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Severe rainstorms brought by Typhoon Talas in 2011 caused a number of deep-seated catastrophic 

landslides across the mountainous Kii Peninsula in Japan. In the areas where these landslides occurred, the 

extreme precipitation generated positive pore-water pressure. In an attempt to better understand the 

mechanism of the landslides triggered by Typhoon Talas, in this study, we examined core samples from 

several districts heavily impacted by Typhoon Talas to establish a relationship between crack characteristics 

and generation of positive pore-water pressure. Core samples obtained by boring were examined visually 

and analyzed with geological X-ray computed tomography scans, and the samples were grouped into three 

categories according to crack types: clay-filling disintegration type, band fracturing type and simple 

cracking type. Consolidated undrained triaxial compression tests and cyclic undrained triaxial tests were 

performed on three types. Consolidated undrained triaxial compression test results indicated that positive 

pore-water pressure rose quickly when the crack included clay. Additionally, cyclic undrained triaxial tests 

showed a substantial increase in pore-water pressure when clay-filling disintegration type was exposed to 

cyclic loading. 

Key words: consolidated undrained triaxial compression test, cyclic undrained triaxial test, deep-seated 

catastrophic landslide, pore-water pressure 

 

 

1. INRODUCTION 

 
Many deep-seated catastrophic landslides occurred 

following the heavy rains produced by Typhoon 

Talas in the Kii Peninsula of Japan in 2011 

[Matsumura et al., 2012]. To minimize damage and 

loss of life, it is necessary to identify potential 

landslide points and the mechanisms of these events 

beforehand. Numerous studies of the landslides 

focused on geological factors [e.g., Chigira et al., 

2013; Wu et al., 2011], hydrological factors [e.g., 

Jitousono et al., 2004], and roles of precipitation 

[e.g., Kinoshita et al., 2013a]. Kinoshita et al. 

[2013b] also examined roles of soil strength for 

landslide occurrence in Akadani (Fig.1). In 

Akadani, the landslide was divided into two blocks 

(see Fig.2). Kinoshita et al. [2013b] attempted to 

understand the upper block deformation and lower 

block collapse under loading that occurred as a 

result of extreme rainfall of Typhoon Talas in 2011. 

Samples were obtained near the slip surface of 

several landslides in the Kii Peninsula. Shear tests 

and ring shear tests were performed to investigate 

the soil strength and pore-water pressure under 

shearing loads. The average shear resistance angle 

was 34.5°, which was considered high. Additionally, 

shear ring tests indicated a change in the shear from 

pore-water pressure measurements.  
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Although Kinoshita et al. [2013b] tested soil 

strength, information about strength of weathered 

rocks in landslide mass induced by Typhoon Talas 

was still limited. And, although it can be thought 

that fractures in bedrock give large impacts on rock 

strength, roles of fracture in rocks on strength of 

weathered rocks in landslide mass induced by 

Typhoon Talas has not been fully tested. So, in this 

study, the extent of the landslide formation was 

examined using triaxial compression tests by which 

the pore-water pressure in the samples was 

investigated under compression conditions. Cyclic 

triaxial tests were used to gain insight into the 

collapse mechanism related to the deformation of 

the upper portion of the slide and the resulting lower 

portion collapse. 

 

2. STUDY SITES AND INVESTIGATION 

METHOD 

 
2.1 Summary of the sediment disaster by 

Typhoon Talas in 2011 

The Kii Peninsula experienced the brunt of the 

storm, receiving extensive rain from September 3 

into the early morning hours of the September 4 by 

Typhoon Talas. Most of the region experienced 

over 1,000 mm of rainfall from 17:00 on August 30, 

2011, until the storm ended. However, several areas 

experienced higher rainfall amounts and 

precipitation of 1,322 mm or more occurred in 

many areas. Total rainfall of 1,652.5 mm in a 72-h 

period was recorded by an automated 

meteorological data acquisition system (AMeDAS) 

in Kamikitayama Village, Nara; in total, 1,808.5 

Table 1 Conditions of core samples used in the 

consolidated-undrained triaxial compression tests. 

