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Overview of Atami landslide
15

Distribution of spring sites (using orthophoto taken on September 10, 2021)

Field survey of spring water points by drone

The collapse area is prone
to groundwater inflow

Spring occurs only when it rains
Spring always occurs

Overview of Atami landslide
14

Rainfall conditions

Rainfall conditions up to the landslide
(Atami Rainfall Observatory, Shizuoka Pref.)

24-hour rainfall: 
Largest since 2009

48-hour rainfall: 
Largest in recorded history

72-hour rainfall: 
Largest in recorded history
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Analytical Cross Section
17

◆Geological map of C section

✓ The section consists of andesite An, slope sediments Dt, stream sediments Rd,
and upper and lower embankment B.

✓ The left end of the analysis section is the location of boring No. 1.
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Analytical Cross Section
16

◆Plan view around the collapsed area
C section was selected.
It connects boring Nos. 1, 5, 3, 4,
and the Aizome River valley area.

• C section can easily collect 
water and become subject to 
severe external force conditions.

• Boring locations were selected 
from the same perspective, 
making it easier to use boring 
results.

Assuming 2-D plane strain condition
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Soil parameters
19

• Upper and lower embankment: set based on mechanical tests of soil taken from the site.
• Other soil materials: set rigid conditions that are less prone to deformation

In the failure simulation, the condition that soil other than embankment is not
deformed is set.

• Determined based on in-situ permeability tests and soil water retention tests
• For the lower embankment, two cases with different hydraulic properties were conducted

to determine the difference in deformation behavior.

◆Hydraulic properties (hydraulic conductivity and soil water retention)

◆Mechanical properties (elasto-plastic constitutive equation SYS Cam-clay model)

18
Hydraulic boundary condition

Andesite(An)

Slope sediments (Dt)

Stream sediments (Rd)

Upper embankment (B)

Lower embankment (B)

Rainfall boundary condition
◆ From the time of embankment construction to subsequent steady state: 1,500 mm in 1 year (approx. 4 mm/day)
◆ During failure simulation: 459 mm in 58 hours (approx. 8 mm/hour, approx. 190 mm/day)

Groundwater upwelling conditions
(only during failure simulation)

Constant head condition (head values distributed linearly corresponding to the water levels at left and right end)

flow rate
250 m3/day per unit depth vertically upward

In the July 1-3 failure simulation, conditions were set to supply a given flow rate
from the bottom of the highly permeable stream sediments.
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Failure simulation
21

High shear stress (stress ratio q/p’) 
during embankment construction process

Groundwater inflow increases pore water pressure,
decreases suction, and increases the degree of saturation.

Once the degree of saturation reaches 100 %, further water 
absorption caused the increase in pore pressure and it causes 
a decrease in mean effective stress and shear stress:
Softening behavior with plastic volume expansion above 
q=Mp’

Soil element output 
(Bottom of embankment)

20

Failure simulation (movie)
Shear strain

Change in water content

and more

(%)

(%)

and moreand less
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Summary of application to Atami embankment collapse
22

State subjected to large shear forces (high stress ratio) due to construction of high embankment

Saturation and decrease in effective stress (increase in stress ratio) due to water pressure rise

Water absorption (plastic volume expansion) and shear stress reduction (softening)
Softening with plastic volume expansion shown above the critical state line, a characteristic of the Cam-clay model

Groundwater inflow

In this analysis, water absorption softening occurs upward from near the toe of the 
embankment, where water easily collects, sliding occurs where the embankment could 
no longer resist the embankment load, eventually, the entire embankment collapsed.
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Towards the Thought Process of Slope Disaster Prevention  
in the Digital Era 

20 Nov, 2023, IMI Auditorium, Kyushu Univ., Fukuoka, Japan 
 

 
 

