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Full-scale Experiment on New Seismic Reinforcement for Road Embankment by 
Using Flexible Container Bag

– Verification for Early Restoration and Mid and Long-term Maintenance of Roads After 
an Earthquake Disaster –

Hiroshi NAKAZAWA*, Yohsuke KAWAMATA*, Satoru SHIBUYA***, Akihira MORITA**, 

Kyung-Beom JEONG***, Jemin BAEK***, Shoji KATO***, Tara Nidhi LOHANI***, Satsuki KATAOKA***, 

Osamu TAKEMOTO**, Yoshitaka MORIGUCHI**, Takahito INOUE*  and Koichi KAJIWARA* 

*Earthquake Disaster Mitigation Research Division,
National Research Institute for Earth Science and Disaster Resilience, Japan

**Hyogo prefecture, Japan

***Graduate School of Engineering, Kobe University, Japan

Abstract

It is well known that many of the existing road embankments spreading across Japan require drastic maintenance, 
because their earthquake resistance is considerably questionable due to the poor quality of the embankment 
materials used and insufficient compaction. In order to solve these problems, it is important to develop efficient 
and high cost-performance methods as an urgent task for engineers in charge of road management. Therefore, 
the authors proposed a seismic reinforcement method for road embankments by using flexible container bag that 
can reuse local embankment materials. In this study, a series of shake table tests on a full-scale road embankment 
was conducted at E-Defense in order to verify the reinforcement effects of the flexible container bag structures 
installed at the toe of the embankment. Based on the results obtained from the shake table tests, it was qualitatively 
confirmed that the flexible container bag structures can improve seismic resistance of the whole embankment.

Key words: Earthquake resistance method for road embankment, Flexible container bag, Earthquake resistant, Full-
scale model, Shake table test
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1. 

2019 11

1995 IC

2009

2

1

2016–2017
2

2019 11
2-3

1
b

c

d

2

W16 m×D4 m×H4.5 m 4 m
2

1

2



3

c  +b  a  

d  

1 
Fig. 1 Concept of earthquake resistance countermeasures for road embankments.

2  
Fig. 2 Difference between conventional restoration method and the method proposed in this study.
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4

2. 

4

2.1   2007
1

2007
5

40 km 37 13 136 41
11 km M6.9

6 6

IC IC
S53 55

35 m IC 180
20 m 40

103
11

53
1

3
1985

7

7 1

7

1

1 5

Table 1 List of large-scale damages along Noto toll road.

3 5

Fig. 3 Location map of disaster area.

a  5.6kp

b  6.3kp

1 5

Photo 1 Photos of Noto toll road earthquake damages.
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4 15 m

N

5

2.2   2009
2009 8 11 5 7

SA

7

2.2.1   
34.5 

138.3 23 km
M6.5

6 8

40 m 
6

2 9

H
7

H
8

H 9  

4 5

Fig. 4 Relationship between earthquake damage 
and road embankment properties.

5 
5

Fig. 5 Conceptual diagram regarding the basic policy 
of main restoration work for earthquake 
damage embankment of Noto Toll Road.

6 9

Fig. 6 Earthquake disaster location map in 
Makinohara district.
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6

H
H

H

9 10

2 

9  

2 9

Photo 2 Damage situations.

8 1 9

Fig. 8 1st change restoration plan.
7 9

Fig. 7 Initial recovery plan.

10 3 9

Fig. 10 3rd change restoration plan for improvement.
9 2 9

Fig. 9 2nd change restoration plan.
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8
12 24 8 15 24

9

9 11

2.2.2   

24

9

a  
GPS 24 2 1

24
b  

1

c  

2 L/min
2009 10 8 5

18 

10 6 0 8 15  83.5 mm 10

100 L/min

2.2.3   

11

1

a  
b  

c  

11 9  

Fig. 11 Additional reinforcement works for emergency 
recovery.

12 11  

Fig. 12 Mechanism of slope collapse.
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8

d  
e  

12

2.2.4   

4
11 a  

b  

13

2.3   1995
1995 1 17 5 46

14
12

IC
15 m 12-13

IC

13

13 11

Fig. 13 Plan of main restoration work upward route .

14 12  
Fig. 14 Damage map along highway embankments.
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34 35.9

135 2.1 16 km
M7.3

7 14

IC
15 m 5 m

N 5 15
3 D

30 m

4

13

IC

4
H

15 IC 12

Fig. 15 Damage map at Okura-dani IC.

3 IC 12

Photo 3 Damage situation at Okura-dani IC.

4 IC 13

Photo 4 Recovery status situation at Okura-dani IC.

16 IC 13

Fig. 16 Recovery cross section at Okura-dani IC.
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1

16
1 1.5

13

3. 

1

1 , 3 , 15

17

2016–2017

2

3.1   
3.1.1   

16

50 cm 20 cm

18

2 Hz
40
100 250 450 Gal

30 50 100 kN/m2

3.1.2   
19 20

21

100 kN/m2 450 Gal
1 mm

17 3

Fig. 17 Restoration method of embankment using 
flexible container bag structure.

