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Slope Failures due to rainfalls
after the 1995 Hyogo-ken Nanbu (Kobe), Japan earthquake

Nobuyuki TORII' and Takashi OKIMURA'

!Research Centre for Urban Safety and Security, Kobe University, Kobe, Japan

On January 17th, 1995, the Kobe earthquake (Mj=7.3) fatally damaged this city. In Rokko
Mountains located behind the urbanized area of Kobe city, the earthquake triggered 747 slope
failures. Furthermore 938 slopes failed additionally by post-quake rainfalls till the end of Oct. 1995.
These post-quake rainfalls were little amount of rainfall and intensity as compared to the warning
rainfall level obtained empirically before the Kobe earthquake in the Rokko Mountains.

In this study, the following analyses were performed. Firstly, the topographic analysis was carried
out to investigate the topographic features of the slope failures due to post-quake rainfalls
statistically by using topographic map and Digital Elevation Model (50m cell spacing). Concretely,
the topographic features of slope failures due to post-quake rainfalls were compared with another
trigger (earthquake and purely rainfall in the past in the Rokko Mountains). Secondly, the seismic
response analysis was applied to failed slopes at Gosukebashi area in the Rokko Mountains to look
into the dynamic response property. The results of above analyses are as follows: 1) A lot of slope
failures induced by post-quake rainfalls occurred as not progressive failure type but new failure type.
To prevent and mitigate post-quake secondary disasters, it is necessary to be concerned about the
occurrence of new failures at the slope where slope failures not occurred during earthquake. 2) The
topographic features of slope failures induced by post-quake rainfalls were similar to those of slope
failures induced by the earthquake rather than by rainfalls in the past. This result means that some
slopes where slope failure did not occur during the earthquake, although they were affected by
seismic motion, failed by little amount of rainfall and intensity. 3) At failed slope caused by
earthquake, larger value of maximum response acceleration and peak of maximum shear strain
appeared as compared to other slopes. At failed sites caused by post-quake rainfalls, peak of
maximum shear strain appeared 10-4 level. Although this level of strain does not lead failure, it
begins to generate some deformation. Therefore, the seismic motion plays an important role for the
occurrence of not only earthquake-induced failure but also post-quake rainfall-induced failure.

Next, the experiments using the triaxial test apparatus were carried out to experimentally clarify the
effect of seismic motion and post-quake rainfalls on the soil shear strength. Concretely, in order to
examine the effect of the cyclic load and the submergence on the shear strength of the soil,
consolidated drained shear test (CD triaxial test) performed under four kinds of different conditions.
The decomposed granite soil with the gypsum mixing was used as a specimen of the experiment.
The results of experiment are as follows: 1) The soil shear strength was reduced by 35% because of
saturation. 2) The soil shear strength was reduced by 18% because of cyclic loading. 3) The soil
shear strength was reduced by 44% because of saturation after the cyclic load was given. These
mean that the soil shear strength was decreased because the skeletal structure of the soil was
destroyed by the seismic motion and decreasing of the shear strength was generated additionally by
increasing of the degree of saturation due to the rainfall after the earthquake. This is one of
mechanism that many slope failures occurred by rainfalls after the Kobe earthquake.

Keywords: Slope failure, Kobe earthquake, post-quake rainfalls, topographic feature, dynamic
response property and soil shear strength

22



mic Vilnerability and

Introduction

Slope Failures due to Rainfalls Rokko mountains
after the 1995 Hyogo-ken Nanbu (Kobe), * Winay : 8KM, Hipyy 1 931 m
Japan Earthquake

+ Bedrock:
Granite

« Surface soil layer:
Decomposed granite soil

Nobuyuki Torii & Takashi Okimura
? The Rokko Mountains have a long history of slope
RCUSS, Kobe Univ., JAPAN disasters due to heavy rainfall.

