ASTM

C 672 -18 16 23 8 1 1

-40 5)

16 23 8  

 0 8 17 25 33 42 50 

N0W25   

N8W17      

N17W8      

N25W0   

 

25
25 N

W  

3%
2

8 17 17
8 4  

-7-



8  

22.1.4  
300 25

3 3 1

110

100 100mm
10 20 90mm

(2.1)6) (2.2)

708.20438.140387.4 2
nndn VVE  (2.1) 

100
0d

dn
d E

E
RE  (2.2) 

Edn n (GPa) Vn

n (km/s) REd n
(%) Ed0

(GPa) Ed0

0

20 60%
Ed0

2 2   
2.2.1  

5cm
N0W25 N8W17

N17W8 N25W0 N-n-18
N-a-18 N-n-40 N-a-40 N0W25

N-n-40 85% N-n-40
150

225 250  

B
N0W25

B-a-18 B-a-40 85%
B-n-18 B-n-40

B-n-18 N8W17

150
300

150
B-n-40 N17W8

150 150

AE
-18

-40

B -18

-40

AE
7)

B

8)

B

9)

AE

N-n-18  

-8-



8  

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

N-a-18 N25W0 AE
AE

AE  
2.2.2  

150
N0W25 N8W17

N8W17
N8W17 N17W8 N25W0

AE

N8W17
N25W0 3

3%
3

3%  

-9-



8  

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 50 100 150 200 250 300

0

20

40

60

80

100

0 50 100 150 200 250 300

N0W25
N8W17
N17W8
N25W0

10)

3%11)

3%

2.2.3  

1cm 5cm
150

1cm

1cm 0%  

-10-



8  

N0W25
N8W17

N17W8
N25W0

0
1
2
3
4
5
6
7
8
9

10

0 20 40 60 80 100
0
1
2
3
4
5
6
7
8
9

10

0 20 40 60 80 100

0
1
2
3
4
5
6
7
8
9

10

0 20 40 60 80 100
0
1
2
3
4
5
6
7
8
9

10

0 20 40 60 80 100

N0W25
N8W17
N17W8
N25W0

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5

B-n-18 B-a-18
B-n-40 B-a-40

0.0

0.5

1.0

1.5

2.0

0 1 2 3 4 5

N-n-18 N-a-18
N-n-40 N-a-40

0

20

40

60

80

100

0 1 2 3 4 5

B-n-18 B-a-18
B-n-40 B-a-40

0

20

40

60

80

100

0 1 2 3 4 5

N-n-18 N-a-18
N-n-40 N-a-40

0

20

40

60

80

100

0 1 2 3 4 5

B-n-18 B-a-18
B-n-40 B-a-40

0

20

40

60

80

100

0 1 2 3 4 5

N-n-18 N-a-18
N-n-40 N-a-40

AE 1cm

5cm
90 100% N8W17

N17W8 N25W0 3

AE
B

150

-11-



8  

AE

22 3   

(1) 

(2) AE

3  
3  

3%
11)

10)

0 3% 12)  
0 3%

3 1   
3.1.1  

55%2)

B 2
2.72g/cm3 2.69g/cm3

1.28% 2.81
2.68g/cm3 2.64g/cm3

1.52% 7.04
25mm 8±2.5cm  

 
 

(%) 

 
 

 

kg/m3  

    

55 
 145 264 879 1067 
B 145 264 875 1062 

B B  

4.5±1.5% AE
AE

3.1.2  
100mm×100mm×400mm

-12-



8  

7 28
20 60%

10mm
5mm 21

100mm×400mm

Valenza

13)

10mm  
3.1.3  

28

ASTM C 672 6mm

3.0% 1.5% 0.8% 0.5% 0.2% 0.0%

6  

ASTM C 672
16 8 1 1

ASTM C 672 -18
-18 -40 2

ASTM C 672
23  

3.1.4  
300 25

3

-18
3.0% 0.0%  

110

28kHz

10 20 … 80 90mm
2 (2.1)6) (2.2)

3

n 20 60%
Ed0  

3 2   
3.2.1  

0.0%
3.0% 0.8% 0.2 3.0%

B
300

3.0%

B
14)  

3.2.2  
-18

-13-



8  

0

0.1

0 50 100 150 200 250 300

0.0
0.2
0.5
0.8
1.5
3.0

0

0.1

0 50 100 150 200 250 300

0.0
0.2
0.5
0.8
1.5
3.0

0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300

0.0
0.2
0.5
0.8
1.5
3.0

0

0.2

0.4

0.6

0.8

0 50 100 150 200 250 300

0.0
0.2
0.5
0.8
1.5
3.0

0.0% 0.2% 0.5% 0.8% 1.5% 3.0%

10mm
1

3.0% 0.0% 0
-18 100μm/m 0 -18

5.6×10-6/  

-100

0

100

200

-20 -15 -10 -5 0 5 10 15 20

1

2

-2000

-1500

-1000

-500

0

-20 -15 -10 -5 0 5 10 15 20

2
40×10-6/

3.0% 0.0%

3.0%

42
10) 3.0%

-20 3

3

-14-



8  

-2000

-1500

-1000

-500

0

-20 -15 -10 -5 0 5 10 15 20

 