18 16

Fig. 18 Outline of small shake table test.
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0.1 mm

21
50 kN/m2

100 kN/m2

450 Gal 90%
10%

3.2   
3.2.1   

2016–2017
2

22 Case1
Case2 Dc

23
3

16-17

19 16

Fig. 19 Relationship between acceleration and horizontal 
displacement of flexible container bag structure.

20 16

Fig. 20 Relationship between acceleration and vertical 
displacement of flexible container bag structure.

21 
16

Fig. 21 Relationship between acceleration and pre-stress 
reduction rate of flexible container bag structure.

a  Case1

b  Case2

22 3

Fig. 22 Experimental cross sections.
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ρs 2.652 g/cm3

1.971 g/cm3 wopt
11.05% 24

5

2 14.5 m×15.0 m
12.0 m×12.0 m

4,900 kN
4,900 kN 0.5 G 490 Gal

2,450 kN 0.8 G 784 Gal
±22 cm

5.0 m
3.1 m 11.6 m

 

a  Case1

b  Case2

23 17

Fig. 23 Compaction degree and water content of 
experimental embankment.

24 17

Fig. 24 Grain size distribution curve.

a  Shake table

b  Soil container

5 
Photo 5 Experimental devices.

2 
Table 2 Specification of shake table.
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wc= 10% Dc= 90%
30 cm

1 1.2 4.0 m
4.0 m

25
100 cm

Case2
Case1 26

1/3 1.4 m
20 cm

50 cm 30 kg
6

75 kN/m2

2 Hz 40

20 s
100 250 750 Gal

3.2.2   
Case1 Case2 2
250 Gal

500 Gal
750

800 Gal 750 Gal
5 7.5 s

10 s

27 28

Case2
1.4 m

25 Case1 3

Fig. 25 Accelerometers installed in the embankment.

26 Case2 3

Fig. 26 Flexible container bag structure.

27 Case1 3

Fig. 27 Assumed slip surface of untreated embankment.

28 Case2  3

Fig. 28 Assumed slip surface of embankment reinforced 
at the toe of the slope.
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29 3D

6

250 Gal 750 Gal
3

4 25
Case2 Case1
750 Gal

30 Case2 Case1
1 2

29 3

Fig. 29 Results of three-dimensional territorial laser measurement.

6 3

Photo 6 State of embankment after destruction.

b  Case2a  Case1

3 250Gal 3

Table 3 Maximum acceleration response in embankment in 250 Gal shaking.

Case1 362 357 343 364 376 366 353 354 371 365 377

Case2 370 373 387 389 375 391 369 369 370 382 394

Case1 765 713 737 1229 1242 1217 1368 1560 1359 1409 2150

Case2 855 705 316 571 1193 1115 1309 1391 1136 1680 1327

4 750Gal 3

Table 4 Maximum acceleration response in embankment in 750 Gal shaking.
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75 kN/m2

2

7

8
50 kN/m2

3.3   

2

2019 11

4. 

2
2019

11 12-13 2

30 3

Fig. 30 Distribution of acceleration amplification factor in 
each layer of embankment.

7 
 75 kN/m2  18

Photo 7 Flexible container bag structure applied at the 
toe of the slope of reinforced embankment.

8 
 50 kN/m2  19

Photo 8 Flexible container bag structure applied at the 
toe of the slope of reinforced embankment.
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4.1   
9

5
1,200 t

900 cm/s2 1,500 cm/s2

±100 cm ±50 cm 4 m

10

4.0 m
4.5 m 16.0 m

30

31 2 7
8 30

31 11 5

11 12–13

9 
Photo 9 Full scale three-dimensional shake table.

5 
Table 5 Specifications of shake table.

10 
Photo 10 Installation of soil container on the shake 

table.

31 
Fig. 31 Experimental flow.
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4.2   

11 32

33
2

4.5
2

1

1

33 
Fig. 33 Outline and cross-section of the experimental 

model.

32 
Fig. 32 Detailed drawing of steel soil container.

11 
Photo 11 Steel soil container.

a  

b  
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4.3   
6

34
9.5 mm

SF-G
2

35
ρdmax 1.998 2.150 g/cm3

36
CD 30

35º  ' 52º

37
RO 20

6 
Table 6 Physical and mechanical properties of 

embankment materials.

34 
Fig. 34 Grain size distribution of embankment material.

35 
Fig. 35 Result of compaction test.

36 
Fig. 36 Laboratory test results for embankment materials.

37 
Fig. 37 Dynamic deformation characteristics of 

embankment material.

4.4   
4.4.1   

38
39 12
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20 cm 0 2 4 6 8
10 2 50 cm

RI

3 13
28 cm

800 kg

38 
Fig. 38 Storage situation of ground material for embankment model.

39 
Fig. 39 Cross section of test embankment.

12 
Photo 12 Situation of test embankment.

13 RI
Photo 13 Investigation status of RI and sand replacement 

method.

