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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

Bioengineering measures for Slope
Stabilisation

Chandan Ghosh

National Institute of Disaster Management, Delhi, India

The Vetiver Grass Technology (VGT) is a low cost and extremely effective system for soil
and water conservation, pollution control, wastewater treatment, mitigation and prevention of
storm damage and many other applications. Vetiver can be used in the tropics and semi
tropics, and where there are hot summers, and winters that do not include permanently frozen
soil conditions. Vetiver, although known as a grass, does possess several tree-like features. It
therefore becomes an attractive alternative to trees or shrubs when come to bioengineering
applications. Some of the potential applications of Vetiver system across the 100+ countries
demonstrate that this plant, even though originated in India, needs extensive research and
developments. The presentation highlights are:

Landslides scenario — highlighting ineffective/inadequate drainage/stabilisation
measures that leads to progressive failure

Hill widening by cutting hills that causes man-made landslides

Live landslide hotspots where inappropriate technologies lead to failure

Landslides prevention measures by conventional slope stabilisation methods, such as
gravity retaining walls and modern techniques using geosynthetics where a combination
with bioengineering measures ensures sustainability

Important hill roads where slope stabilization measures are taken with extremely high
cost but bio-engineering measures ensuring better safety with low or no cost

Vetiver grass — it’s origin, properties and potential for erosion and landslide control
Successful Application of Vetiver grass where conventional or many other methods
failed

Application of Vetiver grass — giving examples of successful and failed application
many countries. It’s rather a permanent, low maintenance solution. Vetiver grass is a
perennial plant, which provides a permanent solution with little or no maintenance
Guidelines for Vetiver application siting several examples of landslides hotspots
exclusively or in combination with conventional slope retaining structures

Vetiver grass supports local economies and Vetiver projects are labor intensive so they
employ locals, especially in rural areas. Vetiver foliage may be harvested for thatching,
fodder, composting or other purposes where biomass is required

Vetiver is non-competitive and Roots grow vertically downwards. Vetiver does not
compete with adjacent plants

Vetiver has been shown to have very few pest or disease problems. Vetiver can check
weed invasion too. It can block the spread of other grasses including the world's worst
creeping grasses.

References

[1] Vetiver Network International. URL
http://vetiver.orghttp://vetivernetinternational.blogspot.in/

[2] Hawaii-Pacific Weed Risk Assessment. URL:
http://www .botany hawaii.edu/faculty/dachler/WRA/full table.asp
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BIOENGINEERING MEASURES FOR SLOPE
STABILIZATION

ANY AREA
WE GET IT GREEN

With vetiver

No vetiver |

Resilient India - Disaster Free India
PrOf. Chandan GhOSh, PhD(IIT-K), Dr. Engg (Japan)
http://disasterresilientindia.blogspot.in/
https://www.facebook.com/chandan.ghosh.g887117
https://twitter.com/cghosh24
Email: cghosh24@agmail.com

Context
that we think we know off about
Unpredictability
Early Warning
Modellini and interpretations — not many
Nature-based slope mitigation — our
falling apart and miles to go

Bio-engineering for case
examples
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Study: Monotonic and cyclic behaviour of

the friction angle upon extension increased significantly by
approximately g} -(from 41.9° (bare specimen) to 51.5° (rooted
specimen)) at a low confining pressure of <100 kPa

Table 1. Index properties of Toyoura sand.

Index properties Value
Specific gravity, G 2.65
Maximum void ratio, €. 0.977
Minimum void ratio, emin 0.597
4 . Particle diameter of 10% passing, D, (mm) 0.17
L ;:?:sill ;7 ~‘3’4\1f(\,% Particle diameter of 30% passing, D3, (mm) 0.19
4 Particle diameter of 50% passing, D5, (mm) 0.22
Z Particle diameter of 60% passing, Do (mm) 0.23
e Coefficient of uniformity, Cy 0.92
shearcc  Coefficient of curvature, C. 1.35
L~ I
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Inclined drain pipe - suitably be installed,
I very simple and no special tech required! How
[WelRBRMSOi]l mechanics principles [gllg=ks

Failure
surface Horizontal
drain pipe

Figure C10. Schematic of drainpipes. ematic from Reference 11.) Photo
drainpipes in a landslide in California, USA, by Andrew Alden.




Such culvert/cross drainage facility creation is

and costly..geotextiles wrap around pipe lines filled with
sand-gravel mix is to be designed suiting site conditions, such
as amount of rain water/water fall discharge etc.

i GEOTEXTILE FILTER ENCASING
A TRENCH SUBDRAIN

+ Subdrains should be placed along the axes of
former water courses, where they will be most
effective - collecting water that percolates along
“seepage conduits” developed over eons of time
in native ground.

Reliable & cheaper Alternative
to Retaining/breast wall -
Vetiver grass




Flyash dump site -
stabilization by Vetiver
grass, India

Bokaro Steel & Power Plant - Slope stabilization, Soil Erosion control,
Water & Air Pollution Mgmt.