In more recent years, fatal disasters occurred in 1938,

Research Center for Urban Safety and Security, KOBE UNIVERSITY 1961 and 1967.
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Distribution map of slope failures induced by
the Kobe earthquake and post-quake rainfalls
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Max. hourly, daily and annual precipitation
233mm (May 11~13) in decade (1986~1995) at Kobe Area

118mm (Mvy 12)

Max, Hourly Preciptation | Max Daily Precipitation Annual Precipitation
(mrmvhr) (mm/day) (mmévear)
1,144
263mm (June 30~July 7) 1,048
Tamm Cluly 4) 1321
1,609
1513
1.209
1226
1.724
- r -
5 F 55 597

Daily precipitation (mm/day)

Eavthiiake 1.131
Jan. 17 1.262

Daily precipitation in 1995 at Kobe area e

The number of slope failures
induced by both triggers Q. Why did over 900 slope failures
5 N g ] occur by little amount of rainfall

1995 Kobe Earthquake 747 and intensity rp

Post-quake rainfalls
till the end of Oct. 1995

According to the Rokko Sabo Waork Offic of Construction

In this presentation... Topographic Analysis

* Topographic Analysis : ;
the topographic features of the slope failures due to Topographic features of the failed slopes due
post-quake rainfalls to post-quake rainfalls

+ Seismic Response Analysis i
the dynamic response property. on failed slopes *Topographic map

+ Experiment using the cyclic triaxial test
apparatus

the effect of seismic motion and post-guake rainfalls
on the soil shear strength

*Digital elevation model (DEM)
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Topographic Analysis

Relationship between failed slopes

by using topographic map by post-quake rainfalls and by earthquake

N ey
Distribution map of slope failures due to 7. Progressive failure type
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By The Rokko Sabo Work Office

Base map y = New failure type
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Topographic map 1:10,000 scale Slope failure
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Topographic condition at failed slopes Topographic condition at failed slopes
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Post-quake rainfalls Earthquake Post-quake rainfalls Rainfalls in 1967

Topoeraphic condition Topoeraphic condition

Topographic Analysis The number of failed mesh for each gradient of
by using DEM the trend surface

*Digital Elevation Model (DEM) 50m mesh spacing
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From topographic analysis

+ A lot of slope failures induced by post-quake
rainfalls occurred as not progressive failure
type but new failure type.

« The topographic features of slope failures
induced by post-quake rainfalls were similar to
those of slope failures induced by the
earthquake rather than by rainfalls in the past.

Analysis sites

Failed slopes by the earthquake (No.1 - 4)
Failed slopes by post-quake rainfalls (No. 5 - 9) i

Analysis process

Longitudinal Profile which is
orthogonalized to the Gosukebashi
Fault made by 50m-DEM

Analysis Site

Input Seismic
Ground Motion
at Analysis Site

il Super FLUSH Max. Raspanss
I'\I,‘ = Acceleration
Input Seismic Wave
obsarved at Kobe Univ.
(KBU-NS)

—| Max. Shear Strain

Super FLUSH

Input Seismic
Ground Mation
at Analysis Site
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Seismic response analysis

The dynamic response property on failed slopes

+ Failed slopes by the earthquake
« Failed slopes by the post-quake rainfalls

Analysis code
Super FLUSH/2D
2D-Equivalent Linearization Analysis

Field investigation

+ Depth of surface soil layer

by portable penetration test
+ Longitudinal profile

by longitudinal survey

Longitudinal profile

Parameters used for the analysis (Step 1)

Max Acceleration 315gal

Input Seismic Wave

observed at Kobe

University (N-S)

Parameters used
for the analysis
(Step 1y

Initial shear | Inisial
modwlus | Damping
G (kPa) Ratio

5,880,000 0.01

Unit weight | Poisson's
2 (kNim% | ratio

2548 019




Analysis process Parameters used for the analysis (Step 2)

Longitudinal Profile which is Analysis Site Shearwave [, Ly Tnibal shear | Inital damping
orth lized to the G bashi velocity modulus ratio
Fault made by 50m-DEM \y(mis) ¥ KNIm®) GolkPa) hy
Input Seismic Surface soil Refer to Refer to under