40 
Fig. 40 Relationship between compaction degree and 

number of compaction in test embankment.
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20

40 7

85 90% 8

wopt= 8%

6%
4.4.2   

50 cm  50 cm

 

50 cm 50 cm
170 kg

50 cm 25 cm
41 2

8

2
A B C D

4 PS
40 kN/m2 90 kN/m2

90 kN/m2

2 Hz 40

150 250 450
600 Gal  

41

42 3

7 
Table 7 List of construction results in test embankment.
0 2 4 6 8 10

RI
(%) 72.1 82.3 84.6 83.3 85.2 87.9

(%) 6.2 6.0 6.1 6.1 5.7 6.1

(%) 68.0 88.2 83.6 87.4 90.7 91.6

(%) 6.0 5.9 5.9 6.1 5.8 5.9

41 
Fig. 41 Schematic diagram of experimental model.

b  a  

42 
Fig. 42 Loading conditions and stacking method.
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8
40 kN/m2 600 Gal

90 kN/m2

250 Gal 2

43
44 450 Gal

20 21
16

43 44

100 kN/m2

1 m 1 m

4.5   
2

1
1

4.5.1   
33

2

25 t

8 
Table 8 Acceleration amplification factor.

43 
Fig. 43 Relationship between input acceleration and 

loading reduction rate.

44 
Fig. 44 Relationship between input acceleration and 

vertical displacement.
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15
800 kg

8

3 RI
JGS1614-1995 1 m 1

JIS A 1214

14 17
9 10 45

 6.3% RI
6.7%

87.6% RI 89.0%

18
4.0 m

0.1 m 1 1.5
3.0 m

4.5.2   

11
46

47

14 
Photo 14 Situation of compaction by roller.

15 
Photo 15 Watering situation.

16 RI
Photo 16 Measurement using RI instrument.

17 
Photo 17 Measurement status by sand 

replacement method.
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

 (m) 0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25 3.45 3.65

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

Dc (%) 86.3 90.0 86.0 86.3 87.4 88.9 85.7 85.1 88.0 86.0 87.5 89.0 87.6 88.8 88.7 88.5

(%) 6.3 4.7 5.1 6.7 6.8 6.2 6.0 7.5 6.8 8.5 6.7 6.5 6.3 5.7 6.2 5.1

2 4 6 8 10 12 14

 (m) 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.45

2 2 2 2 2 2 2 2

Dc (%) 87.2 88.6 93.2 86.4 87.5 90.7 91.3 87.6 

(%) 6.4 6.4 5.9 7.2 7.6 7.2 6.5 6.4 

9 RI
Table 9 Measurement results by RI instrument.

10 
Table 10 Measurement results by sand replacement method.

a

b

45 
Fig. 45 Measurement results at each height 

of the embankment.

a  t = 20 cm

b  t = 5 cm

18 
Photo 18 Construction status of asphalt pavement 

on embankment crest.
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A H150-150-7-10-3960 10

B H150-150-7-10-1348 2

C H150-150-7-10-2331 4

D H150-150-7-10-1028 2

E L100-100-10-600 20

F L100-100-10-200 20

G H150-150-7-10-898 2

 H150 150 – 1925 2500 2

 H150 150 – 1925 3300 2

 H150 150 – 1925 2500 2

 H150 150 – 1925 3300 2

 H150 150 – 1925 2500 2

A H150 150 – 1925 3300 1

B H150 150 – 1925 3300 1

M24 M24 2620 8.8 8

M24 M24 1470 8.8 16

M24 M24 1000 8.8 24

M24 M24 1000 8.8 4

M24 M24 1000 8.8 8

11 
Table 11 Part materials list.

46 
Fig. 46 Cross section on Installation of flexible container bag structure.

47 
Fig. 47 Diagram of anchor-mounting base structure.
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 48

 
49 50

 
 51
 

46

 
19

48 
Fig. 48 Detailed view of anchoring unit.

49 
Fig. 49 Structural drawing of lower frame of confining pressure plate.

50 
Fig. 50 Lower frame of confining pressure plate.

51 
Fig. 51 Upper frame of confining pressure plate.
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1
2 2 4

1 2
2

4
4

4.4.2  
100 kN/m2

52

5 2019/11/07
69.9

71.5 kN/m2

72.3 73.1 kN/m2

81.7 kN/m2

19 
Photo 19 Construction status of flexible soil container 

structure.

a  b  

c  

d  

e  

20 
Photo 20 State of Pre-stress loading.

52 
Fig. 52 Measurement result of pre-stress loaded on 

flexible container bag structure.

20
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12

4.6   

13
53 56 21

13 
Table 13 List of sensors.12 

Table 12 Pre-stress loaded on flexible container bag 
structure just before shake table tests.