 Core 

No. 

Sampling 

depth below 

ground 

level(m) 

Sampling 

direction 

Serial 

numbers 

Akadani 

No.1 

8.02-8.16 Plumb 1 

8.18-8.32 Plumb 2 

14.35-14.49 Plumb 3 

17.20-17.40 Plumb 4 

24.45-24.65 Plumb 5 

34.35-34.50 Plumb 6 

39.00-39.15 Plumb 7 

No.2 
32.29-32.48 Plumb 8 

36.00-36.30 Plumb 9 

No.3 
6.37-6.57 Slant 10 

8.62-8.82 Slant 11 

Nagatono No.1 

75.58-75.79 Plumb 12 

76.57-76.83 Plumb 13 

77.55-77.76 Plumb 14 

Iya No.1 
54.01-54.23 Plumb 15 

56.80-57.00 Plumb 16 

Shimizu No.1 

8.75-7.89 Plumb 17 

11.55-11.69 Plumb 18 

13.50-13.64 Plumb 19 

18.10-18.25 Plumb 20 

19.05-19.20 Plumb 21 

Fig.1 Five investigation sites impacted by deep-seated 

catastrophic landslides produced by Typhoon Talas, 2011. 

aa Fig.2 Proposed deep-seated catastrophic landslide mechanism 

of Akadani area [Kinoshita et al., 2013a]. 

Table 2 Conditions of core samples used in the cyclic undrained 

triaxial tests. 

 Core 

No. 

Sampling 

depth below 

ground 

level(m) 

Sampling 

direction 

Serial 

numbers 

Akadani 

No.1 
16.80-17.00 Plumb 22 

35.65-35.85 Plumb 23 

No.2 49.00-49.20 Plumb 24 

No.3 15.03-15.28 Plumb 25 

Nagatono No.2 

21.20-21.30 Plumb 26 

57.35-57.55 Plumb 27 

59.40-59.60 Plumb 28 

Kuridaira No.1 
23.35-23.52 Plumb 29 

28.10-28.32 Plumb 30 

 

 

Iya Kuridaira 

Nagatono 

Shimizu 

Akadani 

Kyoto 

Mie 
Nara 

Wakayama 

Osaka 
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mm of rain was recorded at this site over the storm’s 

duration. Radar analysis and rain-gauge estimates 

indicated even higher totals in some areas, in excess 

of 2000 mm. Flooding and large-scale sediment 

disasters occurred in Nara, Wakayama, and Mie 

Prefectures. Additionally, streams were blocked by 

the collapsed sediment from over 17 deep-seated 

catastrophic landslides. Overflow and the collapse 

of natural dams were of particular concern. 

 

2.2 Study sites    
Our study was conducted in five districts: Akadani, 

Nagatono, Kuridaira, Iya, and Shimizu, as shown in 

Fig. 1. All sites are underelain by accretionary 

sedimentary rocks:  Shimanto groups. This is a 

type of sandstone with alternating layers of shale, 

creating a dip slope structure. 

 

2.3 Sampling 

We believe that the deep-seated catastrophic 

landslides were controlled by pore-water pressure 

near the slip surface; this pore-water pressure 

degraded the rock strength. We took 30 samples 

from 5 sites (Tables 1 and 2). The specific boring 

Fig.3 (a)Plane and (b)longitudinal views of Akadani area. Dotted line in (a) is longitudinal profile of (b). 

 
 

Fig.4 (a)Plane and (b)sectional views of Nagatono area. Dotted line in (a) is longitudinal profile of (b). 

 

 

Fig.5 (a)Plane and (b)sectional views of Kuridaira area. Dotted line in (a) is longitudinal profile of (b). 
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points of each site and the longitudinal views of the 

main lines are shown in Figs. 3–7.The degree of 

cracking and weathering varied among the sites and 

we obtained core samples. The crack types were 

divided into three: clay-filling disintegration type, 

band fracturing type and simple cracking type. 