-5.6 3
-18 460μm/m

390.6μm/m

0.0%

0

0
9% 16)

-18 -1000μm/m

0 -800μm/m
0 -18 200μm/m

-2000

-1500

-1000

-500

0

-20 -15 -10 -5 0 5 10 15 20

3.0%

100μm/m
100μm/m  

0.0% 3.0% 3.9
3.0%

3.2.3  
300

2

0.0 0.2%
0.2 3.0%

B  

-15-



8  

0

0.2

0.4

0.6

0.8

0 1 2 3

0

0.2

0.4

0.6

0.8

0 1 2 3

0

0.2

0.4

0.6

0.8

0 1 2 3

0

0.2

0.4

0.6

0.8

0 1 2 3

0.0 0.5%
0.5 3.0%

 

0.0 3.0%

0.0 0.5%
0.5%  

0

0.2

0.4

0.6

0.8

0 0.2 0.4 0.6 0.8

0.0% 0.2% 0.5% 0.8% 1.5% 3.0%

0

20

40

60

80

100

50 60 70 80 90 100
0.0%
0.2%
0.5%
0.8%
1.5%
3.0%

0

20

40

60

80

100

50 60 70 80 90 100

0

20

40

60

80

100

50 60 70 80 90 100
0.0%
0.2%
0.5%
0.8%
1.5%
3.0%

0

20

40

60

80

100

50 60 70 80 90 100

-18 -40

3.2.4  

300
B

-40 10mm

-16-



8  

AE

33 3   
-18 -40 2 0

3%

(1) 0.0% 3.0%

3.9

(2) 
0.5% 3.0%

-18

4  
4

-10
-10 -40

4 1   
4.1.1  

B
45 55 65%

2.69g/cm3 1.19%
2.67g/cm3

1.80% 25mm
8±2.5cm 4.5±1.5% AE

AE
100mm×100mm× 

400mm  
7

28 20℃ 60%
21

10mm 5mm

 (%) 

(kg/m3) 

 
 

45 150 333 810 1066 
55 145 264 879 1067 
65 150 231 925 1037 

 
B  

45 148 329 809 1065 
55 145 264 875 1062 
65 147 226 928 1040 

 

  
(%) 

 
 

(℃) 
 (%) 

 
 

45 -18 0.0 0.2 0.5 0.8 1.5 3.0 

55 
-10 0.0 0.2 0.5 0.8 1.5 3.0 
-18 0.0 0.2 0.5 0.8 1.5 3.0 
-40 0.0 0.2 0.5 0.8 1.5 3.0 

65 -18 0.0 0.2 0.5 0.8 1.5 3.0 

 
B  

45 -18 0.0 0.2 0.5 0.8 1.5 3.0 

55 
-10 0.0 0.2 0.5 0.8 1.5 3.0 
-18 0.0 0.2 0.5 0.8 1.5 3.0 
-40 0.0 0.2 0.5 0.8 1.5 3.0 

65 -18 0.0 0.2 0.5 0.8 1.5 3.0 

4.1.2  
28 ASTM C 672

6mm 16
8 1 1 300

-10 -18 -40
12

0.0% 0.2% 0.5% 0.8% 1.5%
3.0% 23

4.1.3  
 

-17-



8  

110
28kHz

20 50mm 2
(2.1)6) (2.2) 20 50mm

 
JIS A 1154  

4 2   
4.2.1  

-18

65% B

0.2 0.5%
-10

1.5% 3.0%

-10
3.0%

0.0 3.0% 0
-18

0.5%

4.2.2  
300  

-18-



8  

B

20mm

90% 50mm
100%

4.5%

4.2.3  
300

55% -18

300

B

30 35mm17)

4 3   

-10
-10 -40

(1) 

0.5%
 

(2) 4.5%

(3) 

5  

ASTM C 67218)

5 2  

-19-



8  

 
 
 

(%) 

 
 

 

kg/m3   
 

(cm) 

 
 

(%)   
 

 
 

 
 

NP45 45  
 
 
 

150 333 810 1066 9.7 5.0 
NP55 55 145 264 879 1067 9.2 4.6 
NP65 65 150 231 925 1037 10.1 4.1 
BB45 45  

 
B  

148 329 809 1065 9.0 4.8 
BB55 55 145 264 875 1062 9.5 4.6 
BB65 65 147 226 928 1040 9.7 4.3 

 

19) 

55 1   
5.1.1  

45
55 65%

B
2.72g/cm3 1.28% 2.81

2.68g/cm3 1.52% 7.04
25mm

8±2.5cm 4.5±1.5% AE
AE

100mm×100mm×400mm
7 20

60% 1
28

5.1.2  

20
1

1 1 8 481 /  

 