1 2 1 2 1 2

(kN/m2) 81.8 83.7 70.4 71.6 80.9 80.4

ASW-5AM36
37

LK-500
28

12

20

44

53 
Fig. 53 Arrangement of accelerometers.

54 
Fig. 54 Arrangement of laser displacement meters.



447 2020 7

28

55 
Fig. 55 Arrangement of load cells.

56 
Fig. 56 Arrangement of strain gauges.

b  a  
21 

Photo 21 Installation of accelerometers.

25 cm

L
22
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23

24
25

15

26 3D

21 3D
376 Gal 660 Gal

c  
  

b  a  

22 
Photo 22 Installation of laser displacement meters.

23 
Photo 23 Installation of load cells.

24 
7 H=1.75 m

Photo 24 Installation of strain gauges to assume slip 
surface in embankment.

25 

Photo 25 Attachment of the strain gauges of 
anchors on the lower foundation frame.

26 
Photo 26 Targets of three-dimensional dynamic 

displacement measurement.
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30

4.7   
14 11 12 13

2 f=5 Hz
40 1 100 250
450 Gal 2

750 Gal

22 15

125 Gal
Case1 125 Gal 245 Gal
Case2 245 Gal 376 Gal
Case3 276 Gal

660 Gal Case4 660 Gal

11/12

9:00
13:30 40 Gal 1 y

14:00 5Hz 40
100 Gal
250 Gal
450 Gal

1 y

15:00 40 Gal 1 y
15:30

11/13

9:00
14:00 5Hz 40 750 Gal 1 y

15:00 40 Gal 1 y
15:30

14 
Table 14 Schedule of shake table tests.

15 
Table 15 Condition of shake table tests.
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5. 

5.1   

+ +

5.1.1   
1  

+ –

57
58 16

Case4 660 Gal Case3
376 Gal

Case1 125 Gal Case2 245 Gal
+

–
Case3 376 Gal

Case4 660 Gal
+

–

2  

59 60～ 63
Case1～ 4

Case1 125 Gal
Case2

245 Gal

Case3 376 Gal 2.5 m
A17 A18 3.25 m A22 A24

– +

58 c

57 
Fig. 57 Acceleration measurement line located in the center of the embankment.
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b  Case2 245 Gala  Case1 125 Gal

d  Case4 660 Galc  Case3 376 Gal

 + –

58 
Fig. 58 Response acceleration amplification factors in the center of the embankment.

Case1 125 Gal Case 2 245 Gal
(m/s2) (m/s2)

(+) (+) (-) (+) (-) (-) (+) (-)
3.90 m 2.43 -2.44 1.97 1.95 5.56 -5.26 2.49 2.34

3.25 m 2.38 -2.48 1.93 1.98 5.57 -5.57 2.50 2.48
2.50 m 2.18 -2.26 1.76 1.81 5.08 -5.35 2.28 2.38
1.75 m 1.85 -1.91 1.50 1.52 4.40 -4.41 1.97 1.97
1.00 m 1.60 -1.67 1.30 1.34 3.49 -3.60 1.56 1.60

0.00 m 1.35 -1.34 1.09 1.07 2.59 -2.56 1.16 1.14
1.23 -1.25 1.00 1.00 2.23 -2.24 1.00 1.00

Case 3 376 Gal Case 4 660 Gal
(m/s2) (m/s2)

(+) (+) (-) (+) (-) (-) (+) (-)
3.90 m 15.79 -11.89 4.20 3.26 23.63 -19.97 3.60 3.03

3.25 m 7.93 -9.58 2.11 2.63 17.68 -16.11 2.70 2.44
2.50 m 6.40 -7.45 1.70 2.05 11.91 -12.34 1.82 1.87
1.75 m 5.87 -5.68 1.56 1.56 10.10 -9.88 1.54 1.50
1.00 m 5.26 -5.00 1.40 1.37 9.11 -7.94 1.39 1.20

0.00 m 4.17 -4.18 1.11 1.15 7.64 -7.21 1.16 1.09
3.76 -3.64 1.00 1.00 6.56 -6.60 1.00 1.00

16 
Table 16 Response accelerations and amplification factors in the center of the embankment.
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Case4 660 Gal
2.5 m

3.25 m
58 d

Case3 4
3.9 m A26 A28

62 a
63 a

5.1.2   
64

65 66 Case1～ 4

1  Case1 125 Gal

+ –

2  Case2 245 Gal

3  Case3 376 Gal

– +

4  Case4 660 Gal
Case3

5.2   
5.2.1   

67
6

4
Z06 Z05

1  
17

Case1 125 Gal
1 mm Case2
245 Gal 3.2 4.7 mm

Case3 376 Gal
Case4 660 Gal

68 Case2 245 Gal

2  
18

69 Case2
245 Gal

Case1 125 Gal 0.1 mm
Case2

245 Gal 1.4 mm

5.2.2   
70

2

2

1  
19

71 Case3
376 Gal
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59 1  
Fig. 59 1  Acceleration measurements of embankment on the one-step type and two-step type sides.