Photographs and XCT scans are shown in Figs. 8–

10 for each type.  

About clay-filling disintegration type, clay filled 

0.3–1.5cm crack openings; minute cracks were 

observed at the top and bottom of the crush zone. 

About band fracturing type, the top and bottom of 

the crack side had a width of 0.5–1 cm, 

accompanied by small cracks in the top and bottom 

of the crush zone. About simple cracking type, the 

crack was slanted slightly with respect to the 

horizontal plane; the rock at the top and bottom of 

the crack side was not accompanied by crush.  

 

2.4 Triaxial compression test 

Fig.9 (a) Photograph of band 

fracturing type. (b) XCT scan of 

the sample. 

(a) (b) 

 

 

Fig.8 (a) Photograph of 

clay-filling disintegration type. 

(b) XCT scan of the sample. 

(a) (b) 

  

Fig.10 (a) Photograph of simple 

cracking type. (b) XCT scan of the 

sample. 

(a) (b) 

  

Fig.7 (a)Plane and (b)sectional views of Shimizu area. Dotted line in (a) is longitudinal profile of (b). 

 
 

 

 
Fig.6 (a)Plane and (b)sectional views of Iya area. Dotted line in (a) is longitudinal profile of (b). 
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We performed consolidated undrained triaxial 

compression tests (  ̅̅̅̅ ) to investigate the behavior of 

the pore-water pressure under compression 

conditions; 21 samples were 

included in this test (Table 1). 

Cyclic undrained triaxial tests 

were used to investigate the 

behavior of the pore-water 

pressure under cyclic loading; 9 

samples were included in this test 

(Table 2).  

2.4.1 Consolidated undrained 

triaxial compression test 

The consolidated undrained 

triaxial compression tests 

followed the guidelines specified 

by the "Method for 

consolidated-undrained triaxial 

compression test on soft rocks 

with pore-water pressure 

measurements (JGS 2533-2009)" 

of the Japanese Geotechnical 

Society standard. The restriction 

pressures of the tests (150–1,700 

kPa) were set in reference to the 

effective load in the collection 

depth for each sample. The backpressure for all 

samples was set to 100 kPa. A distortion speed of 

0.01% min
−1

 was used for the axis compression 

Table 3 Conditions of the consolidated-undrained triaxial compression tests. 

Serial 

numbers 

Confining 

pressure 

(kPa) 

Crack type Crack angle 

from the 

horizontal 

plane(degree) 

Wet 

density 

(g/cm3) 

1 150 Clay-filling disintegration 41 1.903 

2 150 Clay-filling disintegration 56 2.059 

3 300 Clay-filling disintegration 29 2.421 

4 400 Clay-filling disintegration 45 2.353 

5 550 Clay-filling disintegration 30 2.170 

6 750 Clay-filling disintegration 57 2.355 

7 900 Clay-filling disintegration 18 2.207 

8 800 Band fracturing 56 2.499 

9 800 Simple cracking 49 2.326 

10 800 Band fracturing 34 2.526 

11 800 Band fracturing 36 2.423 

12 1,700 Simple cracking 51 2.429 

13 1,700 Simple cracking 30 2.453 

14 1,700 Band fracturing 71 2.434 

15 1,200 Simple cracking 46 2.282 

16 1,300 Simple cracking 45 2.282 

17 200 Clay-filling disintegration 27 1.878 

18 200 Clay-filling disintegration 26 1.997 

19 200 Clay-filling disintegration 38 2.166 

20 300 Band fracturing 43 2.526 

21 300 Simple cracking 49 2.583 

 

Serial 

number 

Crack type At the time of the biggest pore-water pressure At the biggest principal stress 

difference 

Axial 

strain 

εa(%) 

Principal 

stress 

difference 

(σa-σr) 

(kPa) 

The biggest 

pore-water 

pressure 

Umax 

(kPa) 

Umax/ 

(σa-σr) 

 

Axial 

strain 

εa(%) 

The 

biggest 

principal 

stress 

difference 

(σa-σr) 