11 4 11 4

A 8 80 -9.1 K 91 88 -5.7 
B 9 71 -9.7 L 184 85 -6.3
C 34 117 -4.3 M 176 80 -6.9
D 25 73 -7.8 N 157 88 -6.3
E 25 71 -9.0 O 395 117 -9.4 
F 18 78 -3.7 P 158 120 -5.3
G 59 90 -10.3 Q 148 97 -3.5 
H 72 89 -5.1 R 170 103 -5.0
I 57 90 -9.4 S 481 90 -9.0 
J 107 73 -7.8 T 447 61 -8.4 

※ 1 2016.11.1 2017.4.30  
2 2017.11.1 2018.4.30  

0 0 1
61 120 / 11 4

-3.5 -10.3  
5.1.3  

5

10mm  

-20-



8  

 
55.1.4  

1 2

(1)  

φ4mm

φ4mm 6mm
9

50 100 …  350mm 7
63

(2)

28kHz

2 (2.1)6) (2.2)
10 50 80mm  

 

90mm n
Ed0  

5 2   
5.2.1 

2

65%

2

-21-



8  

4

5

6

B

B
10mm 2

65% B

3

5.2.2  
2

10 50 80mm
10mm

10mm

80% 5.2.1

4.1 5.0%

5.2.3  
(1)

1 2
B

1
1

2
55 65% 2

65% 2
N 1

2

B
1

55 65% 1

2
65%

65% B
2

-22-



8  

1  2  

NP45 

NP55 

NP65 

BB45 

BB55 

BB65 

(2)

B

14) B
1
1

1

/

14)

55 65% 1

2

-23-



8  

1
2

///

5.2.4 

2

50 /

50 /

3 % 11)

10)

50 /

5.2.5 
2

5.2.4
50 /

 
5.2.6 

11 4
2

50 /
B

61 120
/

-24-



8  

1
2

2
 

5 3   

2

(1)

(2)

6

5
2

6
4

 
6 1   
6.1.1 

5.1.1

5.1.2

C D 18
5.1.3

5.1.4 (1)  
6.1.2 

6

(6.1) 20)

6
20)  

cITFFTVF (6.1) 

VF FT
( ) F ( ) μ

T
20) t

(6.2) t T
I

c  

-25-



8  

 

   
0 200 0  

201 500 1  
501 800 2  
801 1100 3  
1101 1400 4  

1401 5  

11
4

-12

-10

-8

-6

-4

-2

0

0 500 1000 1500 2000 2500

0 1 2 3 4 5

20) 0 1 5

11 4

 
5

1 1
1  

BB65

BB55

BB45

NP65

NP55

NP45

NP65

m
m

m
m

m
m

0
2
4
6
8

10
12

0
2
4
6
8

10
12

20
40
60

0
2
4
6
8

10
12

0 1 2 3 4 0 1 2 3 4

6 2   
6.2.1 

18

B

65% 1
2 2 50mm

65%
B

2  
B

21)

-26-



8  

NP45 NP55 NP65 

BB45 BB55 BB65 

21) 2 NP65 1 2

 
6.2.2 
(1)  

4
5

50 / 50 /
50 /

6 50 /

 

20
40
60

0
2
4
6
8

10
12

0
2
4
6
8

10
12

0
2
4
6
8

10
12

1 10 100 1000 1 10 100 1000

BB65

BB55

BB45

NP65

NP55

NP45

NP65

50 /
6 /

2
50 /

4
m

m
4

m
m

4
m

m

/ /

4  
(2)  

50 /
4

 

-27-



8  

20
40
60

0
2
4
6
8

10
12

0
2
4
6
8

10
12

0
2
4
6
8

10
12

0 1000 2000 0 1000 2000

4
m

m

BB65

BB55

BB45

NP65

NP55

NP45

NP65

4
m

m
4

m
m

50 /

 

  
 

mm  
NP45 NP55 NP65 BB45 BB55 BB65 

 800 2  0.3 0.6 3.6 0.3 0.9 2.7 
801  1100 3 0.3 0.6 4.7 0.5 1.3 5.6 

1101  1400 4 0.5 1.6 9.4 0.9 2.3 5.4 
1401   5 0.4 3.7 20.4 0.4 2.1 8.4 

 

6.2.3 

2

(1)  
2018

0
10
20
30
40
50
60

0 1 2 3 4 5
0
2
4
6
8

10
12

0 1 2 3 4 5

m
m

Dm=15.1e3.51log t
2 Dm=5.20e2.17log t

2

N
NP65

N
BB65

22)

A
tb

m aeD
log

(6.2) 

Dm

t
A t

1/2 a
b  

N NP65 BB65
Dm

t A
4 1/2 2 NP65

a 15.1 b 3.51 BB65 a 5.20 b 2.17  
(2)

18 (6.2) A
2

18
a b

a
b  

a
0 16 65%

a 10.6 15.1 2
NP65 2

0 6  

b a 0.3 a 1
2 a 0.3

0 6  

-28-



8  

18

Dm=   a e
b log t

2

0

1

2

3

4

5

6

0 0.5 1 1.5 2 0 1 2 3 4 5 6 0 1 2 3 4 5 6101316

45% 55%

65%

b =0.79
(a>0.3)

b =1.17
(a>0.3)

b =2.00
(a>0.3)