a  H=3.9 m a  H=3.9 m

b  H=3.25 m b  H=3.25 m

c  H=2.5 m c  H=2.5 m

d  H=1.75 m d  H=1.75 m

e  H=1.0 m e  H=1.0 m

f  f  

60 Case1 125 Gal
Fig. 60 Acceleration time histories in Case1 Maximum 

125 Gal wave .

61 Case2 245 Gal
Fig. 61 Acceleration time histories in Case2 Maximum 

245 Gal wave .
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59 2  
Fig. 59 2  Acceleration measurements of embankment on the one-step type and two-step type sides.

a  H=3.9 m a  H=3.9 m

b  H=3.25 m b  H=3.25 m

c  H=2.5 m c  H=2.5 m

d  H=1.75 m d  H=1.75 m

e  H=1.0 m e  H=1.0 m

f  f  

62 Case3 376 Gal
Fig. 62 Acceleration time histories in Case3 Maximum 

376 Gal wave

63 Case4 660 Gal
Fig. 63 Acceleration time histories in Case4 Maximum 

660 Gal wave .
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64 1  
Fig. 64 1  Acceleration measurements of flexible container bag structure.

b  Case2 245 Gala  Case1 125 Gal

d  Case4 660 Galc  Case3 376 Gal

 + –

65 
Fig. 65 Amplification factors of response acceleration in the outer part of flexible container bag structure.
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64 2  
Fig. 64 2  Acceleration measurements of flexible container bag structure.

b  Case2 245 Gala  Case1 125 Gal

d  Case4 660 Galc  Case3 376 Gal

 + –

66 
Fig. 66 Amplification factors of response acceleration in the outer part of flexible container bag structure.
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Z01 Z02 Z05 Z06 Z03 Z04

Case1 125 Gal 0.1 0.3 0.2 0.3 0.3 0.3

Case2 245 Gal 3.9 4.5 3.9 4.7 3.2 3.9

Case3 376 Gal 8.2 9.1

Case4 660 Gal 9.1 9.9

mm

67 1  
Fig. 67 1  Displacement measurements at the crest of embankment.

17 
Table 17 Residual settlements of the crest of embankment.

68 Case2 245 Gal
Fig. 68 Time histories of vertical displacement at the crest of embankment in Case2 Maximum 245 Gal wave .

+ –

b  Z02 2a  Z01 1

d  Z06 2c  Z05 1

f  Z04 2e  Z03 1
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Y01 Y02 Y03 Y04

Case1 125 Gal 0.1 0.0 0.0 -0.1

Case2 245 Gal 1.4 1.2 -0.9 -1.0

Case3 376 Gal

Case4 660 Gal

mm

67 2  
Fig. 67 2  Displacement measurements at the crest of embankment.

18 
Table 18 Residual horizontal displacements at the crest of embankment.

b  Y02 2

d  Y04 2

a  Y01 1

c  Y03 1

+ –

69 Case2 245 Gal
Fig. 69 Time histories of horizontal displacement at the crest of embankment in Case2 Maximum 245 Gal wave .
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Case1 125 Gal
Case2 245 Gal

Case3 376 Gal

Case2

2.8 3.0 mm
1.6 1.7 mm Case3
376 Gal 4.4

5.2 mm
3.0 3.1 mm Case4
660 Gal

Z07 Z08 Z09 Z10
Case1 125 Gal 0.2 0.2 0.0 0.2
Case2 245 Gal 3.0 2.8 1.7 1.6
Case3 376 Gal 5.2 4.4 3.1 3.0
Case4 660 Gal

mm

70 1  
Fig. 70 1  Displacement measurements in flexible container bag structure.

19 
Table 19 Residual settlements of flexible container bag structure.

b  Z08 2a  Z07 1

d  Z10 2c  Z09 1

71 Case3 376 Gal
Fig. 71 Time histories of vertical displacement of flexible container bag structure in Case3 Maximum 376 Gal wave .

+ –
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2  

20 72 73
Case3 376 G

Case1 125 G

Y05 Y06 Y07 Y08 Y09 Y10
Case1 125 Gal 0.3 0.3 0.4 0.3 0.2 0.2
Case2 245 Gal 4.7 4.2 5.0 3.8 3.9 3.2
Case3 376 Gal 17.4 15.8 17.1 12.8 9.6 7.9
Case4 660 Gal

Y05 Y06 Y07 Y09 Y10 Y08 Y09 Y10

Case1 125 Gal 0.2 0.2 0.1 0.2 0.2 0.2 0.1 0.1

Case2 245 Gal 1.5 1.8 1.7 1.8 1.7 1.7 1.3 1.6

Case3 376 Gal 4.5 4.4 4.7 4.6 4.6 4.4 3.6 3.3

Case4 660 Gal

mm

Case2 245 Gal
3.2 5.0 mm 1.3 1.8 mm

Case3
376 Gal 17.4 mm

4.7 mm

70 2  
Fig. 70 2  Displacement measurements in flexible container bag structure.