(kPa) 

Pore- 

water 

pressure 

U 

(kPa) 

1 Clay-filling disintegration 5.0 255.1 70.4 0.276 20.0 449 35.5 

2 Clay-filling disintegration 1.4 394.8 75.1 0.190 17.6 1359 -109.4 

3 Clay-filling disintegration 2.3 740.7 112.2 0.151 20.0 1222 -24.5 

4 Clay-filling disintegration 2.5 1137.3 150.0 0.132 9.8 1718 43.5 

5 Clay-filling disintegration 3.5 1678.3 82.8 0.049 20.1 2519 -51.4 

6 Clay-filling disintegration 2.7 1676.6 91.2 0.054 3.8 1798 88.8 

7 Clay-filling disintegration 3.8 1493.4 149.1 0.100 20.0 1892 9.6 

8 Band fracturing 2.5 3080.4 63.4 0.021 15.3 6694 -42.0 

9 Simple cracking 3.8 2676.0 26.9 0.010 2.0 4361 23.5 

10 Band fracturing 2.5 2772.3 86.5 0.031 7.6 6355 -12.2 

11 Band fracturing 2.3 1716.6 81.0 0.047 3.2 1854 73.9 

12 Simple cracking 1.0 9057.9 8.0 0.001 1.7 12957 -18.0 

13 Simple cracking 2.0 6589.4 140.1 0.021 5.8 8074 -6.0 

14 Band fracturing 4.0 4198.9 98.1 0.023 11.7 4860 27.5 

15 Simple cracking 5.3 2944.9 72.8 0.025 12.6 3730 -4.0 

16 Simple cracking 1.2 8583.9 65.4 0.008 2.4 13131 30.6 

17 Clay-filling disintegration 4.2 607.9 64.7 0.106 13.3 954 8.2 

18 Clay-filling disintegration 4.1 433.4 59.2 0.137 19.1 724 -7.6 

19 Clay-filling disintegration 5.8 527.7 64.1 0.122 18.4 744 34.7 

20 Band fracturing 1.9 772.4 106.7 0.138 12.8 1837 -80.6 

21 Simple cracking 1.8 995.1 16.5 0.017 9.0 1628 4.3 

 

Table 4 The results of the consolidated-undrained triaxial compression tests 
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process. Compression 

loading was performed 

once the axis distortion 

reached 20%. 

2.4.2 Cyclic-undrained 

triaxial test 
Cyclic undrained triaxial 

tests were performed, 

according to the guidelines 

specified by the ''Method 

for cyclic triaxial test to 

determine deformation 

properties of geomaterials 

(JGS0542-2009)” of the 

Japanese Geotechnical 

Society standard. 

The test conditions were 

as follows: 

・Compaction pressure was 

800 kPa. 

・Non-drainage conditions 

were assumed during shear 

measurements. 

・Compression stress was 

evaluated initially using 

1,000-kPa loading. 

・Initial loading conditions 

were frequency, 0.5 Hz; 

five waves having a single 

amplitude of 100 kPa. 

・ Subsequent loadings 

were similar to the initial 

loading, but the single 

amplitude increased in 

100-kPa increments each 

time, until reaching 1,000 

kPa. 

・Finally, the compression 

stress was increased 

statically until the axis 

distortion reached 20%. 

The loading speed 

assumed was 1% min
−1

. 

 

3. RESULTS 
3.1 Results of the 

consolidated undrained  

triaxial compression test 
Tables 3 and 4 show the conditions and the results 

of the tests. We show examples of the results 

obtained from consolidated undrained triaxial 

compression tests for three crack types in Figs. 11–

13, respectively, along with photograph after the test 

of each type. The pore-water pressure and the 

principal stress difference are plotted as a function 

of the axial strain. When the compression advanced 

and the axis distortion was large, the pore-water 

pressure increased initially and then decreased, 

regardless of crack types. For three types, the  

Fig.11 Consolidated undrained triaxial compression test results for the sample of 

clay-filling disintegration type. (a) Pore-water pressure and principal stress difference as a 

function of axial strain. (b) Photograph of the sample after the test. 