B

4
a 1 2 4

4

b
b

b
 

b
a 0.3 b

45% 0.79
55% 1.17 65% 2.00 b

 
(3)

 
b a 0.3

b
0

(6.3)  

CWeb /05.01.0 (6.3) 

W/C (%)  

Dm= a e
b log t

2

(%)

y = 0.0963e0.0463x

R² = 0.9913

0.0

0.5

1.0

1.5

2.0

2.5

40 50 60 70

y = 0.1e0.05x-6.8

a 50 /

a
(6.4)  

FVma
(6.4) 

CWqepm /

VF W/C (%)
m p q  

A 2  

-29-



8  

y = 6E-06e0.0955x

R² = 0.9925

0.000

0.001

0.002

0.003

40 50 60 70

y = 5E-07e0.132x

R² = 0.9907

0.000

0.001

0.002

0.003

y = 0.0012x
R² = 0.0383

0 500 1000 1500 2000 2500

y = 0.0004x
R² = -0.233

0

4

8

12

16

0 500 1000 1500 2000 2500

y = 0.0027x
R² = 0.3332

0 500 1000 1500 2000 2500

y = 0.0028x
R² = 0.0865

y = 0.0006x
R² = -5E-04

y = 0.0002x
R² = -0.466

0

4

8

12

16

D m
= 

  a
ebl

og
t 2

y =  0.0027 xy =  0.0012 xy =  0.0004 x

y =  0.0002 x y =  0.0006 x y =  0.0028 x

NP45 NP55 NP65

BB45 BB55 BB65

a

(%)

y = 5E-07e0.132x

y = 6E-06e0.0955x
BB

50 /

 

a b A

p eq W/C VF 0.1e0.05W/C 2 

W/C (%) 
(45 W/C 65) W/C  

(%) 
 

VF  
p q  (45 W/C 65)  

 
 

 
 p q 

50 /  0.0000005 0.132   
50 /  0.00002 0.041   

B  50 /  0.000006 0.096   
50 /  0.00002 0.056   

 4.5% 
 

 
 

 
 

(6.2) a b A
p q

50 50
 

(6.2)  

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14

4

20
40
60

NP65

18
NP45,55,65 BB45,55,65
4 4

y=0.657x+0.484

mm t=4

4
m

m

4
1

2 NP65  

-30-



8  

 ASTM C 672 18) 

0 0 

1 1 

 
3mm

2 2 
1 3  

3 3 

4 4 
3 5  

5 

5 

 ( ) 

6 

 ( ) 

(4)

ASTM C 672 18)

4

ASTM C 672
5 5

6  

4  

mm

1

2

3

4

5

6

0.01 0.1 1 10 100

4
1.5mm

1.5mm

1) (6.2)
Dm 1.5  

2) (6.2) a b A

3) (6.2) t
W/C VF 3  

3) W/C
VF t W/C

t  

55%

1.5mm

100
B 50 /

1
49% 1 500 2 46%

2 800

3
45%

-31-



8  

0

20

40

60

80

100

2500

2000 1400 1100 800 500

2500
2000

1400

1100

800 500 200

0

20

40

60

80

100

45 47 49 51 53 55

2500 2000 1400 1100

45 47 49 51 53 55

2500

2000

1400 1100 800 500

B

(%)

1.
5m

m

50
/

50
/

0 1 2 3 4 5

4.5%

START

GOAL

45%

2)

6 3   
18

4

(1)

(2)

 

1) 3 2
p.3- 7-5 2016.4 

2) 1) p.3- 2-4 
3) 42

p.32 1967.7 
4) 31

-32-



8  

p.26 1958.12 
5) 
6) 

Vol.24 No.1 pp.1563-1568 2002.6 
7) 

pp.116-121 1999.3 
8) 

5
Vol.34 No.4 pp.72-82 1996.4 

9) Pigeon, M. and Pleau, R. Durability of Concrete in
Cold Climates E&FN SPON pp.16-17 1995. 

10) 
14

1 pp.20-27 2001.7 
11) Verbeck, G. J. and Klieger, P. Studies of Salt Scaling of 

Concrete Highway Research Board Bulletin No.150
pp.1-13 1957. 

12) 
1 (1)

61 29
2018.2 

13) Valenza II, J. J. and Scherer, G. W. : Mechanism for
Salt Scaling, J. Am. Ceram. Soc., Vol.89, No.4,
pp.1161-1179, 2006. 

