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World Seismicity Map

M=4.0, depth=100 km: Chronological Scientific Tables 2002

Earthquakes do not occur all over the world.
Seismic activity is actually very limited to
some areas. This reminds us that there are
more people living on this planet who do not
experience earthquakes.

The mechanism causing earthquakes can be
explained by plate tectonics. Japan lies along
several areas with high seismicity. Therefore,
earthquake disasters are of utmost concern in
Japan where civil life and economic activities
may be considerably affected. We need for

construction engineers to be reminded once

again how imperative is to always provide structures designed to withstand earthquakes.

This is a list of major seismic disasters
(earthquakes with large intensity that have
caused major damage). Numbers in parentheses
give the number of deaths. These figures show
the gravity of such disasters, as earthquakes are
the only cause, excluding the war, for the death
of so many people at once in Japan.

There are also some earthquakes in red that
caused large damage due to liquefaction.

Liquefaction-induced damage has been

Chronological
increasing in the recent years. Scientific Tables 2002

Earthquakes that have caused major damage

1891 The Great Nobi Earthguake, M8.4 (7,300)

1896 Meiji Sanriku Earthquake and Tsunami, M87? (27,000)

1923 Kanto Earthquake, M7.9 (140,000)

1927 Kita Tango Earthquake, M7.3 (2,900)

1933 Sanriku Earthquake and Tsunami, M8.1 (3,100)

1946 Nankaido Earthquake, M8.0 (1,400)

1948 Fukui Earthquake, M7.1 (3,800)

1964 Niigata Earthquake, M7.5 (28)

1968 Tokachi Offshore Earthquake, M7.9 (53)

1983 Middle Japan Sea Earthquake, M7.7 (104)

1993 Kushiro Offshore Earthquake, M7.8 (12)

1993 Southwest-off Hokkaido Earthquake, M7.8 (23)

1995 Southern Hyogo Prefecture Earthquake, M7.2 (6,427)

2004 Niigata Prefecture Chuetsu Earthquake, M6.8 (68)

2007 Niigata Prefecture Chuetsu Offshore Earthquake,
ME.8 (15)

+ 2011 The Earthquake Off the Pacific Coast of
Tohoku Region, M&.4 (19,000)



Overview of Natural Disasters in Japan

+ Natural disasters that cause material and human

damage
= Earthquakes (fire, tsunami, landslides)

— Cloudbursts (rains in the rainy season, heavy rainfalls in urban area,

landslides)
— Typhoons (floods, ocean waves, landslides)
~ Voleanic eruptions (pyroclastic flows, mudflows)
— Strong wind (first spring gale, tornados)
— Wildfires, heavy snowfalls, drift ice
— Abnormal weather {cool summers, mild winters)

+ Damage factors to structures and buildings
— Earthquake impact == rockfalls, soil liquefaction
— Deep percolation

Research on earthquakes and seismic disasters
extends to various disciplines. Ground motion
occurrence and propagation are subjects mainly
to geology and geophysical studies in the
science fileld. On the other hand, ground motion
amplification and structure seismic response
according to alluvial grounds make the subject
of studies of civil and construction engineering.

In recent years, there have been prominent
initiatives transcending the academic
frameworks, as major efforts have been made to

further disseminate information on earthquakes

Earthquakes are the greatest natural disaster
affecting Japan. Damage caused by the impact
doesn’t resume to collapsed houses, but it
widely due to the earthquake collateral effects:
fire, tsunami and landslides. If we consider also
damage caused to structures, it can be said that

earthquakes cause the greatest damage.

Research areas related to earthquakes

Engmeering Earthquake
engineering area

Stflicture seismic—
response

Sclence: Seismology area

Ground mo
occurrence

and prepare shelter environments for temporary occupancy.

Predicted Megathrust Earthquakes

Megathrust earthquakes In the Tokal, Tonankal, and Nankai areas
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region (MB.7)

These are the study results on intensity and
liquefaction potential due to “The Greatest
Earthquake Models Ever” concerning the three
interrelated quakes, which were announced in
2013 by Aichi Prefecture.

The study reveals that it is not solely the
distance from the epicenter, but also ground

conditions have a considerable influence.
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In 2003, the Central Disaster Prevention
Council estimated that Tokai, Tonankai and
Nankai would likely be the hypocentral areas
for interrelated earthquakes occurring in the
future, and made damage estimates. In 2013,
following the 2011 Earthquake Off the Pacific
Coast of Tohoku Region, a Nankai Trough Major
Earthquake of a M9 class was predicted, and
damages were estimated. Local governments
are currently studying the prediction. This
reaffirmed that the Tokai region was in a very

serious situation.

Seismic Intensity and Liquefaction Hazard Distribution
Maps Based on Past Greatest Earthquake Models

Prasr Gresse st Eanthguake Models

Extenation based on the Liguefaction Hazard
Digtributon - Past Groatest Earguabor Miodes.

FY2011 - FY2013: Study results on the estimated damage from Tokai, Tonankai,
and Nankai earthquakes in Aichi Prefecture
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Liquefaction Points Recorded in The Great East Japan Earthquake This map shows the distribution of liquefaction
Liquefaction Points in East points recorded in The Great East Japan

J apan Earth

Earthquake. It shows the strong influence

of ground conditions to the occurrence of
* Why do seismic intensity

and liquefaction vary from
region to region? liquefaction to occur? This is one of the lecture’

liquefaction. What are the conditions for

+ What causes these biases? s main points.
= Today's lecture main point

BACKGROUND AND HISTORY
ON LIQUEFACTION

® Human and material damage

® From natural phenomena to natural disasters
® History of research on liquefaction

® Thoughts on liquefaction

These are examples of quake damage not Seismic Damage to Structures
Not Directly Attributable to Liquefaction

directly related to liquefaction. During the Great
Hanshin-Awaji Earthquake, the impact caused
damage to reinforced concrete constructions

such as bridges and buildings.

The 1995 Great
Hanshin-Awaiji Earthquake

Seismic Damage to Structures This is an example of quake damage not

’ NoDirectIyAttributable to Liquefaction directly related to liquefaction. During the 2003

Tomakomai City: ; .
2003 Tokachi Offshore Earthquake Tokachi Offshore Earthquake, fire broke out

at an oil-related facility in response to a long
oscillation period. During the 2004 Sumatra
Earthquake, livelihood was destroyed and many

human lives were lost due to tsunami.

Sumatra Island:
2004 Sumatra Earthquake




Human damage is caused by collapsed houses, Characteristics of Damage
fire and tsunami, to name a few. Human damage in Soil Liquefaction Phenomenon

induced by soil liquefaction is extremely small, ~ + Human damage factors

. . . . . - Collapsed houses
while material damage is becoming relatively — Fire

larger. Damage to public facilities (infrastructure, = TRl

+ Characteristics of liquefaction-induced damage

lifelines) is significant to such extent there are : : ¢
— Material damage is overwhelmingly greater than human damage

not few the cases when it accounts for more — Casualties caused directly by liquefaction phenomena are extremely rare
— Suppressive effects on structural damage induced by reduced acceleration:
than half of the amount of economic damage. are there base isolation effects?
— Marked damage of public facilities by liquefaction
Due to ltS reduced rlgldlty, the hquefled SOil — BD% of damage is caused by |iquefactign___
P . A — Alittle over 80% of the disaster left by the 1995 Great Hanshin-Awaji
has also a seismic isolation effect. This is why Earthquake was caused by liquefaction

— Liguefaction-induced damage in the 2011 Great East Japan Earthquake
spread even to the Kanto region, which is far away from the quake's
epicenter.

structures sink or tilt, although even in such
cases the seismic impact often doesn’t cause

their collapse.