 
Geotechnical approaches for 

preservation of openly exhibited Geo-
relics damaged by rainfall infiltration 

Mai Sawada 
School of Environment and Society, Tokyo Institute of 

Technology, Japan 
 

Excavated geo-relics are vulnerable to damage by natural processes. The aim of this 
study is to contribute to the establishment of a technical framework for the preservation 
of openly exhibited geo-relics. This study also examines the preservation of an openly 
exhibited geo-relic in Japan, which has experienced surface deformation in the soft soil 
layer due to water infiltration. The surface deformation is numerically investigated by 
performing seepage-deformation analyses based on unsaturated soil mechanics in order 
to understand its mechanism and to obtain effective countermeasures. The results show 
that deformation develops in the surface layer of the slope as the bonding between soil 
particles, represented by skeleton stress, and decreases when water infiltrates the slope. 
Although the calculation considers the influence of groundwater, as well as precipitation, 
the results show that the deformation of the slope is primarily controlled by precipitation, 
not by groundwater. Furthermore, the elevation of the groundwater does not contribute 
to the development of surface deformation. Based on the mechanism of the surface 
deformation, replacing the surface layer with a well-compacted, highly permeable soil is 
proposed to improve slope stability. It is predicted that this proposed method will be 
effective because the replaced zone retains sufficient strength and stiffness when it is wet, 
despite a decrease in the skeleton stress due to rainfall infiltration. This countermeasure 
has been adopted for the actual restoration of a damaged slope. 

 
 
 

References 
[1] Sawada, M. and Mimura, M. (2022). Geotechnical approaches for preservation of openly exhibited 

Geo-relics damaged by rainfall infiltration. Soils and Foundations, 62(1), 101097. 
[2] Agency for Cultural Affairs, Nara National Research Institute for Cultural Properties, Archeological 

Institute of Kashihara Nara prefecture and Asuka Village Board of Education, 2017. Excavations report 
in the Takamatsuzuka tumulus, 139-148. (in Japanese) 
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Introduction

https://bunka.nii.ac.jp/     https://sannaimaruyama.pref.aomori.jp/about/iseki/

Mozu­Furuichi Kofun Group: Mounded Tombs of 
Ancient Japan (2019)

Jomon Prehistoric Sites in Northern Japan (2021)

Remains of pillar

Reconstructed dwellingsAerial photo of tombs

Conservation and exhibition of geo­relics are becoming important

1

WS-3 Towards the Thought Process of Slope Disaster Prevention  
in the Digital Era

Geotechnical approaches for preservation of openly 
exhibited Geo-relics damaged by rainfall infiltration

Mai SAWADA, Dr. Eng
Assoc. prof, Tokyo Institute of Technology, Japan

Contact: sawada.m.af@m.titech.ac.jp
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Sakafuneishi Site (Asuka Village, Nara, Japan)

Water conduit

April, 2019

Surface deformation

Flat zone 
(12m×12m)

Sloped zone
(5m×5m)

The slope deformation was caused by rainfall infiltration.

3

Open exhibition

Excavation Re­burying

Open exhibition

Outdoors Indoors

Rainfall, wet­dry cycles, 
freeze­thaw cycles, etc.

Desiccation cracking, salt 
crystallization, fungi, etc.

Open exhibitions are attractive, but they are easy to be damaged.
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Survey

Wall

Bank with a reinforced wall 
using soil bags
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S­5
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A
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2019
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Stone location

Deformed zone

A­A’

• Stone location survey

• Flat zone was stable

• Sounding tests
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Numerical simulation
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Surface layer

Groundwater
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SPT

Wall

• 1 Oct – 31 Oct, 2017 (maximum rainfall intensity: 24 mm/h)
• Seepage­deformation FE analysis
• Elasto­plastic model based on skeleton stress (LIQCA2018)

7

Materials
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Particle density: 2.73 g/cm3

Gravel: 2 %
Sand: 49 %
Silt: 16 %
Clay: 27%

Fc (%) 43

Dry density (g/cm3) 1.4

Permeability (m/s) 3.4×10­6

Failure stress ratio 1.31

Normalized shear modulus 67

• Oedometer test
• Water retention test
• Permeability test
• Constant suction triaxial test
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Deformation
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Mean skeleton stress
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Deviatoric plastic strain
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Replacement soil
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Original Replacement

Fc (%) 43 16

Dry density (g/cm3) 1.4 1.7

Permeability (m/s) 3.4×10­6 1.5×10­4

Failure stress ratio 1.31 1.55

Normalized shear 
modulus 67 236

13

Restoration proposal

• Lowering groundwater level was not effective

• Replacement of the soft surface soil

• Densely compacted permeable sandy soil improves slope stability
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Restored slope –Deviatoric plastic strain–
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Restored slope –Mean skeleton stress–
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Conclusions

◼ The slope deformation developed in the soft surface layer with N<2. We need to 
ensure an understanding of field investigations in geo-relics by demonstrating their 
importance through case studies.