(a) 

 

(b) 

Fig.12 Consolidated undrained triaxial compression test results for the sample of band 

fracturing type. (a) Pore-water pressure and the principal stress difference as a function of 

axial strain. (b) Photograph of the sample after the test. 

 

 

(a) (b) 

Fig.13 Consolidated undrained triaxial compression test results for the sample of simple 

cracking type. (a) Pore-water pressure and the principal stress difference as a function of 

axial strain. (b) Photograph of the sample after the test. 

 

 

(a) (b) 
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Table 5 The condition of the cyclic undrained triaxial tests 

Serial 

number 

Sampling 

depth below 

ground 

level(m) 

Confining 

pressure 

(kPa) 

Crack type Crack angle 

from the 

horizontal 

plane(degree) 

Wet 

density 

(g/cm3) 

22 16.80-17.00 800 Clay-filling disintegration 53 2.232 

23 35.65-35.85 800 Clay-filling disintegration 53 2.245 

24 49.00-49.20 800 Band fracturing 47 2.476 

25 15.03-15.28 800 Simple cracking 30 2.596 

26 21.20- 21.30 800 Clay-filling disintegration 37 2.009 

27 57.35-57.55 800 Band fracturing 36 2.556 

28 59.40-59.60 800 Simple cracking 45 2.497 

29 23.35-23.52 800 Clay-filling disintegration 34 2.115 

30 28.10-28.32 800 Clay-filling disintegration 31 2.281 

 
Table 6 The results of the cyclic undrained triaxial tests 

Serial 

number 
Crack type 

In 1000kPa loading 
At the time of the biggest pore-water pressure in cyclic loading 

C/A 

Axial 

strain 

εa(%) 

The biggest  

pore- water 

pressure 

Umax 

(kPa) 

 

A 

Axial 

strain 

εa(%) 

The 

principal 

stress 

difference 

(σa-σr) 

(kPa) 

 

B 

The biggest  

pore- water 

pressure 

Umax 

(kPa) 

 

C 

The 

increased 

pore-water 

pressure 

ΔUmax 

(kPa) 

 

D=C-A 

D/B 

22 Clay-filling 

disintegration 
1.2 84.7 5.6 1108.8 159.8 75.1 0.0677  0.887 

23 Clay-filling 

disintegration 
1.4 39.2 14.1 1045.6 99.8 60.6 0.0580  1.545 

24 Band 

fracturing 
0.1 3.9 0.5 1789.9 6.5 2.5 0.0014  0.650 

25 Simple 

cracking 
0.1 1.6 0.2 1683.1 2.9 1.4 0.0008  0.875 

26 Clay-filling 

disintegration 
4.1 383.4 13.5 981.9 509.7 126.3 0.1286  0.329 

27 Band 

fracturing 
0.1 11.6 0.2 1020.0 20.8 9.2 0.0090  0.797 

28 Simple 

cracking 
0.3 42.8 0.4 1044.4 79.2 36.5 0.0349  0.853 

29 Clay-filling 

disintegration 
0.4 25.3 4.8 1794.8 110.0 84.7 0.0472  3.349 

30 Clay-filling 

disintegration 
0.8 44.9 6.6 1927.7 92.2 47.3 0.0245  1.052 

 

 

◇ Clay -filling disintegration 

△ Band fracturing 

□ Simple cracking 

Fig.14 Umax/(σa - σr) as a function of the wet 

density for three crack types. 
Fig.15 Relationship between the axis distortion εa (%) 

and the maximum main stress difference (σa - σr)max (kPa). 

 

◇ Clay -filling disintegration 

△ Band fracturing 

□ Simple cracking 
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relationship between pore-water 

pressure divided by the principal 

stress at the time of maximum 

pore-water pressure and the wet 

density are shown in Fig. 14. 