Area - 100 mt. Height x 55 mt. width - 5500 Sq.m

Fly ash mount stabilization & Pollution control by Bioengineering & Green capping

We have similar cut-slope at
Ramban-Banihal and these are
SO easily solved by Vetiver!

Implementation phase

“ " OnalSH:1V
il gradient, 55m
high cut slope




Using same age old method-making slope more
“ vulnerable!! Nailed slopes are stable

103t004) M

Modified after Byme et al,, 199%

Figure S.14: Schematic Location of Soil Nail Maximum Tensile Forces

Table 1: Applicable bioengineering techniques and their effects. Modified from: (Source:
Dhital, 2013; Howell, 2001).

Suggested method

S.No. of Bioengineering Description What kind of effects is obtained?
l. Planted grass lines Rooted cuttings are planted Provides surface cover
(horizontal) in lines across the slope Reduces runoff speed
Catches debris and protects the
slope

o

Planted grass lines Rooted cuttings are planted Effects similar to (1)
(diagonal) in lines running diagonally ~ Drainage of surface water
across the slope

3. Grass seeding Grass seeds sown directly  Easy vegetation of larger, rocky,
on the site and steep slopes

4. Shrub and tree Shrubs and trees are planted Reinforces and anchors the slope

planting at regular intervals on the Increases slope stability as they

slope erow

5. Brush layering Woody cuttings are laid Prevents the development of rills
across the slope following  Strong barrier to trap debris
the contour Reinforces the slope

Provides drainage




Table 1: (Continued)

R. Raut & O. T. Gudmestad, Int. J. of Design & Nature and Ecodynamics. Vol. 12, No. 4 (2017)

423

Suggested method

S.No. of Bioengineering Description What kind of effects is obtained?
6. Palisades Similar to brush layering,  Effects similar to brush layering
but the cuttings are planted
7. Fascines/Contour  Bundle of live branches laid Effects similar to brush layering
wattling in shallow trenches being
buried by soil
8. Vegetated stone A combination of dry stone  Provides a very strong form of
pitching walling where vegetation is  armouring
planted in the gaps
9. Live check dams  Large woody cuttings Catches debris
planted across a gully fol-  Armours and reinforces gully
lowing the contour floor
10. Vegetated bamboo Specialized form of gravity Immediate protection

crib walls

retaining structure using
on-site fill material

Provides long-term advantage

slope stabilization

s of

|| Flyash dump stabilization by
Vetiver




Failure cases ..due to post
water foo
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Bio-engg. Solution paradigm

Composting / decompose organic compound

Waste water treatment

Remove Bad odour and sterilized harmful bacteria

Agriculture and gardening

Absorption of toxic gas like Methane and Hydrogen Sulphide(Hz2S)

Filling Up Dissolved Oxygen

Controlling Temperature and pH

Absorption and Chelation of heavy metal and toxic organic compounds
Industries:

Sewage Processing Area

Process marine sewage

Animal Waste

Poultry Farm Sewage
Human Waste

Chemical Industrial Sewage
Service Water Processing

10



Use of Vetiver

Traditional medicine
Roots as water flavouring agent

Root mats for door, window screens during summer for
cooling effect

For
As eco-friendly soil binders

Roots ) or soft drink
during summer, especially in North India

Socio-economic life of the rural population in India

Dried culms as brooms and for thatching
Pulp of the plant for paper and straw board

THE VETIVER GRASS- CHARACTERISTICS

Grows under extreme and wide range of condition
Long Living Perennial Grass
Air temperatures: Sub

Annual Rainfall 200 mm to > 6,000 mm

Few Pests and diseases

Powerful (75 MPa root strength) and deep root system
Can

Non competitive and non invasive
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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

Regarding ground risk assessment
based on topographical and geological
features

Naoko KITADA

Geo-Research Institute, Japan
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Regarding ground-risk
. assessmentpased on
topographical and geological

features

Naoko KITABA
(Geo-Research Institute)

NN
\\

Argas at rlsk of disaster from a geological perspective

"‘.' Characterlstlcs of the constituent strata and rock bodies

= Characteristics of constituent minerals,
characteristics of strata composition

Tends to be susceptible to chemical and physical changes such as
alteration due to water-rock reactions

+ Volcanic debris (pumice, volcanic ash, etc.) = Altered and turned into clay

+ Granite = Weathered and mashed

+ Fault = Clay at the fractured part

+ Bedding surface = Collapse due to flow bed

14



" Green Tuff area

+ Most of the volcanic rocks produced by
submarine volcanic activity during the
Miocene Neogene period are green in color,
so they are called "green tuff." = The
pyroxene amphibole in the ejecta has

been chemically changed to chlorite (clay
mineral).

Green Tuff area

15
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:;; Gran ite
// '+Weathered granite is brittle and will crumble into
i' ““pieces if you hit it with a hammer.
g -y awa" "-"‘4
Outer Grinite
\ (cooling joint eveloped)
/ﬁ},'i':{f’l//’l // Weathering changes quickly
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o U lIt“vis important to understand geological and topographical features.