◼ The damage mechanism investigation and restoration proposal were conducted 
based on simulation results. The deformation was caused by a reduction in the 
suction-induced stiffness and strength. The slope was restored by replacing the 
surface soil with densely compacted permeable soil.

◼ The quantitative evaluation enables the discussion of the restoration of open 
exhibits of geo-relics from the perspectives of both archeological authenticity and 
geotechnical validity.
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September 30, 2011

COE Lecture Note Vol.33 若山　正人 
福本　康秀 
高木　　剛 
山本　昌宏

Study Group Workshop 2011 Lecture & Report　140pages October 27, 2011

COE Lecture Note Vol.34 Adrian Muntean 
Vladimír Chalupecký

Homogenization Method and Multiscale Modeling　72pages October 28, 2011

COE Lecture Note Vol.35 横山　俊一 
夫　　紀恵 
林　　卓也

計算機代数システムの進展　210pages November 30, 2011

COE Lecture Note Vol.36 Michal Beneš 
Masato Kimura 
Shigetoshi Yazaki

Proceedings of Czech-Japanese Seminar in Applied Mathematics 2010 
107pages

January 27, 2012 

COE Lecture Note Vol.37 若山　正人 
高木　　剛 
Kirill Morozov 
平岡　裕章 
木村　正人 
白井　朋之 
西井　龍映 
栄　伸一郎 
穴井　宏和 
福本　康秀

平成23年度 数学・数理科学と諸科学・産業との連携研究ワーク
ショップ　拡がっていく数学　～期待される “見えない力”～ 
154pages

February 20, 2012
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COE Lecture Note Vol.38 Fumio Hiroshima 
Itaru Sasaki 
Herbert Spohn 
Akito Suzuki

Enhanced Binding in Quantum Field Theory　204pages March 12, 2012

COE Lecture Note Vol.39 Institute of Mathematics  
for Industry,  
Kyushu University

Multiscale Mathematics: Hierarchy of collective phenomena and 
interrelations between hierarchical structures　180pages

March 13, 2012

COE Lecture Note Vol.40 井ノ口順一 
太田　泰広 
筧　　三郎 
梶原　健司 
松浦　　望

離散可積分系・離散微分幾何チュートリアル2012　152pages March 15, 2012

COE Lecture Note Vol.41 Institute of Mathematics 
for Industry,
Kyushu University

Forum “Math-for-Industry” 2012 
“Information Recovery and Discovery”　91pages

October 22, 2012

COE Lecture Note Vol.42 佐伯　　修
若山　正人
山本　昌宏

Study Group Workshop 2012 Abstract, Lecture & Report　178pages November 19, 2012

COE Lecture Note Vol.43 Institute of Mathematics 
for Industry, 
Kyushu University

Combinatorics and Numerical Analysis Joint Workshop　103pages December 27, 2012

COE Lecture Note Vol.44 萩原　　学 モダン符号理論からポストモダン符号理論への展望　107pages January 30, 2013

COE Lecture Note Vol.45 金山　　寛 Joint Research Workshop of Institute of Mathematics for Industry 
(IMI), Kyushu University 
“Propagation of Ultra-large-scale Computation by the Domain-
decomposition-method for Industrial Problems (PUCDIP 2012)”　
121pages

February 19, 2013

COE Lecture Note Vol.46 西井　龍映
栄　伸一郎
岡田　勘三
落合　啓之
小磯　深幸
斎藤　新悟
白井　朋之

科学・技術の研究課題への数学アプローチ
―数学モデリングの基礎と展開―　325pages

February 28, 2013

COE Lecture Note Vol.47 SOO TECK LEE BRANCHING RULES AND BRANCHING ALGEBRAS FOR THE 
COMPLEX CLASSICAL GROUPS　40pages

March 8, 2013

COE Lecture Note Vol.48 溝口　佳寛
脇　　隼人
平坂　　貢
谷口　哲至
島袋　　修

博多ワークショップ「組み合わせとその応用」　124pages March 28, 2013
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COE Lecture Note Vol.49 照井　　章
小原　功任
濱田　龍義
横山　俊一
穴井　宏和
横田　博史