14) 

2011.3 
15) 

52 20
2009.2 

16) 
p.23 1988.2 

17)  
p.71 2017.11 

18) American Society for Testing and Materials : Standard 
Test Method for Scaling Resistance of Concrete
Surfaces Exposed to Deicing Chemicals 

19) 
20) 

p.131 1974.12 
21) 

E Vol.66 No.3 pp.348-365 2010.9 
22) 2018

p.39 2018.10 

-33-



8  

88.1  

8.1.2  

2

1

5 1

2

2 1

2 2

-34-



Regard3D

MeshLab

gawk

XY

80cm
30

Nikon D7500
AF-S DX NIKKOR 18-55mm 1:3.5-5.6G

70 80
 

22 3

IL-S100
IL-1000

DTP-D-1KS
EDX-1500A

50Hz 3
6

2 4

X 0
Z

2 5

-50

-45

-40

-35

-30

-25

-20

-15

-10

-5

0
02004006008001000

Z
(m

m
)

X (mm)

Regard3D:Regard 3D x64 compiled by MSVC 19.0.24215.1
MeshLab: MeshLab_64bit_fp v2020.07

:gawk

XY

-35-



8  

88.1  

8.1.3   

45 RC

RC
49 RC

RC RC

RC

2
RC

RC RC  

1

45
RC

RC RC

RC
RC

2

RC

-36-



8  

22
2 1

ASR RC

2 2
RC 34m 2

45

200mm

2 3

1) ASR  
2 4 

60mm

2)

ASR

ASR

ASR

2 5

ASR

1  

ASR
Vol.35 No.1 pp.973-978 2013. 

2  2013 2013. 

   

  

0 20 40 60 80
0

10

20

30

40

50

N/mm2

kN
/m

m
2

-37-



8  

33

3 1
RC

3 2 
3000×2000mm

160mm 39

3 3
110kN

3 4
100mm

3 5
E2 E3 E4 E5

E1

E2 E5 1
E3 E4

E2 E5
E3 E4

E2 E5

3 6
RC

4

4 1
ASR

RC

-38-



8  

4 2

0.2 0.5mm

4 3 

78 93%
64 90%

L/50+150

D/100 L/50+150 4 4
RC

RC

t

t

0 10 20 30 40
0

20

40

60

80

100

 (mm)

kN

 N
 L/50   L/150    L/50+150
 D/50   D/100   D/200

-39-



8  

5.

5 1
RC

RC
 

5 2
RC

39

5 3

70 10

19  

5 4
100

1 19

19
19

RC
1

19

RC
RC

6

6 1

29
ASR

6 2
40  

65

305 707.5

2000
1720 140

506 354
40

390
707.5

20

140

160
40

65130 130

80
40D16 or φ16

 

0

2

4

6

8

10

1.E+0 1.E+1 1.E+2 1.E+3 1.E+4 1.E+5 1.E+6

0

10

20

30

40

50

0 2 4 6 8 10

0

200

400

600

800

1000

1200

0 200 400 600 800 1000

-40-



8  

2.3m 1.6m
2 No.1 No.2

39
28 1) ASR

15 55mm
 

No.1 No.2

3 GLS-2000 TOPCON

No.1
170mm 10mm

No.2
E-N

130mm  
66 3

FWD FWD-Light

H

C  

625mm E W 3
300mm 120mm

100kN
C W

25kg
500mm  

-41-



8  

66 4

170mm

30.1kN/mm2

No.1
100kN 1.0mm

2) 0.30
3)

No.1 50
No.2

W C E
0.94mm 1.15mm 1.39mm

E  

W

No.1
100kN

RC
4)

C W

3 5
0mm

C  W  
No.1 0.110 0.109 
No.2 0.086 0.112 

mm

-42-



8  

No.1 C No.2 W
500mm

No.1 W No.2 C
2
0mm

No.1 C W No.2
W

No.2 C

66 5
29 ASR

1)

2)

1) 
RC No.770

pp.13-18 2017. 

2) RC

Vol.374 I-6 pp.419-426 1986. 

3) 
2012. 

4) 

2014 

7
7 1

RC

1)

7 2
40

39
2) ASR

75mm
RC 9

1
8  

PL-200

7 3

 

20mm

20mm

20mm

20, 40mm

1

2 3

-43-



8  

2
3

3

Ed=85%

9
4

3 2
1

6
2

1

C-1

2 20mm

A-1 C-1 C-6 Vn 4,200m/sec
Ed 80%

Vn 2,700m/sec Ed 35%

2
A-1 C-1 C-6

Ed=85%
B-1 B-2

Ed

85%
C-3 C-4 85% C-2 C-5

Ed=85%

Vd

3

2 Ed=85%
Ed

 2  3 20mm   3 40mm

0 25 50 75
0

40

80

120

160

mm

0 20 40 60 80 100 120 140
0

40

80

120

160

%

0 25 50 75
0

40

80

120

160

mm
0 20 40 60 80 100 120 140

0

40

80

120

160

%

0 25 50 75
0

40

80

120

160

mm

m
m

0 20 40 60 80 100 120 140
0

40

80

120

160

%

 
Vn

*1 
m/sec  

Ed
*2 

%  
 

*2 *3 
A-1 4216.9 86.4   
B-1     
B-2     
C-1 4162.4 84.0   
C-2 2666.9 32.0   
C-3 2320.6 22.6   
C-4 999.3 4.1   
C-5 2029.9 20.1   
C-6 4242.2 80.5   

*1 Vn Ed  
*2  
*3  

-44-



8  

 

2
C-2

C-5 20mm Ed

40mm
120mm

Ed 60%
B-1 B-2 C-3 1
Ed 40mm

Ed

Vd

40mm Ed 85%

77 4

1

2
Ed=85%

2

3
1

7 5
1  

2  

1  

Vol.26 No.1
pp.999-1005 2004. 