- Records of natural phenomena Liquefaction is a natural phenomenon,

— Traces of sand beiling from Jomon and Yayoi periods supposed to have been observed in earthquakes
— Ansei Tokai Earthquake (1854), Suruga Province

since ancient times. The phenomenon was
- “Ansei Kenbunroku" (literally, Ansei Chronicle), Part Il p

— The Great Earthquake of Tokyo (1923), Fukui Earthquake (1948) recorded also in the 1923 Great Kanto
+ Liquefacti b d, but th rkable d directl . .
,é?;:d fo":;‘e‘”:ﬁeio"‘nf;‘;‘im_ VLTSS WIRL D FOMISIERR'S CATS iy, Earthquake and 1948 Fukui Earthquake, but it

is strongly perceived as a natural disaster ever
+ 1964: Great Alaskan Earthquake (March), Niigata Earthquake i ce the 1964 Great Alaskan Earthquake and

(June) . .

— Modern facilities (infrastructure) suffered damage for the first time ever Nllgata Earthquake. With these two quakes as

— Starting point for the research on liquefaction; the first year of a turning point, research on soil liquefaction
liquefaction

— 1986 Middle Japan Sea Earthquake, 1993 Southwest-off Hokkaido has been conducted energetically by Japan and

Earthquake, 1995 Southern Hyogo Prefecture Earthquake, 2011

Earthquake Off the Pacific Coast of Tohoku Region the USA as leaders. It is known as the starting

point for research on liquefaction. Also during
the 1986 Middle Japan Sea Earthquake, 1993
Southwest-off Hokkaido Earthquake, 1995 Great Hanshin-Awaji Earthquake, and the 2011 Tohoku Earthquake,

liquefaction-induced material damage to infrastructure and houses has spread.

Trace of liquefaction discovered This is a trace of soil liquefaction discovered
to be dating from the Middle Yayoi period

o

during excavations at at a site dating back to the

Middle Yayoi period. Liquefaction is a natural
phenomenon that has been occurring since

ancient times if conditions were met.

Uchisatohacho Site, Yawata City
Disaster Prevention Research Institute
(Kyoto University)
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This part refers to the 1854 Ansei Tokai Liquefaction phenomena recorded in ancient documents
Earthquake recorded in the ancient chronicle -
“Ansei Kenbunroku - Part II". It shows people
running about trying to escape from the soil
liquefaction occurred in the area that is today

part of Shizuoka Prefecture.

“Ansei Kenbunroku - Part II”:
The 1854 Ansel Tokai Earthquake (1854), Suruga Province

NHK Frogram: the first recording ever to show This is a video taken by Mr. Yuminamochi, a

structural damage caused by liquefaction phenomenon . .
i i cameraman who happened to be in the terminal

building of the Niigata Airport when the
earthquake started (later known as the 1964
Niigata Earthquake). This is one of the most
valuable materials for the study of geotechnical
earthquake engineering since it made widely
known how severe and important was the soil
liquefaction phenomenon affecting modern

facilities.

: *___dg During the earthquake, muddy water spurted

1964 Niigata Earthquake: Sinking terminal building up, burst on the surface and completely covered
the runway’s apron. The underlying liquefied

soil lost its bearing capacity and caused the airport’s building to sink more than 1m.

Research on soil liquefaction has been History of research on liquefaction
led by Japan and the USA

+ Research has gained full momentum in Japan and the USA since
1964 (Niigata Earthquake, Great Alaskan Earthquake)

and Niigata Earthquake. Research has followed ~ “Liquefaction” was used for the first time as a technical term by
Japanese researchers

conducted by Japan and the USA as leaders

ever since 1964’s Great Alaskan Earthquake

the following steps: “Clarify the mechanism,”

— Research follows the following steps:

“Analyze of damage,” “Establish surveying  Clupiy el

methods,” and “Develop preventive measures * Analyze of damage
» Establish surveying methods
and earthquake-resistant design methods.” In + Develop preventive measures and earthquake-resistant design methods

Japan, liquefaction research results, which had

Research results were verified when the Middle Japan Sea Earthguake

been carried out since the Niigata Earthquake, Wtint1oss - _
— From this point on, countermeasures against liquefaction have been
were verified when the Middle Japan Sea incorporated into many earthquake-resistant design methods

Earthquake hit in 1983. From this point on,
countermeasures against liquefaction have been

incorporated into the earthquake-resistant design of many structures.

MECHANISM OF LIQUEFACTION

® Mechanism of sand liquefaction (micro-level)
® Mechanism of sand liquefaction (micro-level)
® Conditions for onset of liquefaction



Onset mechanism of liquefaction phenomenon

Mo worry,
D I'm safe!

Building

Mon-liguefiable layer

Particles are joined together
== by tha farea that pushas tham

agairst each other.
Thicker lines indicate strong
Jalring,

+  Originally, sandy soil makes a good foundation for supporting buildings.

» Compared to clay soil, it presents almost no problem.
+ However, once an earthquake occurs...

First, let’s study the liquefaction phenomenon
from a microscopic viewpoint.
+ Sand deformation -~ Sand particles neither
break down, nor deform. This refers to changes
in their arrays and sand inclusion.
+Sand particle motion in water -+ Sand particles

fall down quickly in the air, but in water they

Sand is generally considered a good soil
thanks to its small subsidence and high bearing
capacity. That is because sand particles form
stable array structures that ensure good transfer
of load. However, once seismic motions occur,
the array structure of sand particles becomes
fragile, which indicates the onset of liquefaction

phenomenon.

Microscopic mechanism of liquefaction phenomenon

Sand deformation
— Changes in the structure of sand particle arrays
- Soil particles don't break, they deform

Sand particle motion in water
— Setiling velocity becomes slower as water's resistance acts on the

particles

— Particles will not re-stabilize until all of the water drains out

m 1 ish r's Vi i
ove at a sluggish pace due to water’s viscous + Diistancy

— Volume change caused by shear deformations
— Special property seen in granulated sugar, rice, beans, etc.

resistance. Consequently, it takes longer time
for sand particles to reorganize their array
structure, which causes persistent liquefaction. «  Onsetof liquefaction

+ Dilatancy --- This is a phenomenon specific to

some substances formed by grouping particles

together (granular material), such as sand, but also granulated sugar, rice, beans, etc. Their volume changes when
they are subjected to vibrations or deformation. This is a property that we don't see in such materials as metals in
fluids or air. When loose grounds are subjected to vibrations, their volume shrinks and the liquefaction phenomenon

occurs. This is why grounds sink due to liquefaction.