L //
S -
7

/

" /" » Disasters occur due to natural phenomena such as meteorological phenomena
and earthquakes, and the ground and geological conditions of the area where the
disaster occurs are important points.

» When planning a city, it is important to understand and consider geological risks .
in advance. [
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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

Challenges in disaster response
using slope monitoring with ICT

Naoki SAKAI

National research Institute for Earth science and Disaster
resilience(NIED), Japan

In our country, natural events such as

. . PP I B
earthquakes, tsunamis, heavy rain, floods, i SIS Ol Rlope MOnICHNgEYStem
landslides, and volcanic eruptions == "wisless | Cloud Local government

E ) residents !

present various risks, intertwined with
social conditions like complex value
chains, advanced land use, and an aging
population. Particularly in recent years,
there are concerns about widespread
disasters caused by major earthquakes
and extreme rainfall, along with the
possibility of secondary disasters post-
event, making disaster response and
regional recovery increasingly complex.

Fig. 1 Overview of IoT slope monitoring system

In the field of disaster prevention and mitigation, a close collaboration between the
physical sciences, engineering, and social sciences is necessary. Although hazard
research has led to more detailed maps, a method for collaboratively solving the
subsequent steps of risk assessment and enhancing municipal response capabilities was
lacking. One problem was the lack of a "unified disaster situation awareness" among
professionals from various fields, which led to unclear methods of concrete cooperation.
However, with the recent advancements in [oT (Internet of Things), measurements have
become more accessible, making it easier to digitalize the previously analog world of
human intuition and experience, and to understand changes in real-time. Specifically for
landslide it is shown in Fig. 1. Such technological innovation has unified and visualized
phenomena, disasters, and social activities, enabling the "unified disaster situation
awareness."

To improve the resilience of local communities, it is crucial to have a flow of
visualization of the current situation — decision-making — action. To seamlessly
connect these steps, visualization enabled by IoT, Al, and Big Data technologies is
necessary, and initiatives should be led by the private sector to foster inter-field
collaboration.

The initiatives mentioned above highlight the importance of a trans-disciplinary
approach (TDA), with a particular emphasis on decision-making based on information
underpinned by scientific evidence. If we can establish and standardize these concepts, it
will be possible to expand Japan's ICT-based disaster prevention technologies to the
world.
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Challenges in disaster response using slope
monitoring with ICT

Dr. Naoki SAKAI (sakai@bosai.go.jp)

Deputy director, Storm flood and landslide division,
National Research Institute for Earth Science and Disaster Resilience (NIED)
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Disaster Response and Information

« Disaster response activities need appropriate information.
+ Disaster Preventing Information: Hazard maps, Evacuation maps, etc.
+ Damage Situation Information: Collapsed buildings, Casualties, Damaged infrastructures, etc.
+ Evacuation and Shelter Information: Location of shelters, Evacuees, Logistics, Water supply, etc.
+ Recovery Status Information: Recovery of lifelines, food supplies, roads, telecommunications, etc.

Response Recovery and Reconstruction

< > P>
72hours 4days ~
2weeks

Pre-disaster Emergency Response Support for evacuee’s life [ s.::xgport.for ]
Countermeasures Rescue and Life-saving Recovery of infrastructure victims lives

2weeks >1ew months >
~ few months ~ few years

| Evacuation and Shelter Info. >
| RecoveryStatusinfo.

— Case study of Emergency Response

in the 2016 Kumamoto Earthquake
. - = .
.’\,. -

'

»
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How to monitor the slope near resident area
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Overview of slope monitoring system
Tilt angle sensor
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Local government :
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Monltorlng slopes W|th IoT sensor system

loT sensor:
MeMS type accelerometer

—
\T —_— "

For residents during raifall:

Slope monitoring delivered information
that the slope is not active now.
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Resilient society based on SDGs

z

IE

¢ Quality of Life soa
Disaster 1 World Iz
Risk I ¢

Reduction

System
L. I

) Natural Assets Food-Water-Energy
Climate

Nexus ’
Partnership
Change
Adaptation Em = EE for the Goals

IRDR ICoE for Coherence among Disaster Risk Reduction,

) 5 Climate Change Adaptation, and Sustainable Development.
 Quality of life Intemational activities require the “inlegration of knowledge”
] ) in related fields.
» Climate Change adaptation httos:/fwww bosai.go jpfihoplicoe himi
i i i https://www.irdrinternational.org/

» Disaster Risk Reduction

« ICT and DX(Digital Transformation)
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Challenges for local monitoring using ICT

DR 2T H

%022 —04

* Installing equipment based on the requirements of the residents with loT/Al.
» providing real-time landslide risk information with a hydorological simulation.
* Using 3D-point cloud data to keep the safe infrastructures.