2  
RC

No.770 pp.13-18 2017. 

8
8 1

1) ASR

49
2)

8 2
O1 O2 50mm

80mm

8

-45-



8  

V H CY
CU _O1

O1 _O2 O2  

3)

4)5) S T  
O1 VCY_O1 VCU_O1

HCY_O1 HCU_O1 Ec-fc' 

Ec-fc'
O1

O2 VCY_O2 VCU_O2

5kN/mm2

HCY_O2 HCU_O2

4)5)

Ec-fc'

O1 VCY_O1 VCU_O1 HCY_O1
HCU_O1 O2 VCY_O2 VCU_O2

O2 HCY_O2 HCU_O2

-  O1

-  1000
4000 2400

-  O1

O2 -  
S

-  

3000

S -  VCY_O2 VCU_O2
17 10 -  

2100 8100 5100

O2
O1 -  

1200

VCY

HCY

VCU HCU

VCY_O1 VCY_O2 HCY_O1 HCY_O2 VCU_O1 VCU_O2 HCU_O1 HCU_O2

V H

V H V H

 

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

N/mm2

kN
/m

m
2 O1 O2 S T

VCY

VCU

0 10 20 30 40 50 60 70 80
0

10

20

30

40

50

N/mm2

kN
/m

m
2

O1 O2 S T
HCY

HCU

0 2000 4000 6000 8000 10000
0

10

20

30

40

50

60

N
/m

m
2

O1

O2

O2

-46-



8  

5800 2500 O1  
O

88 3
ASR RC

O

1200mm
4 BSLO1 BSLO2-1 BSLO2-2 BSLO2-3

BSLO2-3
1 78 127mm

BSLO2-3

BSLO1

= S / u (d - x / 3) 
S u

d x
x

O2 O1 BSLO1
13 30%
BSLO2-3  

8 4
1  

2  

1  ASR
PC

E2 Vol.73 No.2 pp.191-206 2017. 
2  

RC
No.770 pp.13-18 2017. 

3  2017 2017. 
4  46

RC
68 I-414

2013. 
5  ASR

RC
E Vol.63 No.1 pp.166-177 2007. 

300

1200

300300 150150

mm

N/mm2  
*1 

O1 BSLO1 4.87 1.00 

O2 
BSLO2-1 0.69 0.14 
BSLO2-2 1.44 0.30 

BSLO2-3*2 0.65 0.13 

-47-



8  

99

9 1
RC

RC
 

9 2

t=160mm 39

AE
76%  

 

9 3

18 5 1 14
390

2000m/s

9 4
2 1040mm

100×100mm
 

9 5

N
5.0mm 249kN

 

F
N 161kN

35% 6.3mm

10
(

10 1

: mm 

N
F 390

0

100

200

300

0 2 4 6 8

(k
N

)

(mm)

N

F

-48-



8  

1)
2)
3)

110 2
10 3

As

-49-



8  

1)  
2)  
3)  
4)  

1) (JIS A1439 ) 
2) (  

B018T ) 
3) CDF CIF (RILEM TC 117 RILEM 

TC 176 ) 

110 4
0
1
2
3
4
5
6
7
8
9

13 2 11

4

7

0
1
2
3
4
5
6
7
8
9

1 2 3 4 5 6 7 10

-50-



8  

1cm

10 5

1)

 

2)

3)

 

Co

13F55
As 2

100
5 -18 1 3.5

n=3
 

As t=5cm

Co t=6cm

5cm
50Hz

5cm
1cm

10cm

10
cm

2cm 2cm
4cm

 

1.0×104 
No.1 7

No.2 38
No.3 60

-51-



8  

 

100
 

 

Co As
2

1

 

7 cm

LCR  

LCR
2.0×105 50

 230mm

 

NP NP NP NPNP

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

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

kΩ

50

1.0 105

1.0 104

1.0 103

1.0 102

1.0 101

1.0 100

 

1) RC

59

pp 6 2015. 

2)

E1 Vol.73 No.3 p.I-200 2017. 

3)

, 74

pp.V-68 2019. 

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

1.E+05

0 5000 10000 15000 20000

(k
)

(min)

No.1
No.2
No.3 100

1.0 105

1.0 104

1.0 103

1.0 102

1.0 101

1.0 100

1.0 105

1.0 104

1.0 103

1.0 102

1.0 101

1.0 100

1.0 105

1.0 104

1.0 103

1.0 102

1.0 101

1.0 100

7 6038

-52-



8  

111
 

11 1

1)

 
11 2

39
1/2 2

2 1
No.1 1 No.2

No.2

21-8-15-H

15mm
 

960mm 1,320mm

150mm 60mm
500mm

1m
No.1 25kN 1,000

32kN No.2
25kN  

C C 250mm
E W 3  

23 C 30%
3

1,000mm

200 250mm
No.1 4,500m/sec 6

No.2 2,700m/sec 10  
11 3

No.2

mm 1,370 
mm 1,200 
mm 85 

9 * 
mm 20 20  
mm 65 130  

6 * 
mm 57 57  
mm 90 90  

*

N/mm2  kN/mm2  
No.1 48 36.5 27.6 
No.2 42 32.0 23.4 

W

E

←

WL→

CL→

EL→

W

E

↑

-53-



8  

No.1
No.1

No.2  

No.1 25kN
0.78

25kN/32kN
S-N

11.1 2)  

log P / Psx = - 0.09121 log N+log 1.52 (11.1) 