Vibration of loose particle structures When subjected to vibrations, loose soil

particles easily change their array structure

i i . . . . .
Loose particle Transformed into a causing the soil volume to shrink. It is during
structure dense particle structure
- - this process that liquefaction occurs.

e _;_ ks * |

= —p
I~ Sand € )

particles

<+

Vibrations (a)

Crumbles
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Vibration of dense particle structures On the other hand, dense soil particles do not

change their array structure regardless of the

Almost no change at
Clzfre;- ct?:?:ed he | rembl strong vibrations they're subjected to. Therefore,

it can be said that liquefaction does not occur in

SSSsasaess dense soils

Y Sand
ool particles

Vibrations (b)

Creaks and opposes

This video illustrates the photoelasticity NHK program: microscopic study of
experiment. particle structure using photoelasticity

They used a cylinder made out of resin to
resemble soil particles. You can see the array
structure of soil particles and the modifications
it suffers when stress is transmitted and the
particles are subjected to vibrations. The
translucent resin to which stress is applied
becomes denser, which slows down the
speed of light traveling along. This leads to

monochromatic light interference that creates

a striped pattern (alternating bright and dark
bands). The linkage between these bands allows
us to know the status of stress transmission. This kind of experiment has been used also in mechanical engineering,
but nowadays, computer simulation has made more detailed analysis possible. This video shows how soil liquefaction
mechanism is impressively visible now.

When a soil is saturated with groundwater, no matter the vibrations it is subjected to, its volume will not modify
immediately. In this experiment, applying vibration while soil volume remains constant is causing peak shearing
deformation.

Particles in dense soils do not change they array structure regardless of repeated ground deformations, and thus
such soils do not lose their stress transmission structure. Therefore, we learn that liquefaction is unlikely to occur in
grounds with high density.

Now, if we extract several particles, the resulting loose ground experiences chain-reaction liquefaction from particles
moving to fill in the voids. As a result, particle array structure suffers significant changes, and the ground loses its
stress transmission structure. Properly understanding such mechanism is the first step toward analyzing damages and

formulating preventive measures.

Seismic wave transmission. Liquefaction phenomenon We have learned from the photoelasticity
onsets due to shearing deformations imposed by S-wave

experiment that it is the horizontal peak

shearing deformation, as illustrated here, that
Horizontal
deformation of ground
imposed by S-wave

e —

causes soil liquefaction. We thus understand

(a)

now that a transverse wave (S-wave, principal

i
7

Sl ey pRIGITEN £

shock) is a dangerous vibration mode also for

Shearing deformation rnnﬁ-1
" Gaouad Batii sanh vl
is recurrent

structures, as dangerous as the horizontal peak
l 1_9':""” l ”ﬁl vibration in soil liquefaction.

Frame-by-frame / / \ (b)
- I | .

= o

At first, it was thought to be caused by
vertical vibrations (!7)



If sandy soil is saturated with groundwater,

Deformation under submerged condition

soil particles’ array structure starts to change
and the volume to shrink, during which water
pressure rises and will eventually spurt to the

ground surface. These are spurts of muddy

water (water combined with sand) that can be

A After water spouts
Particles are (d)  out, the ground sinks
floating in the water ) when vibrations stop

observed in liquefied soils.

Vibrations (@)

Pore water]
pressure

pressure rises

(b)
Particles are Particle crowding force
crowded together has disappeared

(c)

Soils most susceptible to liquefaction This video shows the characteristics of both
are fine sands of uniform particle size

liquefied and non-liquefied soils. We learn that
soils with high risk of liquefaction are fine sands

of uniform particle size.

Next, we are about to study the liquefaction Macroscopic mechanism of liquefaction phenomenon

phenomenon from a macroscopic viewpoint.
= Water pressure is generated in deep layers

— Particle structures modify in layers subjected to stress
.-+ Particles must be exposed to stress from the — Iftoo deep, deformation is, on the contrary, reduced

+ Water pressure is generated in deep layers

surroundings in order to change their array

+ Seepage flow is generated on the way to the ground
surface

modify due to vibrations at a certain level of - Liguefaction occurs also in shallow layers

structure. Therefore, soil particle structures

depth. Yet, if the place is too deep, the very
+ Traces of liquefaction phenomenon

— Sand boils, mud pumping, water foundation
changing in soil particle array structures. — Ground surface sinkage

seismic motion is small, which complicates

Consequently, liquefaction phenomenon occurs

in layers with certain depth at first, and the pore

water pressure rises.

+ Seepage flow is generated on the way to the ground surface --- Water pressure generated in deep layers seeks a way
out through the ground surface, which is why it transforms into seepage flows (groundwater flows) and eventually
spurts to the ground surface.

+ Traces of liquefaction phenomenon --- Groundwater spouts up from cracks and weak points in the ground surface.
This water is mixed up with sand and mud, which is why expressions like “sand boils,” or “mud pumping” are used in
this case. Being visible on the surface makes them evidence of the liquefaction phenomenon onset underground. By

draining the groundwater, ground will sink the volume equivalent to the drained water.
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Water pressure and seepage flow Generally, soils liquefy at a depth not greater
— Vibration Earth pressursin than 20m. This means countermeasures must
stiffness magnitude  the ground cover a range up to 20m in order to prevent
".“‘“*’-)' Upward seepageflow  liquefaction onsets. This is the main cause why
(\ Liquefied area I I countermeasures against liquefaction require
Depth Igw"l “Water pressure’ huge costs.
i, ._Is generated
(approx. 20m)
+ Certain level of vibration or hilgher and ground deformation are required;
20m or more
+ Water pressure is generated that opposes the stress; the greater the depth, the
greater the water pressure
The video is a recording of a simulation test NHK program: the process of liquefaction and

of soil liquefaction phenomenon, which was types of disaster verified by shaking table test

conducted at the Research Institute of the
Ministry of Transport (currently the Ministry of
Land, Infrastructure, Transport and Tourism).
Soil meeting all the requirements to undergo
liquefaction is constructed on the shaking table,
and various structures are disposed on top. The
shaking table enables accurate reproduction of

observed seismic motions.

Poles and heavy structures are drawn inside
the ground and thus sink. Meanwhile, light
structures float due to buoyancy effects. In either cases, damages are critical.

The test reveals that pore water pressure is generated in deep layers, which causes groundwater and soil to circulate

towards the ground surface.

Traces of Liquefaction (Sand boils & holes) The images show a sand boiling and sand

- g <

boil holes, which indicate traces (evidences) of

liquefaction. These were observed in the Middle

Japan Sea Earthquake.



Water fountain and ground sinkage in reclaimed lands During the Great Hanshin-Awaji Earthquake,
It looks completely like a flood area  Port Island underwent massive liquefaction,

. and great amount of groundwater gushed up
through the ground surface. Immediately after
that, the surroundings looked like they had been

hit by floods.

The 1995 Great Hanshin-Awaji Earthquake: Central part of Port Island, Kobe City

Liquefaction occurs when three conditions are Onset conditions of liquefaction

met: « Sand of uniform particle size

+ Fine sands of uniform particle size — Clays particles are too small and sticky

+ Such sands with loose depositional packing = Srsemave et vl AIHANEE

+ Shallow groundwater level + Loose sedimentation

— Changesin the structure of particle arrays
— Volume reduction due to dilatancy

Soils that meet these 3 conditions undergo
liquefaction when subjected to a certain level of + High groundwater level

Lo . - Persistent liquefaction
seismic motion.

It takes just one condition to overcome for - Strong seismic motion
liquefaction to be prevented.

This is a satellite image taken just after the

Liquefaction phenomenon captured in satellite image

Great Hanshin-Awaji Earthquake. We can infer
from the sand boilings shown in ocher that
liquefaction onset extensively in Port Island and
Rokko Island.

Soils meeting all the requirements to undergo

Liquefaction Hazard Map in Toyohashi City
liquefaction are widely distributed throughout = .