20 
Table 20 Residual horizontal displacements of flexible container bag structure.



447 2020 7

42

5.3   
74

21
Case1～ 4 75～ 78

Case1～ 4

/
1  Case1 125 Gal

1%

2  Case2 245 Gal
29.1%

12 % 3%

3  Case3 376 Gal
78.4%

15 kPa
37.4% 10%

70 3  
Fig. 70 3  Displacement measurements in flexible container bag structure.

72 Case3 376 Gal
Fig. 72 Time histories of horizontal displacement of one-step type flexible container bag structure in Case3 Maximum 376 Gal wave .

+ –

b  Y06 2a  Y05 1

d  Y08 2c  Y07 1

f  Y10 2e  Y09 1
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4  Case4 660 Gal

4.2

4.5 kPa
3.1 9.4 kPa

13.0 17.2 kPa

70 4  
Fig. 70 4  Displacement measurements in flexible container bag structure.

73 3 376 Gal
Fig. 73 Time histories of horizontal displacement of two-step type flexible container bag structure in Case3 Maximum 376 Gal wave .

+ –

b  Y12 2a  Y11 1

d  Y14 2c  Y13 1

f  Y16 2e  Y15 1

h  Y18 2g  Y17 1
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74 1  
Fig. 74 1  Pre-stress measurements in flexible container bag structure.

21 
Table 21 Change in pre-stress after shaking.

Case1 125Gal

1-A 1-B 2-1-A 2-1-B 2-2-A 2-2-B

(kPa) 81.85 83.62 71.99 71.99 80.86 80.43

(kPa) 81.08 82.84 71.51 71.51 80.81 80.35

(kPa) 0.77 0.78 0.48 0.48 0.05 0.08

(%) 0.94 0.93 0.67 0.67 0.06 0.10

Case2 245Gal

1-A 1-B 2-1-A 2-1-B 2-2-A 2-2-B

(kPa) 80.92 82.75 69.93 71.74 80.78 80.29

(kPa) 57.34 60.99 61.48 63.19 78.43 78.01

(kPa) 23.58 21.76 8.45 8.55 2.35 2.28

(%) 29.14 26.30 12.08 11.92 2.91 2.84

Case3 376Gal

1-A 1-B 2-1-A 2-1-B 2-2-A 2-2-B

(kPa) 57.39 60.95 61.35 63.25 78.39 77.94

(kPa) 12.39 14.32 38.39 40.31 70.74 71.05

(kPa) 45.00 46.63 22.96 22.94 7.65 6.89

(%) 78.41 76.51 37.42 36.27 9.76 8.84

Case4 660Gal

1-A 1-B 2-1-A 2-1-B 2-2-A 2-2-B

(kPa) 13.42 15.1 38.29 39.99 70.57 70.62

(kPa) 5.48 4.19 9.44 3.11 13.00 17.2

(kPa) 7.94 10.91 28.85 36.88 57.57 53.42

(%) 59.17 72.25 75.35 92.22 81.58 75.64
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74 2  
Fig. 74 2  Pre-stress measurements in flexible container bag structure.

75 Case1 125 Gal
Fig. 75 Time histories of pre-stress in Case1 Maximum 125 Gal wave .

76 Case2 245 Gal
Fig. 76 Time histories of pre-stress in Case2 Maximum 245 Gal wave .

b  1-B

b  1-B

a  1-A

a  1-A

d  2-2-B

d  2-2-B

c  2-2-A

c  2-2-A

f  2-1-B

f  2-1-B

e  2-1-A

e  2-1-A
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b  1-B

b  1-B

a  1-A

a  1-A

d  2-2-B

d  2-2-B

c  2-2-A

c  2-2-A

f  2-1-B

f  2-1-B

e  2-1-A

e  2-1-A

74 3  
Fig. 74 3  Pre-stress measurements in flexible container bag structure.

77 Case3 376 Gal
Fig. 77 Time histories of pre-stress in Case3 Maximum 376 Gal wave .

78 Case4 660 Gal
Fig. 78 Time histories of pre-stress in Case4 Maximum 660 Gal wave .
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5.4   

4 CTC 1.0 m

4
2

79
1

79 U D 1

+ +

1

T kN εave

E kN/m2

A m2 E
200,000,000 kN/m2 A

= 24 mm 0.0004524 m2

 
22

80 83
80 83

S3

S2 S4

S1 S5

Case1
125 Gal

±1 kN
Case2 245 Gal Case1

S3
S2 S4

S1 S5

Case3 376 Gal Case2

79 1  
Fig. 79 1  Measurements of anchor axial force with strain gauges.
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245 Gal S3
S2 S4

S1 S5
Case4

660 Gal Case2 245 Gal

S3

53.4 66.9 kN

79 2  
Fig. 79 2  Measurement of anchor axial force with strain gauges.