Landslide don’t occur often, Aim to realize the build back better with a quality of life. :»

o7 B SRR SERNTANNEN | TS
Community-based landslide risk assement system
+ Monitoring of slope condition in local community by loT sensor and Al
+ Warning sign by hydrological simulation of small river basin
* Decision making based on physical evidence .
X A 1§ - A e m#
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>
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Guidelines for the implementation of a community-based landslide early
warnin system (15022328 Security and resilience — Emergency management)

‘ EVACUATION MAP AND ROUTE ‘
The flow of warning information and evacuation command - .
_Evacuation Map | A
| — o =
Monitoring devices: I - Coordination among N ¥
- Rain gauge k authorities gHs : 3
- Surface funderground 1 « Local government or
__| deformation { enterprise d =
- Groundwater level meter I - Police /army fII==
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Resilient strategy by TDA
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From Japanese Society of Civil Engineerin

Fig.1. Transdiciplinary approach (TDA) to aid in active use of scientific knowledge for decision
making
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Earthquakes, tsunami, volcanoes, violent winds, heavy rains,
snowstorms, floods, and landslides are
natural threats that will always exist.

However, at NIED, we believe that disasters can be reduced.
Therefore, we are constantly developing technologies and strategies
to prepare for and respond to disasters.

With better prediction, smarter prevention, and faster restoration,
we aim to protect lives and livelihoods for a sustainable future.
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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

Full-scale field experiment of debris
flow and its generation mechanism

Aki Tokuhisa
K’s Lab. Inc., Japan

1. Introduction

In the heavy rainfall in the district of Chugoku, north Kyushu, Japan on 21 July, 2009, a lot
of debris flows occurred around the boundary between Yamaguchi City and Hofu City.
These debris flows appeared on a rocky mountain where bedrock was exposed. The bedrock
is weathered, the scree is thinly distributed on the ridgeline, and the soil and its granularity
are not consistent, which clearly led to marked irregularities in water permeability. In this
paper, for the purpose of clarifying the Rainfall infiltration and failure mechanism of source
head in Masado slope, we performed FEM analysis that reproduced these characteristics. In
addition, a full-size experimental model slope was created, and a rainfall experiment was
conducted under the conditions where a bare ground surface slope and the non-woven filter
were laid.

2. Full-scale field experiment

Our observations of the slope during the experiment were as follows.

a) Gully erosion

Immediately after rainfall hit the exposed slope, water flowing on the surface eroded a
shallow gully in the lower part of the slope.

b) Boiling collapse

As the rainfall continued, the interstitial water pressure in the bedrock increased. When this
exceeded the weight of the clumps higher up, we saw the deep trench collapse. We refer to
this as a boiling collapse. The boiling collapse was especially notable on the lower part of
the slope.

¢) Slope failure conditions

As time passed, the downstream part eroded and the overall slope balance broke down. In
some cases, the collapse was such that clumps travelled downstream roughly 10 m. We
believe that debris flow occurs when this collapsed soil swells to the point that it flows on
the surface water draining downstream.

3. Seepage Flow Analysis by FEM

Where the high-permeability layer was distributed, seepage flow was an order of magnitude
higher than in the other cases with high-permeability layers, regardless of whether topsoil
was present, and we calculated the increase in pressure head over time. Further, the pressure-
head value in the high-permeability zone increased steadily. When we calculated a safety
factor F, we found the safety factor F at 11:30, the time of the second round of rainfall was
less than 1.00. This analysis is in agreement with the time the debris flow occurred.

4. Conclusions

A comprehensive examination of the two results shows that the presence of a high permeable
coarse grained layer between Masado layer and impermeable bed rock layer causes a sharp
rise in pore water pressure at lower part of the slope due to the effect of underground
penetration and groundwater funnel flow. The flow has become clear that the occurrence of
boiling causes the collapse. Moreover, the expected effect of non-woven filter which control
the seepage in heavy rain was confirmed.
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Introduction

Torrential rain disaster in July 2009 in Chugoku and northern Kyushu.
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Introduction

The embankment is-formed around 30°gradient and 85 to
95% compaction. :
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The Experiment Model Slope

Build up the Experiment Model Slope

Artificial rain nozzle 100mm/h
A A A A

Water
storage

Pore water
pressure data
30° acquisition device

Filtration
device

6
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Composition of experimental embankment

2 Bare ground 2Pz Bare ground
Weathering Weathering
Granite Granite
Coarse sand
bed
Exp3~5
P Filter 1~3
¥

Weathering Granite
Gravel bed

Nonwoven filter : slope erosion prevent function

Porosity 98% £
Soft mat |,

Exp o thick

3 Filter 1 7

Can be planted by buried Filter 2 12

seeds and flying seeds e 20
3

7




Condition (3/3)

Pore water pressure gauge : Exp 2~5

6
“77 10m
6
9
Experimental results | Exp1,2

Events observed in the slope during the experiment

On the bare ground slope, shortly after the beginning of rainfall,
shallow grooved gully erosion occurred in the lower slope due to

surface water.

" K < Exp2
Rainfall 10min.

10
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Experimental results | Exp1,2

A deep, 20-30 cm wide grooved collapse (boiling collapse)
occurred when the rainfall continued, the pore water pressure in
the ground increased and the upper soil cloth weight was
exceeded.

Exp2
Rainfall 271min.