N ALl 7 T

Liquatacton nek

Toyohashi City as well. )
+ Coastal reclaimed land:; great
impact on industries
« Toyokawa, Yagyugawa, and
Umedagawa basins:
great impact on residential
area and infrastructure

Liquefaction in coastal reclaimed land may

seriously affect industrial activities.

Also, watersheds of Toyokawa, Yagyugawa,
and Umedagawa rivers are also at a high risk
of undergoing liquefaction, which would have
a significant impact on the residential area,

lifelines and infrastructure.

B et e | Toyohashi City
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LIQUEFACTION-INDUCED
DAMAGE CLASSIFICATION

® [iquefied soil properties
How do soil properties change
Properties of solids and liquids
® Damage classification
Damage due to strength and stiffness degradation
Damage due to ground flow
Damage due to natural frequency reduction

Liquefaction turns ground, which is normally
Mechanical properties of liquefied soils ) . . Lo
e 4 in a solid state, into a liquid state.

. Two times denser than water - Two times denser than water -+ This means
Buoyantforce is twice greater that the buoyant force of soil is twice greater

; and thus relatively lightweight underground
« Lose stiffness and strength y s 8 8
Not self-supporting structures and buried utilities are subjected to
Cannot bear any load b twi t
Vibration characteristics change uoyancy twice as greater.

- Lose stiffness and strength -+ Soil structures

* Flow o such as embankments are not self-supporting.
Flow suchway the ground surface becomes flat (Definition of
liquids) The ground cannot completely sustain the

Still, are viscous . . .
weight of structures. In short, its bearing

capacity fails. While in solid state, the ground
shows constant vibrations dependent on the
velocity of elastic waves. However, once liquefied, the ground turns into a liquid state and thus shows large cycle
vibration.
- Flow --- Fluids flow due to gravity and tend to make the surface flat. Liquefied soils share the same property: if the
surface tilts, the ground spreads laterally.
These three properties are the key points in considering the damage caused by liquefaction.

The damage induced by liquefaction can be Large classification of liquefaction-induced

classified into the following three categories: damage based on the mechanism

- Damage due to Strength and Stiffness 6 Damage due tD strength and St|ﬁn953degradat|0n
— Cannot bear the structure load anymare

degradation -+ Heavy structures sink because — Buoyant force generated in the subsoil acts on buried utilities
the ground cannot bear the structure load — With the ground not self-supporting, earth pressure acts on retaining
walls

anymore. Underground structures are

lightweight so they float due to buoyancy * Damage due to ground flow
— Large flows occur even from minor slopes

effects. — Ground flows such way the surface becomes flat (Definition of liquids)

- Damage due to ground flow --- Also grounds
+ Damage due to changes in vibration characteristics
— The ground'’s stiffness reduces, thus period of vibration becomes longer
lateral displacement of equivalent mass. The ~ The impact on structures s reduced; structures built on top of ships
— Base isolators

tilted at relatively moderate angles experience

same occurs for embankments on flat surfaces.

The tendency of surfaces to become flat is the

basic nature of liquefaction phenomenon.

- Damage due to changes in vibration characteristics --- Vibration period expands due to the ground’s low stiffness
(spring) as if the structures were built on a boat. As a result, another danger arises as structures, which originally have

long vibration period, may resonate, although the impact forces acting on structures generally decrease.



This is the ground acceleration time history
Damage due to changes in vibration characteristics ) .
measured during the Niigata Earthquake

with seismic intensity meters attached to the

200 |
Nilgata City Kawaglshic num;m-nm| 1 apartment bu11d1r1gs il’l Kawagishicho, Nugata

Kawagishicho is renown for the complex

Acceleration (Gal)

of apartments which sank considerably or

collapsed due to soil liquefaction. This case is

Time (&)

often introduced in school textbooks and other

+  Ground acceleration recorded in Kawagishicho, Niigata City publications. The vibration characteristics vary
(1964 Niigata Earthquake)
+ Inthe wake of the earthquake, soil liquefaction onset near greatly before and after the ground liquefies.

the 8-second vibration frequency.

_ At a vibration period near 8 seconds, soil
+ The natural period afterwards was around 5 seconds.

liquefaction occurs, and it gets longer onwards
to 5 seconds. Although the ground acceleration

itself is reduced, damage is rather greater to structures with longer vibration period.

Classification of damage due to ground’s Classification of damage due to
strength and stiffness degradation strength and stiffness degradation

- Bearing capacity loss: sinkage or collapse Bearing capacity loss: sinkage or collapse of structures

of structures -+ Structures, poles and other Buildings, poles, piers and abutments

constructions built on liquefied soil, which

Buoyancy increase: buoyant buried structures
Storage tanks, sewage pipes, manholes

and eventually are sucked into the soil. This is Buried pipelines

are not supported on piles, sink considerably

because liquefied soils lose their capacity to

- Earth pressure increase: uplift of anti-earth pressure
constructions

Earthquake, several apartment buildings in Quay walls, retaining walls

support the structure loads. During the Niigata

Kawagishicho sank considerably or collapsed.

- Buoyancy increase: buoyant buried structures
--- Liquefaction causes soils to lose their bearing
capacity and thus behave like liquids, by subjecting them to a buoyant force. This force is two times higher than that
of water, which is why concrete water storage tanks and manholes, if empty, float upward.

- Earth pressure increase: Earth pressure increase: uplift of anti-earth pressure constructions -:- The earth pressure
acting on retaining walls increases when the soil’s shear stiffness and strength are either reduced or lost. Therefore,
structures such as quay walls in ports and retaining walls in embankments are extruded by the earth pressure.

This is the complex of apartments in Subsidence and fall of structures: Kawagishicho apartment complex,

Niigata City (1964 Niigata Earthquake)
Kawagishicho hit by the Niigata Earthquake. =

This case is often introduced in school textbooks
and other publications. Several apartment

buildings sank considerably or collapsed.

« Several buildings tipped over
* However, there was no remarkable structural damage
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Because of reduced bearing capacity in
Ground strength degradation: Loss of bearing capacity T fied soils. h tructi Nk
iquefied soils, heavy constructions sin

considerably, or in case of eccentric loading,

Soil liquefaction they collapse.

Il

+ The bearing capacity (capacity of soil to support the loads
applied to the ground) in liquefied soils is lost

+ Heavy constructions sink and tip over

This is the complex of apartments in Subsidence and fall of structures: Kawagishicho apartment
complex, Niigata City (1964 Niigata Earthquake)

Kawagishicho devastated by the Niigata
Earthquake. The buildings had fell over to
such extent their bases could be seen. Back
then, liquefaction phenomenon wasn't yet
perceived as a natural disaster. However, on
that occasion, sandy soils were recognized as

being constantly stable and relatively better

ground in comparison with cohesive soils, and

pile foundation weren’t employed anymore. + Spread foundation (strip foundation) with no piers to

. . support them
However, this is what happens once soil is + The superstructure was almost intact; there was also little
liquefied. human damage

Another notable thing here is the little damage
observed in the superstructure that, even after so much damage was produced, it looked like windows were open post-

fall. There was also few injured people. This shows us that liquefaction acted as damping device for the ground.

Buoyant buried utilities: Water storage tank, Niigata Port This is a water storage tank in Niigata Port
(1964 Niigata Earthquake)

1 damaged during the Niigata Earthquake.