Case1
125Gal

(kN) (kN)
S1-1 S1-2 S2-1 S2-2 S3-1 S3-2 S4-1 S4-2 S5-1 S5-2
0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0
-0.5 -0.3 0.2 0.2 0.3 0.9 0.3 0.2 -0.4 0.0
0.6 0.6 0.5 0.4 2.8 3.8 0.5 0.3 1.1 0.1
-0.9 -0.6 -0.3 -0.5 -1.7 -1.8 -0.2 -0.1 -1.3 -0.1

Case2
245Gal

(kN) (kN)
S1-1 S1-2 S2-1 S2-2 S3-1 S3-2 S4-1 S4-2 S5-1 S5-2
-0.4 -0.3 0.2 0.2 0.4 0.9 0.3 0.2 -0.5 0.0
-4.3 -3.6 0.2 0.3 1.0 2.2 0.4 0.2 -4.1 0.0
0.9 1.6 0.8 1.2 10.5 13.6 0.9 0.6 1.8 0.3
-5.1 -4.6 -0.5 -0.9 -5.9 -7.3 -0.1 -0.1 -5.8 -0.4

Case3
376Gal

(kN) (kN)
S1-1 S1-2 S2-1 S2-2 S3-1 S3-2 S4-1 S4-2 S5-1 S5-2
-4.5 -3.7 0.2 0.3 0.9 2.1 0.4 0.2 -4.0 0.0
-6.0 -5.6 -0.1 0.1 1.2 4.1 0.4 0.1 -7.2 0.0
2.4 5.0 1.1 1.2 25.3 30.9 0.9 0.6 0.4 0.6
-9.6 -6.0 -0.6 -0.4 -8.4 -8.7 -0.1 -0.3 -9.3 -0.7

Case4
660Gal

(kN) (kN)
S1-1 S1-2 S2-1 S2-2 S3-1 S3-2 S4-1 S4-2 S5-1 S5-2
-5.7 -5.1 0.2 0.4 1.2 3.9 0.6 0.2 -7.1 0.3
-4.6 -5.1 0.1 0.3 -7.7 -7.8 0.6 0.1 -12.5 0.3
5.5 8.1 0.9 1.0 53.4 66.9 1.4 0.9 5.2 1.1
-9.4 -5.5 -0.8 -0.5 -10.5 -10.2 -0.7 -0.6 -13.5 -0.5

22 
Table 22 Change in anchor axial force after shaking.

(+): (–)
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79 3  
Fig. 79 3  Measurement of anchor axial force with strain gauges.

81 Case2
Fig. 81 Time histories of anchor axial force in Case2.

80 Case1
Fig. 80 Time histories of anchor axial force in Case1.

a  S1-1a  S1-1

b  S2-2b  S2-1

c  S3-1c  S3-1

d  S4-1d  S4-1

e  S5-1e  S5-1
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79 4  
Fig. 79 4  Measurement of anchor axial force with strain gauges.

a  S1-1a  S1-1

b  S2-2b  S2-1

c  S3-1c  S3-1

d  S4-1d  S4-1

e  S5-1e  S5-1

83 Case4
Fig. 83 Time histories of anchor axial force in Case4.

82 Case3
Fig. 82 Time histories of anchor axial force in Case3.
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5.5   
5.5.1   

3D
Case1

4 84

IDT Os
MotioProY 1,600
1,200 1,000 /

4,000
TIFF 

JPEG AVI 
SIGMA f = 15 mm

F2.8 IDT LED 120E
1 2

85
3D

 
5.5.2   

3D 84
27

70º

36.1º Dyp

Pnm

84 
Fig. 84 Shooting layout.

27 
Photo 27 Target placement.

b  a  
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85
23

4,000

/

5.5.3   
86 Case3

85 
Fig. 85 Measurement data processing left column is one-step type and right column is two-step type .

a  Case1 125 Gal

b  Case2 245 Gal

c  Case3 376 Gal

d  Case4 660 Gal
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6. 

 
6.1   

28 a d
Case1

125 Gal Case2 245 Gal

23 
Table 23 List of measurement points for each case.

86 
Fig. 86 Result of three- dimensional dynamic 

displacement measurement.

a  

b  

c  
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d  Case4c  Case3b  Case2a  Case1
28 

Photo 28 Situation of embankment after shaking.

b  

b  

a  

a  
29 Case3

Photo 29 Slope damage situation in Case3.

30 Case4
Photo 30 Slope damage situation in Case4.
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Case3
376 Gal

29 a
29 b

Case4
660 Gal

30
6.2   
6.2.1   

1

31
87

32

Case4

6.2.2   
88 Case3 Case4

-
a Case3

6 cm

12 cm

6 cm

89

89 b Case3

31 
Photo 31 Target plate.

87 
Fig. 87 Conceptual diagram of three-dimensional 

territorial laser measurement.