Ground Motion layer under table s table

at Analysis Site
"Nf‘l'* T T A Bedrock 500 22.54 . 575300
"

Acceleration

Input Seismic Wave Max. Shear Strain

observed at Kobe Univ. A | R S
(KBU-NS) StEP 2 +H4HH super FLUS : = e No. . 0.

ear wave

Input Seismic | Vi, (mis) 112 | 116

Ground Motion -

at Analysis Site Initial shear
| Go(kPa)

18400|19800

Parameters used for the analysis (Step 2)

w e
wEE e
: e
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Surface soil layer Bed rock

7 y : 5 Distribution of max. response acceleration
Strain-dependent shear modulus ratio and damping ratio

Distribution of max. response acceleration and
peak of. max. shear strain at failed part

Distribution of max. response acceleration |  Distribution of peak of max. shear strain
o'l ™ 4 1 2t failed part (gal) at falled part

5.0%10

41~585 20~25%10°
438~572 10~15x10°
420~611 09~12x10"
430~607 09~12x10"
I8~ 464 24~60x10"
40~4T2 14~45%10°
Barie | 312461 20~45x%10"
428~498 13~58%10"
395~458 17~45%10*

Distribution of peak of max. shear strain
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I i I 7 3
® Earthquake ! :
+4 Post-quake Rainfalls |

Peak of max. response acceleration (gal)

11

T
10
Peak of max. shear strain

Relationship between peak of max. response
acceleration and max. shear strain at failed part

Experiment using the cyclic triaxial test
apparatus

The effect of seismic motion and post-quake
rainfalls on the soil shear strength

Consolidated drained shear
test (CD ftriaxial test)
performed under four kinds
of different conditions

Flowchart of experiment

cD

[ en [ | cD
triaxial test| | triexdal test | ievdal test | | triaxdal test

Shear
strength of
soil B

28

From seismic response analysis

+ The seismic motion affected on failed slopes
by post-quake rainfall, although the effect was
smaller than the failed slopes by the
earthquake.

» The seismic motion plays an important role for
the occurrence of not only earthquake-induced

failure but also post-quake rainfall-induced
failure.

Specimen of the experiment

The decomposed granite soil with the gypsum mixing
®=50mm H=100mm

Experiment conditions

= Isotropic consolidation process
Isotropic consolidation pressure: 20 kPa

= Cyclic loading process
Cyclic load: strain control 20.2%
sine wave (period 1sec) 20 cycle

+ Submergence process

Saturation by deaeration water
« CD triaxial test

Strain rate : 0.1%/min




e,ande, vs e, Comparison of soil shear strength

Peak value of shear strength

Condition A = Condition B~ Condition C = Condition D
2 I Cychc load - N Cyclic load - N Cyclicload | Y Cyclic load = Y
* * Condition B e . W~ Condition D ‘N YOSt ‘N 7

Y

From experiment Conclusion

+ The shear strength was reduced by cyelic loading

: * In the Rokko mountains, many slope failures
and saturation by submergence.

occurred by rainfalls after the Kobe earthquake,

although they were little amount of rainfall and
» If the cyclic load is assumed seismic motion and intensity.
submergence is assumed rainfall, the soil shear
strength dropped by the seismic motion and
decreasing of the shear strength was generated The topographic features of slope failures
additionally by increasing of the degree of induced by post-quake rainfalls were similar to
saturation due to the rainfall after the earthquake. those of slope failures induced by the

earthquake rather than by rainfalls in the past.

Conclusion

* The seismic motion affected on failed slopes by
post-quake rainfall, although the effect was Thank hALLL !
smaller than the failed slopes by the earthquake. -

* The skeletal structure was destroyed by the
effect of seismic motion, and as a result the soil
shear strength dropped. And, decreasing of the
shear strength was generated additionally by
the effect of the rainfall after the earthquake.

Merci Beaucoup !
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