Although the tank was made of concrete, it had
almost no water inside, which is why it floated
upward at the effects of buoyant force. The
floating height exceeds human height.

P R Y, |
+ The empty water storage tank floated upward due to the
effects of a buoyant force two times higher than that of

water



Buoyant buried utilities: Water storage tank, The floating height of structures buried in
Niigata Port (weight-buoyant force balance) liquefied soils can be calculated in proportion to
« When soils liquefy, they the buoyant force.

W=pegl are exposed to a buoyant
force.

+ This force is twice higher
than when under the
water.

+ Concrete containers and
pipes also float, if empty.

F=p, aV'=2p. gl

V= total volume, V'= volume of underground
section

r.= density of the structure, rg,~= density of
liquefied sandy soil

[llustrated here are a sewage pipe and manhole Buoyant buried utilities: Sewage pipelines,

in Kushiro Town damaged during the Kushiro Kushiro Town (1993 Kushiro Offshore Earthquake)
Offshore Earthquake. I was surprised to see how ?& g;‘_ 3

the manhole had floated up 1.4 meters. This is

also a result of the buoyancy of liquefied soils.

+ Manholes floated up 1.4m
+ No liquefaction observed in the surrounding ground

Buoyant buried utilities: Sewage pipelines, At the time of restoration of this sewage pipe,
Kushiro Town (1993 Kushiro Offshore Earthquake) the site was investigated in the current state.
Liquefied backfill soil (sand) Plan view The surrounding soil was silty and didn't look

like a liquefied one, so they used sandy soil

SRR SR A

S, ; e for backfilling upon laying of the pipeline and
ewage pipe -
Manhole Elevation view manhole. Said soil was the one to liquefy.

7

+ After excavations and laying of the pipeline, the backfill soil liquefied.
+ The pipeline didn't break, it floated up entirely

This illustration shows how earth pressure Uplift of anti-earth pressure constructions
changes after the liquefaction of soil. Consider {retaining walls, etc.); Cartixprassirs ineusss

quay walls in ports, by deducting water pressure

acting on the outside, earth pressure reaches

three times higher level after liquefaction.

« Earth pressure in waterfronts increases three times due to liquefaction.
+ Anti-earth pressure constructions such as retaining walls are lifted up.
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Uplift of anti-earth pressure constructions: Gravity quay walls, These are Port Island’s quay walls damaged
Kobe Port (1995 Southern Hyogo Prefecture Earthquake)

during the Great Hanshin-Awaji Earthquake.

These walls were greatly pushed out, and
the back ground subsided. There remain
rails (supported by piles) with loading cranes

mounted on in critical condition.

+ Due to earth pressure increase, the front face of the quay
walls swelled, and the back ground subsided greatly

Classification of damage due to ground flow Daifiage okie o wound fio

- Stiffness loss: lateral ground flow - The
liquefied ground is displaced laterally + Stiffness loss: lateral ground flow
considerably on the backside of riverbank and — Buried pipes, pile foundations

quay walls. This causes buried pipes and pile y N
= Shear strength degradation: flow failure in embankments

— Housing, road and railway embankments
force. - Dams

foundations to fail at the effects of an horizontal

- Shear strength degradation: flow failure in
= Foundation ground liguefaction: fall or collapse of

embankments -+ When embankments are not embankments
sufficiently compacted, they are subjected to — Road and railway embankments, river levees
liquefaction. The compacted soil fluidizes and
spreads laterally.
- Foundation ground liquefaction-induced flow: fall or collapse of embankments --- Even when the embankment

doesn'’t liquefy, if the foundation underneath liquefies, the whole block will break apart followed by the ground'’s

subsidence.

Liquefied soil in tilted areas flow down to L . .
Soil liquefaction flow. Flow mechanism
lower ground. Even when the ground is flat,

coastal and riverbank protection is displaced Cracking in

due to increased earth pressure. This causes the Crackingin the ground

the ground
back ground subject to liquefaction to spread . .

laterally.

ayer

Non-liquefied ' Non-liquefied
layer layer

+ Liguefaction causes soils to flow down slopes to lower ground
* Flow failures also form when constructions like retaining walls break.



Lateral ground flow: Shinano River area,
Niigata City (1964 Niigata Earthquake)

= The riverbank moved horizontally a max. distance of 5m

The lateral displacement of ground around
Bandai Bridge can be observed in these aerial
pictures taken before and after the Niigata
Earthquake. Before the Niigata Earthquake, this
was a straight road passing over the river. You
can see that, when the earthquake hit the city,
the road displaced considerably, including a part
which collapsed into Shinano River. The bridge’
s abutment had been built on pile foundation,
which explains why there was little amount
displaced. However, the restored road was
greatly crooked, and horizontal displacement

was visible at the road width.

Lateral ground flow: Buried pipes in
Niigata City (1964 Niigata Earthquake)

Buried pipes buckled and p u‘h’ged' .
+ They were compressed at low ground, and pulled up to
high ground

These pictures show lateral flow in the Shinano
River bank. We learn that multiple crack
appeared parallel to the river, and the bank

spread toward the river due to soil liquefaction.

DI h 3 HMH

These are the amounts of displaced ground
estimated based on aerial pictures taken before
and after the Niigata Earthquake. It shows
a maximum amount of 5 meters of ground

displaced from the riverbank of Shinano River.

Lateral ground flow: near Bandai Bridge,
Niigata City (1964 Niigata Earthquake)

Evidence in aerial pictures

1962 1964 (after hrs.) 1971

+ The ground had moved horizontally towards the river, but

the abutment remained still

+ The road remained crooked even after restoration

This is a buried pipe damaged during the
Niigata Earthquake. The ground where the
pipe had been buried into fluidized toward a
depression, causing compressional stress to act
on the buried pipe, which eventually buckled

and plunged from the ground surface.

Lateral ground flow: Shinano River bank,
Niigata City (1964 Niigata Earthquake)

+  Multiple cracks appeared parallel to the river
* The riverbank submerged into the water
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Lateral ground flow: Showa Bridge, Niigata City

(1964 Niigata Earthquake)

+ The piers and abutments were extruded to
the center of the river by the liquefaction flow

+  Multiple girders fell off. about 1 month after
opening to traffic

Today, this form of girders is not used anymore.

During the Great Hanshin-Awaji Earthquake,
Rokko Bridge was damaged and girders fell.
This was caused by the lateral displacement

following liquefaction of soil near the bridge

Showa Bridge over Shinano River was another
structure that suffered great damage during
the Niigata Earthquake. Ten years before the
quake, a devastating fire destroyed much of
the downtown area, and money was invested
in social infrastructure for the city’s recovery.
This included the Showa Bridge, which was hit
by the quake shortly after the completion of its
construction. The girders of the Showa Bridge
fell into the river because of the piers’ lateral
displacement caused by the flow of liquefied soil

at the site of the bridge, including the riverbed.