11

Exp2 Bare ground

Rainfall stop time === Main boiling collapse

©
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&

o Rapidly
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; = PP-6
0 60 120 180 240 300 360

time (min)
12
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Experimental results | Exp1,2

Just before collapse

— destabilization




Experimental results | Exp3-5

Exp4 Filter2
Rainfall stop time === Main boiling collapse
7
g 6]
—
&
)
7
L 31 i
Qo ’ -O- PP-1
v 2 A . - PP-2
8 ‘ - PP-3
ssii-a & i B & & PP-4
DA A o
04 o o,mgoooo woooo.o | = PP-6
0 60 120 180 240 300 360
time (min)
15

2 hours from the
start of rainfall
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Analysis Methods, Models, and Cases

Heavy Rain  2.5~53.0mm/h

Gravel t=0.3m

25°

18| Weathering Granite t=1.0m

Top Soil  t=0.3m

Boundary condition

Rainfall waveforms on July 21, 2009 in "AMeDAS (Yamaguchi)”.

ﬂ-ﬂﬂ-

Precipitation

(mm/hr) 2.5 6.5 745 9.5 53.0 | 495

Precipitation
(mm/hr)

0" 372" 35 6 7 8 9 10 11 12 13 14

time (min)
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Analysis Results

No top soil with high permeability layer and soil thickness d =1.0m

Pressure
head (m)

10
s

B~ o

N o N

Velocity
v (cm/min)

The depth at
the study point

D (m) 0 5 10 15 20 25 30 35 40 45 50 55

The head at - .
the study point | 1 D€ Pressure hydraulic head values of the high permeable

h, (m) layer in the slope after 9:30 are gradually increasing.

19

Analysis Results

The safety factor F against boiling at points 1 and 2 was calculated from
the following equation.

G,—1 G, : the specific gravity of soil particle=2.62
_ W e : the void ratio=0.8
F= h—a h, : the head at the study point (m)
D D : the depth at the study point (m)

e IIRVL WA Il No topsoil + high permeable layer

After the first heavy rain 9:30 F=1.007
After the second heavy rain 11:30 F=0.994

‘ This coincides with the onset time of the debris flow .

| consider that the flow velocity did not cause seepage failure, but the
increased pressure hydraulic head reduced stability.
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Summary

Collapse of debris flow source head

@ Boiling collapse occurs in several
locations on the lower part of the
slope, causing soil mass to wash
away.

source head
round 0~20

@ The upper slope is out of balance
and collapse occurs around 0 to
20 m at the head of the source.
The collapsed sediment entrains
the surrounding surface water
during flow, resulting in high water
content.

3 In addition, surface water increase
volume and velocity of the flow,
resulting in a debris flow.

occurrence of debris flow
21

Summary

® The full-scale collapse experiment was conducted to observe the
variation of pore water pressure due to the effect of rainfall alone on
the slope. The peak time of pore water pressure is considered to be
accelerated because the valley topography where debris flows occur
is a concave profile and surface water from the surrounding area gets
gathering.

This experiment Actual valley shape

® The effectiveness of the non-woven fabric filter in reducing infiltration
during heavy rainfall was confirmed, and it is considered to be

applicable as a preventive measure against debris flow.
22




Summary

Because the non-woven fabric filter is lightweight and easy to handle, it

can be installed at any location and at a lower cost than conventional
techniques such as mechanical installation.

Effects of Construction on Sources of Debris Flow and Landslides

@ Debris flow and landslides can be controlled.

@ The scale of erosion control weirs, etc. can be reduced, and costs
and construction period can be shortened.

@ Construction prior to erosion control weir construction will
prevent landslides during construction.

Enables low-cost debris flow countermeasures

9 of the exPzYi"‘""h‘

ismantlin i .
. apparatus 1§ compPlete
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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

Application of three-phase elastoplastic
finite deformation analysis to slope
failure problem during rainfall

Takahiro Yoshikawa

Nagoya University, Japan

Numerous slope and embankment collapses have occurred due to heavy rainfall. Causes of
the collapses are considered as reduction of strength due to saturation of unsaturated soil
and rise in pore pressure and increase of self-weight due to water absorption. However, the
detailed collapse mechanism has not been elucidated. To elucidate the mechanism, soil-
water-air coupled elastoplastic finite deformation analysis considering inertia force were
conducted. First, numerical simulations on deformation and failure of unsaturated slopes in
rainfall model tests were performed. As a result, it succeeded in reproducing the
deformation-to-failure behavior of the model slope due to rainfall infiltration. The soil
element on the slip surface exhibited "softening behavior with plastic volume expansion”
above the critical state line in p’ — ¢ skeleton stress space. Next, numerical simulations on
Atami embankment collapse on July 3, 2021, were performed. The results showed that a
large amount of groundwater flowing into the bottom of the embankment may have caused
softening behavior with plastic volume expansion in the soil in that area, leading to the
failure of the whole embankment.
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Application of three-phase elastoplastic
finite deformation analysis
to slope failure problem during rainfall

Nagoya University Takahiro Yoshikawa

=m Background

Collapse of a road embankment 2021 Atami embankment collapse

in the 2018 Japan floods (from Shizuoka Prefecture)
(from Tsuchida and Hashimoto)

Causes of collapse are considered as

* saturation of unsaturated soil
* reduction of strength due to rise in pore pressure
* increase of self-weight due to water absorption

However, the detailed collapse mechanism has not been fully elucidated.
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mm Background

Prediction of the collapse of slopes / embankments due to rain

A combination of seepage flow analysis and stability analysis is used:
using the stress state obtained from a seepage flow analysis, a stability analysis
that determines whether the safety factor exceeds 1 or not, is performed.