Our results indicated that the 

wet density of samples with 

clay-filling disintegration was 

small and Umax/(σa-σr) was 

large. Generally, the wet density 

of the soil is an index of the 

firmness conditions and the 

structure. When the wet density 

is high (low), the ground is firm 

(soft). Because the wet density 

of clay-filling disintegration 

type was low, the rocks with 

this type of crack were softer 

than those with other types. 

Additionally, we observed 

significant increases in 

pore-water pressure in 

clay-filling disintegration type. 

The relationship between the 

axial strain and the principal 

stress difference is shown in Fig. 

15. The axial strain was small 

for the sample with simple 

cracking type, despite the stress 

difference. Clay-filling 

disintegration type showed 

large-axial strain, despite the 

small principal stress difference. 

From these results, simple 

cracking type had the highest 

strength against compression of 

the three crack types and 

clay-filling disintegration type 

was the weakest. 

 

3.2 Results from the cyclic 

undrained triaxial test 

Tables 5 and 6 show the 

conditions and the results of the 

tests. Figs.16-18 show the 

variations of the pore-water pressure and 

photographs after the tests. Because the variation of 

the axial strain of samples with simple cracking was 

very small, pore-water pressure and principal stress 

difference as a function of time (Fig.18 (a)). In Figs. 

16 and 17 showed pore-water pressure and principal 

stress difference as a function of axial strain.  

The pore-water pressure in clay-filling 

disintegration type was generated steeply and the 

core of the sample after the test was deformed 

(Fig.16). The pore-water pressure in band fracturing 

type was not generated, but the core of the sample 

after the test was deformed (Fig.17). The pore-water 

pressure in simple cracking type was generated after 

570 seconds after the start of test, but the core of the 

sample after the test was not  dramatically 

deformed (Fig.18). Fig. 19 shows ΔUmax/ (σa-σr) as 

a function of the wet density for three types under 

cyclical loading. About clay-filling disintegration 

type, the wet density was low and the pore-water 

Fig.17 Example of cyclic undrained triaxial test results for the sample of band 

fracturing type. (a) Relationship between the axial strain and pore-water pressure. (b) 

Photograph of the sample after the test. 

 

(a)

 

(b) 

Fig.18 Example of cyclic undrained triaxial test results for the sample of simple 

cracking type. (a) Relationship between time and pore-water pressure. (b) Photograph 

of the sample after the test. 

 

(a) 

 

(b) 

Fig.16 Example of cyclic undrained triaxial test results for clay-filling disintegration 

type sample. (a) Relationship between the axis distortion and pore-water pressure. (b) 

Photograph of the sample after the test. 

 

(a) 

 

(b) 
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pressure was higher than that for other sample types. 

So, clay-filling disintegration type was the weakest 

against cyclic loading. 

 

4. CONCLUSION 
 

In this study, we examined core samples from five 

districts in the Kii Peninsula that were heavily 

impacted by Typhoon Talas to establish a 

relationship between the crack type and the 

generation of the positive pore-water pressure. Core 

samples obtained by boring were examined visually 

and analyzed with geological XCT. The crack types 

were grouped into three: clay-filling disintegration 

type, band fracturing type and simple cracking type.  

 Consolidated undrained triaxial compression tests 

and cyclic undrained triaxial tests were performed to 

evaluate the compressive strength properties of the 

slip surface. In the cyclic undrained triaxial tests, 

simple cracking type demonstrated the greatest 

strength against compression, followed by band 

fracturing type and clay-filling disintegration. 

Clay-filling disintegration type also showed lower 

strength against cyclic loading. This indicated that 

the clay-filling disintegration type was considerably 

weaker and had the potential for the generation of 

thebig positive pore-water pressure. Thus, clay may 

have played a large role in the occurrence of 

deep-seated catastrophic landslides. 

 Visual observation using XCT indicated that the 

particle size of the crack filler, the width of the 

crush zone, and the width of the component clay 

may play important roles in pore-water pressure. We 

hope to investigate these in future studies. 
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Fig.19 ΔUmax/ (σa-σr) as a function of the wet density 

for three crack types under cyclic loading. 
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