Girders fell off due to the lateral ground flow

Rokko Bridge, Kobe City
(1995 Southern Hyogo Prefecture
Earthquake)

piers.
«  Pier were extruded toward the river by liquefaction in
sloping ground
Traces of lateral ground flow Rokko Bridge, Kobe City (1995 Southern Cracking nearby the piers of the Rokko Bridge
Hyogo Prefecture Earthquake) . .
shows the damage mechanism. The piers were
e o e ' ,
%f ""““."'j"“\" y e _ . - pushed toward the sea by a horizontal force
st A \ By | . .
[ |..||‘ \ e generated by the displacement of the liquefied
E I ;‘ r
- ||| HB ': soil. This is considered to have caused girders to
£ B HE EXAR
iv- !:||| E \m P fall off.
LI E N
L Y,
E00iging pectection 3
' '“ﬁmg o

|

| Ground erags in e
Dackise o e

| Siraicre prubsten

= Cracking in the ground surface shows how ground pushed

out the bridge abutment

Foundation piles of buildings were also
damaged during the Niigata Earthquake. These
photos were taken during the investigation
on foundations at the time reconstructing
the affected buildings almost 30 years since
the quake. The buildings were confirmed to
have displaced more than 1 meter during the
earthquake. Then, the embedded pile tips and
heads benefited the horizontal displacement that

caused piles to bend and crack in two places.

Lateral ground flow: Buildings along Shinano River,
Nugata City {1 964 Niigata Earthquake}

4 - N5
At the time of reconstructing the buildings where earthquake-induced
lateral movement was recognized, surveys were conducted to determine
the damage situation of their pile foundation

Almost all piles were broken due to lateral load



Lateral ground flow. Pile foundation damage mechanism This shows the damage mechanism of

foundation piles in liquefied ground that has
Lateral movement of structures

displaced horizontally due to flow. Because of
the condition that pile tips and heads must be

embedded, the bending moment increases near

both ends, causing piles to bend and crack in

two places.

Sand liquefaction

+ The bending load acts on the piles and causes double cracks in each pile

The residential area developed in the town Many houses were damaged by embankment flow

of Shibecha was also damaged by liquefaction
during the Kushiro Offshore Earthquake. The

Residential land,
Shibecha Town

{1993 Kushiro Offshore
Earthquake)

housing embankment collapsed, and several

houses were damaged.

+ Dozen houses built on embankment were all partially destroyed

Construction process of residential area damaged by This is the development history of the damaged
liquefaction-induced flow failure

Residential area, Shibecha Town . .
(1993 Kushiro Offshore Earthquake) outer edge of the plateau. The residential area

residential area. This area faced a swamp at the

was built with the usual construction methods
on the flat land resulted from earthmoving and

embankment, as illustrated. The embankment

" The first develepment in 1982 the western pan
(The hat

spuing

was constructed by filling the valley.

' The second development in 1585: the eastern part.
(this part was prepared for resort houses)

+ Development history of the residential area
+  Aridge was cut out and a valley was filled

The housing damage degree is plotted at the Embankment flow failure: Housing embankment,
Shibecha Town (1993 Kushiro Offshore Earthquake)

Residential area, Shibecha Town
(1993 Kushiro Offshore Earthquake)

top of the cross-sectional and plan views of this
planning drawing. It seems like they learned
about it through a soil survey. Groundwater

streaming in through the valley had infiltrated

the embankment soil and was maintained at h xﬂﬁ:ﬁ:
a relatively high level. Moreover, since almost ol i of e slacir savicely daragnd
and sightly damaged sections

N -—— ey

all damaged houses had been built on the

E - ———
of & ) L
embankment, the cut section including lifelines Geometry of the area and damage pattern
in 18993 Kushiro-oki Earthquake

suffered minor damage. The embankment soil
+ The groundwater level in the embankment was high and

liquefied, and a lateral flow was observed. caused liquefaction
+ Damage was mainly to the embankment section
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This region was hit again by earthquake . i L
Sand boil observed in embankment affected by flow failure
eastward offshore of Hokkaido the following

Residential area,

- Shibecha Town

: 1994 East-off Hokkaido
4 Earthquake

year, but this time the surface wasn't covered by
snow, making the traces of sand boils, which are
thought to be signs of liquefaction, visible on

the surface of the embankment.

+ Same damage was induced during earthquake that hit
eastward offshore of Hokkaido the next year
+ Sand hoils were recognized as evidence of liquefaction

Various types of embankment couldn’t maintain their Several embankments on liquefied soil were
function as many of them collapsed . )
also damaged during the Kushiro Offshore

Kushiro City Earthquake, It was built on soft ground.
(1983 Kushiro Offshore
Earthquake)

+  Embankments risen up on soft ground, including sank
parts, liquefy extensively due to infiltrated underwater

INVESTIGATION OF
LIQUEFACTION POTENTIAL

® |[nvestigation of liquefaction potential
® Simple methods, precise methods with high accuracy

Diagram of evaluation of liquefaction strength Evaluation of liquefaction potential:
by investigation Classification of evaluation methods

Simple methods with low accuracy

; : . - Liquefaction map
Ground motion > ; :
X strength < - Simple evaluation methods
Precise methods with high accuracy
« Earthguake and = — Assessment of the hazard caused by liquefaction index (PL value)
i 9 S irtergl Asse.s‘sment of ground — Assessment of the degree of liquefaction caused by surface displacement
thquake intensity condition and resistance (ey)
settings — Sounding - i ing I i
— Epicenter . — We can improve evaluation accuracy by conducting liquefaction tests and
— Boring hole collecting undisturbed data
~ Earthquake scale ; - = : "
i : - Geological condition, ground - The methods to be used differ depending on the structure, such as bridge
- Distance from epicenter density foundations, port facilities, residential areas
— Ground composition and - Penetration resistance value ’ 3‘2’;?;'3‘ Gﬁiﬁ'ﬁﬂf&ﬁi’én‘}“ 2 ¥
properties . — Liguefaction test + Design Guidelines for Building Foundations (Architectural Institute of Japan)
— Ground vibration analysis Technical Guidelines and C. ies for E ion of Liquefaction Potential

- Model experiment " Residential Areas (draft)



Evaluation of liquefaction potential: Evaluation of liquefaction potential:
Simple and low accuracy methods Precise and high accuracy methods
*HConduct e Swedah weigt sonding (esf EWS 1est + Use the electric static cone penetration test (CPT) or boring survey to search
+  Search for the soil fine fraction content for soil liquefaction resistance based on soil properties, peripheral surface
resistance, point resistance, and pore water pressure
+  Identify non-liquefied and liquefied layers based on the soil fine fraction content + The extent of the exterior (PL) and ground surf 5 (Dey)
+ Set the non-liquefied layer (H1) and liquefied layer (H2)to no more than 5m high + Identify the degree of liquefaction risk based on the PL value, and the level of
P ; e liquefaction based on the Dcy value
+ Examine lig from the g diag!
' |
. - - Maderse
% | Large e
= Sihain
i /
2 Fra
s
} Emallumgact
3 Mlnv_ -
o Lid. Official Website ok Ny X b s A Sowrce: Architecthral Institute of Japan Oficial Webrsite

Source
Hettp e 5 -Shing co jpipban_ekajoka_kenta/ Ll Y it iwwens 5-thing co jppban_eiijoka_kenlol

[ 3 a .
eI of ra kawted Layet W1 )

Liquefaction survey: FL method Evaluation of liquefaction potential: FL method

+ Calculates the soil's resistance ratio against liquefaction (FL value)

in every depth Relationship between PL value and degree of liquefaction
FL=R/L (Osaka Prefecture, 1997)
where
+ The liquefaction index (PL value) is calculated by integrating the FL 056 Almestro asteionand o avegs
value " 5-10  Small-scale liquefaction with almost no impact no structures
PL=Y(F,-W(z)-Az,) 10-20  Moderate liquefaction with potential effect on structures
L2 20-35 Severe liquefaction with many sand boils and cases of tilting
F 1-FL, FL, <1.0 w 10—0.5 spread foundation structures
o FL 210" &) =10=05 235  Exiremely severe liquefaction with large-scale sand boils and
damaged structures