However, it is necessary ‘

* to analyze slopes / embankments
from deformation to failure caused by seepage

* to use afinite deformation analysis considering geometric nonlinearity
in order to simulate large deformation behavior from deformation to failure

* to consider inertial forces since failure is accompanied
by accelerated motion even if the external force is rainfall

am Purpose

Three-phase elastoplastic finite deformation analysis considering inertia force
is used to elucidate the collapse mechanism due to rainfall.

o o Softening behavior with
Water absorption failure of E

abs ! —Reduction of suction plastic volume expansion
triaxial specimen m above g=Mp’

—Increase in pOI’E pressure

=F F -
Z ) ) 3 g
5 0E Reproduction of failure i i
Rt behavior acc_ompanied § i
by acceleration a a
i 0
2 Y © o W0 X0 N0 00 S0
[x10°] == <107 1 Maeun skskeicn sirens (Fn) Avals min(%)
1+ - 2r . o
z £ z i} Expansion | ¥ z
: g o f é i
'g : " W Accelerason 0 H l-c ) i i
E 3t Compression
’ 1) I i ]
5, i 6‘ 2 4 6 0 6 > % o 10 20
Time (i) Time (zain) Axals min (%) Axid sean (%)

Application of this analysis method to simulation of a rainfall model test and a real problem
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mm Outline of analysis method

u-p“-p? formulation

@ Eq. of motion
Rate-type

(including jerk term)

nsWpW

p¥s=divT +pb Wp [ Pvs +I°°"‘"+""')(""‘)+ X,

-
B +%p‘ +n(p™ — p*)&¥ | (v, — b) = div§, ]

Material time derivative viewed from the soil skeleton
Finite deformation analysis based on Updated Lagrangian

@ Soil skeleton-water coupled eq.

@ Soil skeleton-air coupled eq.

Numerical analysis method

Spatial discretization of the soil skeleton | Finite element method

Spatial discretization of the pore fluid Finite volume method (from Christian and Tamura)

Temporal discretization Linear jerk method (following Wilison’s 8 method) and trapezium rule

mm Outline of analysis method

@ Skeleton stress eq.
—T'=-T — (s“p" +s%p*)I = —T — p?I + sV (p? — p™)I

@ Constitutive eq.

Elastoplastic constitutive eq. SYS Cam-clay model considering unsaturated effect

I

@ State eq. of pore air Referring to Kyokawa et al. (2009) and Zhang & lkariya (2011),
larger intercept of NCL and CSL, lower the degree of saturation.

State eq. of an ideal gas

@ Unsaturated hydraulic property

2 2m

o=@y kv —kesii-(1-53)), k=g a-soi(i- s.5)

van Genuchten — Mualem model
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Application to simulation of a rainfall model test

sm Overview of model tests and analysis conditions
1g model tests by Chueasamat et al. (2018) Analysis conditions

2D plane strain condition

B Seepage face
/ Rainfall condition
B Exhausted condition

Rainfall intensity:
25, 50, 100 mm/h

Rainfall intensity:
25, 50, 100 mm/h

B Undrained condition

B Unexhausted condition
B Seepage face condition
B Unexhausted condition

Parameters for SYS Cam-clay model

162 .
— . * DL clay: Values from Yoshikawa & Noda (2020)
@) : Water pressure measurement point » Ksand: Values for DL clay when D, = 80 %
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mm Overview of model tests and analysis conditions

K sand (surface layer) DL clay (foundation)
10 — 120 —
e, O Welling curve & A Wetling curve
nl e[ g - (Expcrin‘lcnt) R 100 4 (Expcrimcm)
i« w ——Tangential model = ——Tangential model
N NS £ N £ 804 2
":‘ DL Cly " N Pion = — - oo é« ol b5
;: e 25 o A < 6 (a) K sand . (b) DL (.ldy
b ae g 4 4 Analysis condition .S & Analysis condition
) = = 40 A
2 7
7 2 o= 20 -
0 . . — 1 0 . . .
0 25 50 75 100 0 25 50 75 100
Degree of saturation, S, (%) Degree of saturation, S, (%)
Saturated
. . 1.25X10%m/s 6.68 X107 m/s
hydraulic conductivity

Deformation and failure simulations for three cases
of rainfall intensities of 25, 50, and 100 mm/h

mm Analysis results (Rainfall intensity: 100 mm/hour)

Output at equal time intervals

Pore water pressure (kPa) Shear strain (%)
- s 0
0 10 20 30 50

Degree of saturation (%)
E W .
0

20 a0 60 80 100

-2 -10 8 -6 -4 -2 0 2 a0

20 <18 <16 <14 <12 <10 8 6 -4 2 0 2

Experiment K sand 1= Omin

A =18 mi R t=36mi
Kiaand = I8 min K sand i h min

Reproduction

of change in § Reproduction

pore water of slip failure

t 36 min

pressure with behavior

time
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10

mm Analysis results (Rainfall intensity: 100 mm/hour)
Mechanical behavior of the soil element

at toe located on the slip line

O A The rise in the degree of
saturation and pore pressure caused
plastic deformation and it caused
the loss of overconsolidation and
structure (increase in R and R¥).