32 
Photo 32 Laser scanner.
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90 
Fig. 90 Deformation diagram in the center line aling 

the shaking direction.

Case3 Case4 90
Case4

40 mm 50 mm

186 mm 178 mm

6.3   

90

6.3.1   

PANDA PANDA

33
1

1 qd

2 PANDA

a  Case3

b  Case4
88 

Fig. 88 Results of three-dimensional 
territorial laser measurement.

a  

b  

89 
Fig. 89 Situations of slope by three-dimensional 

territorial laser measurement.
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1,400
2,000 10

qd

91 a c PANDA
qd a

1
qd

2 A M
P V x

1
MV2/2

qd N

qd 0.2 0.3N  3a
qd 0.4 0.5N  3b
qd 0.6 1N  3c

6.3.2   
92

qd

25 30 cm
qd

50 cm

GL –0.3 –0.8 m GL.–0.8
–1.0 m qd

6.4   
6.4.1   

H=3.9 m
H=3.85 m

34

H=3.65 m

6.4.2   

35

33 PANDA
Photo 33 Penetration test using PANDA.

91 PANDA
Fig. 91 Outline of PANDA equipment and the 

test procedure.
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b  a  

92 
Fig. 92 Results of cone penetration test.

b  a  
34 

Photo 34 Excavation investigation.

b  a  

35 
Photo 35 Damage situation of slope.
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93  

6.4.3   
36

1.4 m

93 
Fig. 93 Damage investigation of slope with total station.

a

b  2

c  2

d  2

e  2

36 
Photo 36 Status of trench excavation.
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2.5 m 2 1.75 m
3 1.0 m 4

6.5   
10 cm

4.6 

94

4 1.0
1.75 2.5 3.25 m

Case1 125 Gal
Case2 245 Gal

95 Case2 245 Gal
96

Case2 245 Gal

Case2

Case3
376 Gal Case4 660 Gal

97 99
Case3 376 Gal Case4

660 Gal

2
98 100

Case3 376 Gal Case4
660 Gal

97 99

 Case3 376 Gal

97
Case3

29
19

98

Case4 99

94 
Fig. 94 Laying positions of geogrid with strain gauges for estimation of sliding collapse surface.
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3 4
H=1.0 H=1.75 m

95 Case2 245 Gal
Fig. 95 Maximum strain values during shaking at each measurement position in Case2 Maximum 245 Gal wave .

b  R-4-2 H=3.25 ma  L-4-3 H=3.25 m

d  R-3-4 H=2.50 mc  L-3-3 H=2.50 m

f  R-2-4 H=1.75 me  L-2-1 H=1.75 m

h  R-1-5 H=1.00 mg  L-1-1 H=1.00 m

96 Case2
Fig. 96 Time histories of strain at the position where maximum strain occurred at each measurement height in Case2.
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97 Case3 376 Gal
Fig. 97 Maximum strain values during shaking at each measurement position in Case3 Maximum 376 Gal wave .

98 Case3
Fig. 98 Time histories of strain at the position where maximum strain occurred at each measurement height in Case3.

b  R-4-2 H=3.25 m

d  R-3-4 H=2.50 m

f  R-2-3 H=1.75 m

h  R-1-4 H=1.00 m

a  L-4-4 H=3.25 m

c  L-3-4 H=2.50 m

e  L-2-1 H=1.75 m

g  L-1-1 H=1.00 m
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99 Case4 660 Gal
Fig. 99 Maximum strain values during shaking at each measurement position in Case4 Maximum 660 Gal wave .

100  Case4
Fig. 100 Time histories of strain at the position where maximum strain occured at each measurement height in Case4.

h  R-1-5 H=1.00 m

f  R-2-4 H=1.75 m

d  R-3-4 H=2.50 m

b  R-4-2 H=3.25 ma  L-4-3 H=3.25 m

c  L-3-3 H=2.50 m

e  L-2-1 H=1.75 m

g  L-1-1 H=1.00 m



447 2020 7

64

7. 

101 2 FEM

102

24 25
7.1   

26
103

Case1 Case3

a  

b  

101 FEM
Fig. 101 Illustration of FEM mesh.

102 
Fig. 102 Dynamic deformation characteristics.

24 
Table 24 Constants of geo-materials.

25 
Table 25 Constants of structural parts.



65

104 Case1
Case3

7.2   
27

Case3

26 
Table 26 Shaking condition.

27 
Table 27 Acceleration response magnification.

m 200

m 200

b  

b  

a  

a  

103 
Fig. 103 Residual deformation distributions.

104 
Fig. 104 Maximum acceleration distributions.
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8. 
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1  Case1
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2
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245 Gal Case1

2.5

3.2
4.7 mm

29%
12% 3%

3  Case3
376 Gal

4.7 mm
17.4 mm

3

78.4%
37.4%

10%

4  Case4
660 Gal
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