FL,: FLvaiue of k-th layer
z,:  Depth from the center of k-tn layer {m
Az, . Thickness of k-th layer (m)

Evaluation of liquefaction patential: Dcy method Comparison of ground vibration and liquefaction resistance

+ Ground surface displacement (Dcy)

Doy = % (y., H) i ]
where i
: peak shearing strain ~ H: thickness of every layer H
Ve pe g ry laye g // ¢
+ Relation between ground surface displacement (Dcy) and degree of % 15 /- =
liguefaction 2 / / F:
 Doylem)  Degreeofliquefaction g 11 et
0 N g é/ e : or low, chances for
?ne 5 [ 1 liquefaction to occur
z5 Minor : are considerably
>5 <1 0 H reduced
=3 i 0 100 200 300 400 S00 600
>10,220 Moderate Seismic shaking force (Gal)
>20,=40 Major
> 40 [ — + The risk is higher when quake intensity exceeds the ground strength

» Cannotimprove accuracy of analysis due to the large gray zone

Grounds and structures with great potential
for suffering damage from liquefaction

+ Sands with loose depositional packing COU N TE RM EAS U RES
— River zone, floodplains, water routes; coastal and lake shores AG A'N ST L|QU E F ACT'ON

— Areas which names in Japanese include “water” kanji radical
* Meikai, Ikemi, Enoshima, Oitsu, Shimizu, Shirakawa, Takasu, Akazawa,
Minatemachi ® Prevent soil lique
* Ushikawa, Shimoji, Funamachi, Kitajima, Funahara

Protect foundations and soil structures

+ Reclaimed lands in the port area Remove the causes (conditions) of liguefaction onset

— Artificial grounds lack in density ® Proiect structures from ligu t u:|_
- Grounds subjectto countermeasures can easily suffer repeated Although we cannot prevent soll liquefaction
damages Make structures stay in place (never move)

Make structures that do not break apart even when moving
+ All sorts of embankment with high groundwater level
- Housing, road and railway embankments over valleys
~ River levees, dams
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Methods | [Causes|  [Methods] [ Construction methods (Examples) |

| Iscndoom monpuememod 5

By fficraased de"s“" = el e | Fim supportingground | File foundation, etc.

I g _ method g | strengthening of foundation | s hening of strip foundati

i iisg of ahiarelinia P

: £F nula Replanemenl o= "

SI|ES granvianty memod Replacementmethod z | Reducedfloatingheight |  Antidift piling, sheet piling

i .E Increase of underground structure weight

; Groundwater levsi g Capability to follow ground Ground displacement absorption

E Deep well method E displacement through joints
g .
@ Increased effective stress Py = :

g % ._E. | DJspIacemgnt suppressmn Geogrid soil reinforcement

£ B E Suppressed and dissipated Pore water pressure Drain pillar after liquefaction

o] _§ 3 pore water pressure n method method
§ E Pore water pressure cut off | Shearing def i a r z = T |
s ) | restraint method | ‘Mainly individual countermeasures

| Mainly countermeasures covering a wide area |

+ How to approach liquefaction countermeasures in existing residential areas
Sand compaction pile method Deep soil mixing method

v How do we prevent soil liquefaction? I o "-\\ * Inserting a casing pipe into the ground = Soil solidi ion by mixing solidi ion
5 through the vibration of a vibro- material to natural ground.
. - Ground densdy increase {compaction through vrabons) hammer. « Low noise and vibrations.
Main countermeasures Dissipation of pore waler pressine (with drain pilars, e ) .
i Y Sobdibcaban (deop ol maing method, wlc ) . aising ground stability, such as
:‘r:::r a ralatively wide y of shaar increasing the bearing capacity of a
wally 2 g = 4
- Groundwater level lowenng method (seep wed method, elc.) eoher:ve 89'"' 1o prevant liguefaction of - z =
\ J B A1y 0. Drain pillar method (gravel drain)
— — +  Applicable in most soil conditions, T : 1 drai install
i i i iy i mostly good results i g soil by g a
= IHow do we deal with soil Sir y if we cannot prevent it? : i i § " gravel drain in sandy soil and reducing

the horizontal drainage distance.

Main are individual countermeasures
particular to each detached building

* Particularities of construction conditions in existing residential areas

Various facilities and structures in the vicinity

" - Hard to implement measures

Difficuities encountired when secunng construction sites that need conventional large-

Vibrations, nise and ground displacement duing scale construction machinery Source: Aomi Construcion Ca | Lid. Official Webssite
CONRTUCAY CpAToRY. L ! Wz Sowrce: Fudo Tera Corporation brochure
Countermeasures for embankment Compacting soils

liquefaction with soil compaction

Sand compaction
pile method

+ Increasing soil density is direct and most effective
+ Economic and ecological

+ We can prevent structural deformation of embankments by increasing soil density.

Strengthening soils Quickly dissipating groundwater and water pressure

N

Chemical grouting

Chemical grouing

Solidified groutmass | Soil solidification = Increased viscosity |

+ Enables constructionwork also at the existing buildings

2 + Construction examples and experiments using advanced
+ However, not economic p pe g

materials



Quickly dissipating groundwater and water pressure
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+ Used for existing buildings, it's effective when vibration is
not applied
+ Largely used on quay walls in ports

Deep well method Underground continuous wall

+ Enclosed by a cut-off wall, these wells = Ahighly rigid underground continuous
are used to lower groundwater level wall is installed in the outer perimeter
within the excavation, of the building to restrain shearing

+  Used where countermeasures cannot deformation.

be applied right beneath the structure, *  Together with the piles, it suppresses
+  Lowering the groundwater level may ion during

cause the ground to sink. v

biE

Souree, COC Associaton Official Websie

Source: keda Kogyo Co, Lid. Official Wiebsite
hitpficoc-kyokal com use-kouhouw himl

hitpiwedkikeda com/page_id=5

+ Countermeasures to integrated liquefaction of roads and residential
areas in Urayasu City
+ Planning on a lattice-shaped wall construction method
~ This method partly prevents soil liquefaction, through the cor ion of
an undergroundwall that surrounds residential areas (as a grid), with a
cement-based solidifying agent to be inserted in the underground sand
that easily liquefies.

Wl construction with lattice-shaped ground

Source: Liguefaction dala. Urayasu City
However, its cost is an issue, s o chib

If countermeasures are implemented with certain specifications, one can expect
liguefaction damage to be reduced.

Examples of countermeasures against liquefaction

Port Island, Kobe City:
(1995 Southern Hyogo
Prefecture Earthquake)

No measures
have been adopted

» The sand compaction pile method was used inside to
protect the precise and costly facilities

Measures have been adopted

DI h 3 HMH

Lowering the groundwater level

+ Also available for existing buildings
+ Maintenance costrequired -> not economic

ISRt tnsing

T L

=g =3
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Sowrce. How o deal mith t: . The Japar Sodety (JG5)
hp 30TEIWS pl

han of panga; i

Are countermeasures against liquefaction effective?