’
s

tor stregs g (kPa)

’

/A= Overconsolidation and
structure were lost further, and
softening behavior with plastic
volume compression due to the loss
of structure occurred.

p" (kPa)

- @ Softening behavior with
plastic volume expansion above the
critical state line g=Mp*, which is a
characteristic of Cam-clay model,
occurred, leading to a large
deformation.

Pore water pre:

\'
(=]

Softening behavior with plastic volume
expansion above critical state line g=Mp’

3

w

8

Degree of saturation S, (%)

solle Lo 1o 1,1y

10 20 30 40 50

2 3 0
Shear stram &, (%)

[
Overconsolidation R
Structure R*

I
I
1
n

O Immedawely & r
before rainfall <
2 S 2
=y ) g i
1 g 1
l I/. | I E L
0 20 30 40 50 0
ar strain &, (%)
11171 ;‘?224|
ol ] JI« '
/ 3223
1 - E L
2' ) 5222—
i - g |
_3’] P I P | .- %221 "
0 10 20 30 40 50 0

Shear strain & (%)

Mean skeleton stress p' (kPa)

Lnfloflnflal
10 20 30 40 S0
Shear stram &, (%)

2 3 0

mm Analysis results (difference among 3 rain intensities)

Rainfall
intensity

Shear strain

Pore water pressure

K sand

7= 166 min

K sand

1= 8lmin

N rs)

o 2

36 min

The tendency for the
slip area to increase
with rainfall intensity
has been reproduced.

The higher the rainfall
intensity, the higher the
pore water pressure to
the top of the slope.
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Application to a real problem
(Atami embankment collapse)

13

am Overview of Atami landslide

Location: Aizome River basin, lzuyama District, Atami City, Shizuoka Prefecture
Date: July 3, 2021, around 10:30 a.m.

Embankment collapse at the head of Aizome River Situation in Izuyama District, Atami City
Shizuoka Prefecture UAV photograph (July 3, 2021) GSl aerial photograph (July 5, 2021)
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am Overview of Atami landslide

Rainfall conditions

30 KEWRE 600
mEETRE 7A3H10:00 | 7A3B10:30 ri
25 || e — 500 = -
= — 24BN E - 24-hour rainfall:
EX | smmmE o 2 Largest since 2009
W 15 || —72F5 MM E 300 - .
K R & 48-hour rainfall:
a® 10 | ! 200 = . -
# & Largest in recorded history
5 100 o
. 0o % 72-hour rainfall:
8 8388888¢8 8848828 8 8 g Largest in recorded history
S 89 3 33 83 33 33 83 8 3F
B R EEEEE iy

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

am Overview of Atami landslide

KEE
BIKR
® Spring always occurs
® Spring occurs only when it rains
—— 202149 20 B OFKH |

The collapse area is prone
to groundwater inflow

Distribution of spring sites (using orthophoto taken on September 10, 2021)
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mm Analytical Cross Section

@ Plan view around the collapsed area

TR AR\
b A ! (,uam.m. R 35.00m
§ f A \ . /

Assuming 2-D plane strain condition

— < / . |Csection was selected.
%\%ﬂ' A \% ~ (I j‘ It connects boring Nos. 1, 5, 3, 4,
\? { p :i\ s 7 and the Aizome River valley area.
i \\ 7R ‘

H—1) Mo, 1 \ \
)
I

16

C section can easily collect
water and become subject to

&40 WA 5000
S A=Y oI 2 f

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

Vi
| o WEH0L8m
2, “RMS0m |

severe external force conditions.

mm Analytical Cross Section

@ Geological map of C section

i
()
i

450

A wEE | B 2]
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WRC YIRS
HmE bt LhHEN
BRECUBRILS
L FBRN

Pt

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

v" The left end of the analysis section is the location of boring No. 1.

50 100 150 200 250 300 350 (m)

17
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=m Hydraulic boundary condition

 Rainfall boundary condition
i 4 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)

. Andesite(An)
. Slope sediments (Dt)
. Stream sediments (Rd)

Upper embankment (B)
. Lower embankment (B)

250 m3/day per unit depth vertically upward
+ 1+ 1

flow rate

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

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.

mm S0il parameters

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

* 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.