マス・フォア・インダストリ研究所　共同利用研究集会 II
数式処理研究と産学連携の新たな発展　137pages

August 9, 2013

MI Lecture Note Vol.50 Ken Anjyo
Hiroyuki Ochiai
Yoshinori Dobashi
Yoshihiro Mizoguchi
Shizuo Kaji

Symposium MEIS2013:
Mathematical Progress in Expressive Image Synthesis　154pages

October 21, 2013

MI Lecture Note Vol.51 Institute of Mathematics 
for Industry, Kyushu 
University

Forum “Math-for-Industry” 2013
“The Impact of Applications on Mathematics”　97pages

October 30, 2013

MI Lecture Note Vol.52 佐伯　　修
岡田　勘三
髙木　　剛
若山　正人
山本　昌宏

Study  Group  Workshop  2013 Abstract,  Lecture  &  Report　
142pages

November 15, 2013

MI Lecture Note Vol.53 四方　義啓
櫻井　幸一
安田　貴徳
Xavier Dahan

平成25年度　九州大学マス・フォア・インダストリ研究所　
共同利用研究集会　安全・安心社会基盤構築のための代数構造
～サイバー社会の信頼性確保のための数理学～　158pages

December 26, 2013

MI Lecture Note Vol.54 Takashi Takiguchi
Hiroshi Fujiwara

Inverse problems for practice, the present and the future　93pages January 30, 2014 

MI Lecture Note Vol.55 栄　伸一郎
溝口　佳寛
脇　　隼人
渋田　敬史

Study Group Workshop 2013 数学協働プログラム Lecture & Report
98pages

February 10, 2014

MI Lecture Note Vol.56 Yoshihiro Mizoguchi
Hayato Waki
Takafumi Shibuta
Tetsuji Taniguchi
Osamu Shimabukuro
Makoto Tagami
Hirotake Kurihara
Shuya Chiba

Hakata Workshop 2014
~ Discrete Mathematics and its Applications ~　141pages

March 28, 2014

MI Lecture Note Vol.57 Institute of Mathematics 
for Industry, Kyushu 
University

Forum “Math-for-Industry” 2014:
“Applications + Practical Conceptualization + Mathematics = fruitful 
Innovation”　93pages

October 23, 2014

MI Lecture Note Vol.58 安生健一
落合啓之

Symposium MEIS2014:
Mathematical Progress in Expressive Image Synthesis　135pages

November 12, 2014
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MI Lecture Note Vol.59 西井　龍映
岡田　勘三
梶原　健司
髙木　　剛
若山　正人
脇　　隼人
山本　昌宏

Study  Group  Workshop  2014  数学協働プログラム 
Abstract, Lecture  &  Report　196pages

November 14, 2014

MI Lecture Note Vol.60 西浦　　博 平成26年度九州大学 IMI共同利用研究・研究集会（I）
感染症数理モデルの実用化と産業及び政策での活用のための新
たな展開　120pages

November 28, 2014

MI Lecture Note Vol.61 溝口　佳寛
Jacques Garrigue
萩原　　学
Reynald Affeldt

研究集会　
高信頼な理論と実装のための定理証明および定理証明器
Theorem proving and provers for reliable theory and implementations 
(TPP2014)　138pages

February 26, 2015

MI Lecture Note Vol.62 白井　朋之 Workshop on “β-transformation and related topics”　59pages March 10, 2015

MI Lecture Note Vol.63 白井　朋之 Workshop on “Probabilistic models with determinantal structure”　
107pages

August 20, 2015

MI Lecture Note Vol.64 落合　啓之
土橋　宜典

Symposium MEIS2015:
Mathematical Progress in Expressive Image Synthesis　124pages

September 18, 2015

MI Lecture Note Vol.65 Institute of Mathematics 
for Industry, Kyushu 
University

Forum “Math-for-Industry” 2015
“The Role and Importance of Mathematics in Innovation”　74pages

October 23, 2015

MI Lecture Note Vol.66 岡田　勘三
藤澤　克己
白井　朋之
若山　正人
脇　　隼人
Philip Broadbridge
山本　昌宏

Study  Group  Workshop  2015 Abstract, Lecture  &  Report　
156pages November 5, 2015