P kN Psx

kN 3) N
 

No.1
0.49 0.62mm No.2 0.94 1.20mm

1/2
No.2

3.26 104 No.1 7.63
106 1/170

No.1  

60mm

No.2
W WL

WL W
E C

CL EL

No.2

No.2

 
11 4

 

1  2016 2016. 

2  RC

Vol.57A pp.1297-1304 2011. 

3  RC

9

pp.627-632 1987. 

m
m

C

E

W
No.1 No.2

m
m

 E  C  W

-54-



8  

112

12 1
RC

1), 2) ASR

3)

RC
 

12 2

4
600mm 180mm 1,500mm

21-8-20H D-D
D-W 90mm

39.9N/mm2

23.6kN/mm2  
 

2 2
S-D S-W

D-D D-W S-W D-W
200mm 200mm

 
500mm

200mm
2m

100kN  
 

 

 
D-D

D-D
D-D

60mm
2 4

1)

 
12 3

 

S-D D-D

 

S-D 
S-W 
D-D 
D-W 

60
0

1500

17
0

2x
13

0=
26

0
17

0

10040
180

56 124
180

3x
85

=2
55

3x
85

=2
55

90

40

720580 200

20
0

20
0

20
0

D19 SD345

D
13

SD
34

5

150 1508x150=1200
1500

150 1508x150=1200

820 820 680680

590

90300111090 300 1110

520 590520

S-W D-W S-D D-D

W E

N

S

CL

(W) (C)

D-D D-W

S-W D-W

-55-



8  

S-W

6.3
10

55
60

S-W
5)

D-W

6.3
10

D-W

 

←W E→←C.LC.L→

←W E→←C.LC.L→

←W C.L→

←

←W C.L→

↑ 
2

←

-56-



8  

 

S-D D-D

2
D-D

S-W 34
S-D 55

D-W 3.9
D-D

 
 

S-D %

S-W
28 S-D 55

D-D D-W

S-D S-W 50 60% 9
40 50%

D-D
D-W 6.3

6.3 10
6.3

 
 
S-W D-W

S-W

28

D-W D-W(W)
9 D-W(C) 5.1

 
12.4  

 

←W C.L→

200mm

320mm

  RC

0

0.4

0.8

1.2

1.6

2

m
m

S-D S-W

D-D D-W

100 101 102 103 104 105 106 107
0

4

8

12

16

%

S-W(C) S-W(W)

D-W(C) D-W(W)

(c) 
0

1000

2000

3000

4000
m

/se
c

S-D S-W

D-D D-W

(b)

(a) 

-57-



8  

1
A B 1), 6)

100 / 400 / C
7)

600
/

146 1
40%

D-W 12.2  

A 8.4 B 2.1 C
1.4

4) 5 1
C1 C2

5

5
 

112 5
1) 

 
2)  

 

 

1) 46

RC

68 I-414 2013 

2) 

Vol.55 No.8 pp.56-59

2013 

3) 2016 2016 

4) 2014 

5) RC

9

pp.627-632 1987 

6) 

RC No.770

pp.13-18 2017 

7) 

RC 29

74 A-38 2018 

A B C 
100 400 600 

146 
122,000 

8.4 2.1 1.4 

D-W

-58-



8  

113

13 1

 
13 2

 

t=160mm 39
 

AE
65%  

 
 

1) 
2) 

 -18 0

F-H/4 100 F-H/2
300  

 
2 1040mm

100 100mm
 

13 3

1/2 F-H/2 N

1/4 F-H/4 N
 

13 4
F-H/2 N

1) 

2) 

 

N
F-H/4 40mm
F-H/2 80mm

0

100

200

300

0 2 4 6 8

(k
N

)

(mm)

N

F-H/2

F-H/4

-59-



8  

114 ASR

14 1
ASR

O

49

ASR  
14 2

 
1 WS

1) O
2 WO1 WO2

3000mm 2300mm WO1 WO2

2350mm 1650mm O
325mm WO1

E

WO1

ASR WO2

 

2000mm
2825mm

1m
2m 300mm 120mm

 
WO1 WO2

100kN
300mm 120mm 100kN

(2)
500mm 200mm T 1

123kN

WS

130kN 140kN 10
170kN

 

WO1 WO2

C
625mm E W 3

 

WO1 WO2

WS
100kN

130
140 170kN

2)

 
Neq  (Pi  P0)m Ni 

Neq P0 Pi

Ni Pi m S-N
m S-N

3) 10.96 =1/0.09121  
log P  Psx   0.09121 log N  log 1.52 

P Psx

4) N Psx (3) (6)