@ Hydraulic properties (hydraulic conductivity and soil water retention)

* 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.
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Failure simulation (movie)

Change in water content

Shear strain s —— o (%)
0 5 10 15 20
and more

(%)

E = =
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and more

and less

mm Failure simulation

Devator stress g (kPa)

Degree of sturation 5™ (%)

Swsan p* (kPa)
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Shear strain z, (%)

Shear strain =, (%)

Soil element output
(Bottom of embankment)

High shear stress (stress ratio ¢/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’
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mm Summary of application to Atami embankment collapse

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

Groundwater inflow

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

4

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

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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WS-3 Towands 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

Introduction m

Conservation and exhibition of geo-relics are becoming important

Mozu-Furuichi Kofun Group: Mounded Tombs of Jomon Prehistoric Sites in Northern Japan (2021)
Ancient Japan (2019)

Reconstructed dwellings

https://bunka.niiacjp/  https: imaruyama.pref.aomori j i 2
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Open exhibition m
Open exhibitions are attractive, but they are easy to be damaged.
Excavation Re-burying
+
Open exhibition
v . v
Outdoors Indoors
Raifall, wetdry cycl, Desiccation cracking, salt
freeze-thaw cycles, etc. crystallization, fungi, etc. 3

Sakafuneishi Site (Asuka Village, Nara, Japan) ﬂ

The slope deformation was caused by rainfall infiltration.

Slopedzone Flat zone
“(5mx5m) (12mXx12m)

—_—

April, 2019

S SO
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Bank with a reinforced wall
using soil bags

4= Deformation direction

* Stone location survey

* Flat zone was stable

* Sounding tests

Elevation (m)

13

Soil profiles
The slope had a soft surface layer with N < 2

SPT

Reinforced wall
Elevation (m) Soft layer (N <2) using soil bags
"m"s ———————————"————"¢€ 3
clay (N<2)

I clay-sand (N=2-4) 13 -—

I clay-sand (N=4-10)

I sand-fine gravel (N=10-30)

Bl gravel (N=30-50) Ll
109 -————-2 2 0 M

N-value




Materials

100
= 90 r
S 80 f
5 70 +
£ 60 -
s 0 r Particle density: 2 73 g/cm?
E!D 40 Gravel: 2 %
g 30 Sand: 49 %
220 Silt: 16 %
&~ 10t Clay: 27%
0 . , .
0.001 0.01 0.1 1 10 100
Grain size (mm)

F. (%) 43

Dry density (g/cm?) 14

5 — 3 AX108 * QOedometer test

ermeabilll m/s K .
ty (m/s) * Water retention test
Failure stress ratio 1.31 » Permeability test
Normalized shear modulus 67 * Constant suction triaxial test

Numerical simulation m

* 1 Oct - 31 Oct, 2017 (maximum rainfall intensity: 24 mm/h)
» Seepage-deformation FE analysis
» Elasto-plastic model based on skeleton stress (LIQCA2018)

[ Surface layer
I Underlying layer

Unit: m

Groundwater

-30=L-

H

-10Y_
April, 2019
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Degree of saturation
Degree of saturation began to increase before the typhoon.
25 4
’Z’ 20 13 g
2<15 5
= E ——4 2 ®© £
SET 2
% 5 'I B 12
g L. mfl . ,8
Oct. 1 Oct. 5 Oct. 10 Oct. 15 Oct. 20 \ Oct. 25 Oct. 30
1 1 \
Oct. 15th Oct. 22nd
i migy ey mmEmn ﬂ d Im
im
90 91 92 93 94 95 96 97 98 99 100(%)
9
Deformation
Computed deformation was qualitatively consistent with the measured values
m
+= Deformation direction
= Deformation direction Elevation (m)
2019 -
N Rk e
e }-_j_ﬂm,
S 13
2000
Deformation observed through survey 0 5 10 15 20 25 30 35 40 45 50 (cm)
M | s .
Computed deformation vectors 10
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Deviatoric plastic strain

Degree of saturation began to increase before the typhoon.

25

L
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Groundwater level
(m)

o

v v
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__l_— 11

Mean skeleton stress
Suction-induced strength decreased as the degree of saturation increased.

25 4
£ 2
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Restoration proposal m

* Lowering groundwater level was not effective
* Replacement of the soft surface soil
* Densely compacted permeable sandy soil improves slope stability

Elevation (m)

Stone filled net

13

Replacement soil m

100 . — Original Replacement
90
80 | Fe (%) 43 16
€ 5l Original
g 60 | Dry density (g/cm?) 14 17
2 50t
é’ 10 | Permeability (m/s) 34x10°% 1.5x104
g 30
& 90 | Replacement Failure stress ratio 1.31 1.55
10 + -
0 . ) ) ) Nor(;n?llzed shear 67 236
0001 001 01 1 10 100 _Modulus

Grain size (mm)

14
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Restored slope —Mean skeleton stress- m

Suction-induced strength decreased in the restored slope.

25
20

Groundwater level
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Restored slope -Deviatoric plastic strain- m
The restored slope was stable when it was wet and mean skeleton stress decreased.
25 4
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Conclusions
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