« The effect is impressive
- Damage can be entirely prevented
— Numerous examples so far

+ Why isn't this method adopted?
- Financial issues
- Its application depends on priorities: evacuation, support,
reconstruction

= Access to i and
and reconstruction materials

= Emergency evacuation routes, ports, airports
— Application according to financial productivity:
+ Highways, Shinkansen, precision machines, amusement parks

providing relief supplies

Effects of anti-liquefaction measures:
West District of Kushiro Port

(1993 Kushiro Offshore Earthquake)

No measures have been
adopted (3-A quay wall)

Countermeasures have been taken since the 1986 Middle Japan Sea Earthquake
The difference between effects was undeniable; served as the driving force behind
the restoration works
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Examples of countermeasures against liquefaction
for port facilities

. the of liquefacti

C p gram of n
countermeasures for a gravity quay wall and the scope of
said wall

+ Basically, the sand compaction pile method was applied
+ Gravel drainage was used near the caisson

Comparison of anti-liquefaction measures cost

» Costof countermeasures against liqguefaction (Example)
- Hotels (Yokohama): 10% of construction cost
— Quay walls in ports: 35% of construction cost
— 500 m airport runway: hundreds of millions to billions of yen

+ Reconstruction cost
— More than twice the cost of countermeasures

+ For common detached housing
— Soil improvement is unrealistic (several times the building expenses)

— Reconstruction by consolidating building foundations after disaster is
feasible

Buildings and lities of Tokyo Disneyland and

Tokyo DisneySea (as of March 28)

State of the buildngs and facilities of Tokye Disneyland and Tokyos DisneySas

Buidings and faciities of both Takyo Disneyland and Tokyo DisneySea did not suffer major damage
o thee 2011 easthquike. Soime parts of he roads that hod suftered mnoe cricks aio being ripained
bt gates mre open all the same since these cracks did not hinder the safely of the amusement park

L f the patkirg lot, park nommally sincy

it ws o with el Buskings and fcites. of Disney Hotels, Ikspian (R), Citque o Sokeil (R)
Thaater Takyo and Disnay Resor Line dd nat suffer magor damage (kspian will reapen on March 28)

Countermeasures against liquefaction: Tokyo Disneyland Sea

+ State of the amusement park (one part of it)

Westernland Some bare rocks of Big
T MRaonati No major damage except a
few cracks
Critter Country Bitrus snamomes 00 0

Repair of some bare rocks
of Big Thunder Mountain

Source: Tokyo [vsney Resor Official Website

i i alc. £ U Wpenwp-carterebiogs 2 ks 2011 TA20110328_01 paf

Effective anti-liquefaction measures: West District of
Kushiro Port (1993 Kushiro Offshore Earthquake)
No measures have been adopted (3-A quay wall)

= The results of the quay wall displacement measurement showed the adopted
measures were effective

« Facilities such as cranes were well-functioning

Should countermeasures against liquefaction
be adopted or not?

» Costcomparison
- Expenses necessary for countermeasures
- Expenses necessary for reconstruction
» Earthquake-resistant design is an economic force function
— Public and private facilities
- Developed and developing countries
+ Importance and economic efficiency of structures
- Strategic and selective seismic strengthening
- Important facilities; Maintaining security and safety
« E ion routes, facilities, medical facilities. anti-
disaster centers
— Facilities important for the economy and productivity; expenses related to
economic losses and reconstruction
+ Highways, Shinkansen, trade ports
*+ Is Tokyo Disneyland smarter?

Countermeasures against liquefaction: Tokyo Disneyland Sea

« State of liquefaction
Liquefaction only occurred in the parking lot, not in the amusement park

Source: hochi.yomun.co jp

= ;
Source: www.yomiur.co.jp

Source: waw.dTnews.jp

Countermeasures against liquefaction: Tokyo Disneyland Sea

+ Sand compaction pile method
This method is used to prevent soil liquefaction by solidifying the ground in compacting
it. It prepares the ground through the insertion of sand compaction piles into the

ground, by inserting and extracting a casing pipe repeatedly with a vibro-hammer.

Sewrce: Aoms Construction Co., Lid. Official Website
it Aowwer oeni-const pUtechigraund 02 mi



Countermeasures against liquefaction: Tokyo Disneyland Sea

Source; Aoeni Construchon Co., Lid Official Wiebisie

mmmwmmmu

2) Inserti 3) 4) Pile formation  5) Pile formation
ing pi The pleted The sand pde is completed
pasitioned drmnmﬂn The sand pile is y  The pipe-raising
g @ vibro- g tip  dnving the pipe compaction
* hammer, unt it ofthe casing pipe,  back down into the procedure are
reachesthe required  while extracting this sand, repeated numercus
depth. casing pipe. times, forming a sand
pile to the ground.

Residents whose houses were damaged dueitr.;
liquefaction lost a trial for "unpredictable liquefaction"

Thirty-six residents of Urayasu City (Chiba Prefecture), whose houses were damaged
due to liquefaction after the Great East Japan Earthquake, sued Mitsul Fudosan
(Tokyo) to which they had bought the houses. The Tokyo District Court pronounced its
Judgment on the Bth to reject the claim of a compensation amounting to about 840
million yen.

Mr. Toshiyuki M. Py g Judge, pointed out that “it was complicated to
estimate if any damage caused by liquefaction would cccur when selling these
houses.”

The suit was filed by the owners of 30 three-story houses located on a land fill that
Mitsui Fusosan had sold to the city between 1981 and 1982. The earthquake of March
2011 caused soil liquefaction of the lots for sales and houses suffered damage such
as house leaning.

The plaintiffs argued that the fact that soil improvement was not carried out, though
the risk of liquefaction was widely known (1964 Niigata Earthquake, efc.), was against
the law. However, this argument was rejected since “an earthquake as important as
the Great East Japan Earthquake could not have been predicted, so there was no
obligation of soil improvement.”
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Status of liquefaction mitigation implementation around

Disneyland Sea

Mo measures have been adopted in the parking area
No measures have been either adopted in the residential area

Abiko City giving up on countermeasures against liquefaction

©On the 30th, Abike City (Chiba that i on soil
improvement was difficult in the eastem part of Fusa Distict, which had suffered from liquefaction
d frer the East Japan E;
Only 20% of land owners interrogated agreed on the “groundwater level lowering method,” which
consists in rudumg underground water by pumping it The decision to give up on
taken at an i ion session for the residents held in
MNovember. The cnty plans on locking for financial for works to be done i
In the 19503, this same district suffered from Bquefaction damage on a land of about 125
hectares, where a swamp used to be filed. About 120 houses and shops were completely
destroyed.
The city has been lecking for a construction method to camy cut scdl improvemant works in areas
affected by disasters, thanks 1o a reconstruction subsidy received from the Government. The sand
compaction plle method, in which sand and mortar are inserted inlo the ground, was initiafly
considered, but the city decided to adopt the groundwater level lowering method, since no
agreament could be reached with the residents due to the expensive amount of meney they had ta
pay. (..}
Some of the reasons given for this disapproval (multiple answers possible) were; "Cannot afford
the cost” (54%), 'Do not have the intention to use the residential area” (29%), "Cannet install a
well in the residential area” (23%). Acconding to the city, the cost for this construction methed was
expecied to be between 9,000 yen to 18,000 yen per year, but since this cost is permanent, some
said that "it is cumpltmd o make fulure generations pay for this." Besides, many lands are
vacant si ngs ware i fud
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