MI Lecture Note Vol.67 Institute of Mathematics 
for Industry, Kyushu 
University

IMI-La Trobe Joint Conference
“Mathematics for Materials Science and Processing”
66pages

February 5, 2016

MI Lecture Note Vol.68 古庄　英和
小谷　久寿
新甫　洋史

結び目と Grothendieck-Teichmüller群
116pages

February 22, 2016

MI Lecture Note Vol.69 土橋　宜典
鍛治　静雄

Symposium MEIS2016:
Mathematical Progress in Expressive Image Synthesis　82pages

October 24, 2016

MI Lecture Note Vol.70 Institute of Mathematics 
for Industry,  
Kyushu University

Forum “Math-for-Industry” 2016
“Agriculture as a metaphor for creativity in all human endeavors”　
98pages

November 2, 2016

MI Lecture Note Vol.71 小磯　深幸
二宮　嘉行
山本　昌宏

Study Group Workshop 2016 Abstract, Lecture & Report　143pages November 21, 2016
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MI Lecture Note Vol.72 新井　朝雄
小嶋　　泉
廣島　文生

Mathematical quantum field theory and related topics　133pages January 27, 2017

MI Lecture Note Vol.73 穴田　啓晃
Kirill Morozov
須賀　祐治
奥村　伸也
櫻井　幸一

Secret Sharing for Dependability, Usability and Security of Network 
Storage and Its Mathematical Modeling　211pages

March 15, 2017

MI Lecture Note Vol.74 QUISPEL, G. Reinout W.
BADER, Philipp
MCLAREN, David I.
TAGAMI, Daisuke

IMI-La Trobe Joint Conference 
Geometric Numerical Integration and its Applications　71pages

March 31, 2017

MI Lecture Note Vol.75 手塚　　集
田上　大助
山本　昌宏

Study Group Workshop 2017 Abstract, Lecture & Report　118pages October 20, 2017

MI Lecture Note Vol.76 宇田川誠一 Tzitzéica 方程式の有限間隙解に付随した極小曲面の構成理論
―Tzitzéica方程式の楕円関数解を出発点として―　68pages

August 4, 2017

MI Lecture Note Vol.77 松谷　茂樹
佐伯　　修
中川　淳一
田上　大助
上坂　正晃
Pierluigi Cesana
濵田　裕康

平成29年度　九州大学マス・フォア・インダストリ研究所
共同利用研究集会（I）　
結晶の界面，転位，構造の数理　148pages

December 20, 2017

MI Lecture Note Vol.78 瀧澤　重志
小林　和博
佐藤憲一郎
斎藤　　努
清水　正明
間瀬　正啓
藤澤　克樹
神山　直之

平成29年度　九州大学マス・フォア・インダストリ研究所
プロジェクト研究　研究集会（I）
防災・避難計画の数理モデルの高度化と社会実装へ向けて　
136pages

February 26, 2018

MI Lecture Note Vol.79 神山　直之
畔上　秀幸

平成29年度　AIMaPチュートリアル
最適化理論の基礎と応用　96pages

February 28, 2018

MI Lecture Note Vol.80 Kirill Morozov
Hiroaki Anada
Yuji Suga

IMI Workshop of the Joint Research Projects 
Cryptographic Technologies for Securing Network Storage
and Their Mathematical Modeling　116pages

March 30, 2018

MI Lecture Note Vol.81 Tsuyoshi Takagi
Masato Wakayama
Keisuke Tanaka
Noboru Kunihiro
Kazufumi Kimoto
Yasuhiko Ikematsu

IMI Workshop of the Joint Research Projects
International Symposium on Mathematics, Quantum Theory, 
and Cryptography　246pages

September 25, 2019

MI Lecture Note Vol.82 池森　俊文 令和2年度　AIMaPチュートリアル
新型コロナウイルス感染症にかかわる諸問題の数理　
145pages

March 22, 2021
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MI Lecture Note Vol.83 早川健太郎
軸丸　芳揮
横須賀洋平
可香谷　隆
林　　和希
堺　　雄亮