 
*1 mm 3000 2300 

mm 170

16  
*2 mm 130 40  

*2 mm 100 200  

13  
*2 mm 115 55  

*2 mm 200 200  
*1
*2  

(1) 

(2) 

-60-



8  

 
Psx  2 B fv Xm  2 B ft Cm 
B  b  2 dd 
fv  0.656 f’c0.606 
ft  0.269 f’c2/3 

B Xm

Cm

b dd

fv ft
fc’

 
114 3  

100kN

5) (7)
 

Dd  (w  w0)  (wc  w0) 
Dd w w0

wc

 
WO1 100kN E

3
WS O 49

0.4

5)

WO1

WS
5mm  

WO2 E W
WS WO1

WO2 W-N
C

E

 

WS 1449 WO1 1/14 105 WO2

1/3150 4.6
WO2

40mm

 

WO1 WO2

C E W
WO1 E WO2 W

2  
WS 2

W-N

 
WO1 W

E

S

(4) 

(6) 
(5) 

(7) 

 W  C  E  

WS 0.88 
0.22  

1.08 
0.34  

0.90 
0.23  

WO1 1.12 
0.37  

1.16 
0.39  

1.17 
0.40  

WO2 1.75 
0.76  

1.44 
0.56  

1.20 
0.42  

 (7)  

*2 
WS 14,492,400*1

WO1 1,050,000 1 14 
WO2 4,600 1 3150 

*1 (1) 100kN  
*2 Ws  

(3) 

-61-



8  

4)

N

E

ASR
 

WO2

WO1

WO2

 

WS

2mm C W
1200 1449

 
WO1 WS

ECW

N

S

W E

N G1

S G2

W E

N G1

S G2

W E

CL
S G2N G1

E

E

CL

S G2N G1
CL W

W

CL

-62-



8  

E 90 C W
105

E

 
WO2 2 WS WO1

3 5mm

4.6
WS WO1 2 3

 

WO1 WO2

WO1 E 60

60
E

 
WO2 2 W

W

 

14 3  

WS WO1 S-N
(2)

WS 1 WO1 5
(2)

WO1

E

M (3)
T

6) (3) 2  
Psx  2 B fv Xm 

 2 B pm dm fy (dm  B pm dm fy / 1.7 f’c) / 2 Lm 
pm dm fy

Lm

S H V
MH MV

(6)

 
WS

(8) 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

2

4

6

8

10

12

m
m  W

 C

 E

0 20 40 60 80 100 120 140 160
0

2

4

6

8

10

12

m
m  W

 C

 E

0 200 400 600 800 1000 1200 1400 1600
0

2

4

6

8

10

12

m
m  W

 C

 E

N G1

S G2

W E
ECW←

→

←

0 20 40 60 80 100 120 140 160
-100

0

100

200

300

400

500

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-100

0

100

200

300

400

500

-63-



8  

Nexp/Ncal 1.85

(1)

7)

WS
 

WO1 MS 0.16
O 49

E

MH

TS

1.77 1.32 MS

S-N

WO1

 

MV

WO2

WO1 5

TH 0.14
ASR

 
114 4  
1) 

 
2) S-N

 

1) RC

Vol. 

55A pp. 1420-1431 2009. 

2) 2004. 

3) 

RC

Vol. 57A, pp. 1297-1304, 2011. 

4) RC

9

pp. 627-632, 1987. 

5) RC

374 /I-6, pp. 419-426, 1986. 

6) 

RC

426 /V-14, pp. 65-74, 1991. 

7) RC

E2, 

Vol. 72, No. 4, pp. 323-342, 2016. 

-14.4  
 WS WO1 

 MS MS MH TS TH MV 

 (3) (8) (3) 
t 170 165

f'c 35.9 39.8 22.2 39.8 22.2 29.9 

Ec 25.9 28.7 16.0 28.7 16.0 7.8 

Psx 280.0 274.9 221.2 227.3 199.6 310.4 

P/Psx 0.357 0.364 0.452 0.440 0.501 0.322 

Nexp 1.45×107 1.05×106 
Ncal 7.85×106 6.40×106 5.92×105 7.95×105 1.92×105 2.42×107 

Nexp/Ncal 1.85 0.16 1.77 1.32 5.46 0.04 

t mm f'c N/mm2 Ec

kN/mm2 Psx kN P kN
Nexp Ncal  
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11) -

11)

1
2 3  
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condition) TPU

33.1.4   
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Holm

1) S. Houvinen et al. The abrasion of concrete in arctic
offshore structures, Porc. of the 7the International
Conference on Offshore Mechanics and Arctic
Engineering (OMAE), Vol.3, pp.233-240, 1988.

2) J.E. Janson Long term resistance of concrete offshore
structures in ice envinment, Porc. of the 7the
International Conference on Offshore Mechanics and
Arctic Engineering (OMAE), Vol.3, pp.225-231, 1988.
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3) Y. Itoh et al. Estimation method for abrasion of
concrete structures due to sea ice movement, Proc. of
4th International Offshore and Poloar Engineering ,
Vol.2,  pp.545-552, 1994.

4)

5)

6)

7)

8)
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