シェル理論・膜理論への微分幾何学からのアプローチと 
その建築曲面設計への応用　49pages

July 28, 2021

MI Lecture Note Vol.84 Taketoshi Kawabe
Yoshihiro Mizoguchi
Junichi Kako
Masakazu Mukai
Yuji Yasui

SICE-JSAE-AIMaP Tutorial
Advanced Automotive Control and Mathematics　110pages

December 27, 2021

MI Lecture Note Vol.85 Hiroaki Anada
Yasuhiko Ikematsu
Koji Nuida
Satsuya Ohata
Yuntao Wang

IMI Workshop of the Joint Usage Research Projects
Exploring Mathematical and Practical Principles of Secure Computation 
and Secret Sharing　114pages

February 9, 2022

MI Lecture Note Vol.86 濱田　直希
穴井　宏和
梅田　裕平
千葉　一永
佐藤　寛之
能島　裕介
加葉田雄太朗
一木　俊助
早野　健太
佐伯　　修

2020年度採択分　九州大学マス・フォア・インダストリ研究所
共同利用研究集会
進化計算の数理　135pages

February 22, 2022

MI Lecture Note Vol.87 Osamu Saeki, 
Ho Tu Bao, 
Shizuo Kaji, 
Kenji Kajiwara, 
Nguyen Ha Nam, 
Ta Hai Tung,
Melanie Roberts, 
Masato Wakayama, 
Le Minh Ha, 
Philip Broadbridge

Proceedings of Forum “Math-for-Industry” 2021
-Mathematics for Digital Economy-　122pages

March 28, 2022

MI Lecture Note Vol.88 Daniel PACKWOOD
Pierluigi CESANA, 
Shigenori FUJIKAWA, 
Yasuhide FUKUMOTO,
Petros SOFRONIS, 
Alex STAYKOV

Perspectives on Artificial Intelligence and Machine Learning in 
Materials Science, February 4-6, 2022　74pages

November 8, 2022
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MI Lecture Note Vol.89 松谷　茂樹
落合　啓之
井上　和俊
小磯　深幸
佐伯　　修
白井　朋之
垂水　竜一
内藤　久資
中川　淳一
濵田　裕康
松江　　要
加葉田雄太朗

2022年度採択分 九州大学マス・フォア・インダストリ研究所
共同利用研究集会
材料科学における幾何と代数 III 　356pages

December 7, 2022

MI Lecture Note Vol.90 中山　尚子
谷川　拓司
品野　勇治
近藤　正章
石原　　亨
鍛冶　静雄
藤澤　克樹

2022年度採択分 九州大学マス・フォア・インダストリ研究所
共同利用研究集会
データ格付けサービス実現のための数理基盤の構築　58pages

December 12, 2022

MI Lecture Note Vol.91 Katsuki Fujisawa
Shizuo Kaji
Toru Ishihara
Masaaki Kondo
Yuji Shinano
Takuji Tanigawa
Naoko Nakayama

IMI Workshop of the Joint Usage Research Projects
Construction of Mathematical Basis for Realizing Data Rating Service
610pages

December 27, 2022

MI Lecture Note Vol.92 丹田　　聡
三宮　　俊
廣島　文生

2022年度採択分 九州大学マス・フォア・インダストリ研究所
共同利用研究集会
時間・量子測定・準古典近似の理論と実験
〜古典論と量子論の境界〜　150pages

Janualy 6, 2023

MI Lecture Note Vol.93 Philip Broadbridge
Luke Bennetts
Melanie Roberts
Kenji Kajiwara

Proceedings of Forum “Math-for-Industry” 2022
-Mathematics of Public Health and Sustainability-　170pages

June 19, 2023

MI Lecture Note Vol.94 國廣　　昇
池松　泰彦
伊豆　哲也
穴田　啓晃
縫田　光司

2023年度採択分 九州大学マス・フォア・インダストリ研究所
共同利用研究集会
現代暗号に対する安全性解析・攻撃の数理　260pages

Janualy 11, 2024

MI Lecture Note Vol.95 Osamu Saeki
Wojciech Domitrz
Stanisław Janeczko
Marcin Zubilewicz
Michał Zwierzyński

International Project Research-Workshop (I)
WORKSHOP on Mathematics for Industry　364pages

March 14, 2024
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