つながる教材

h
s
i
gl

En

つながる教材

国立大学法人

豊橋技術科学大学

安全安心地域共創リサーチセンター

豊橋技術科学大学

安全安心地域共創リサーチセンター

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
increasing in the recent years.
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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 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 field. 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
and prepare shelter environments for temporary occupancy.
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.
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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This map shows the distribution of liquefaction
points recorded in The Great East Japan
Earthquake. It shows the strong influence
of ground conditions to the occurrence of
liquefaction. What are the conditions for
liquefaction to occur? This is one of the lecture’
s main points.

These are examples of quake damage not
directly related to liquefaction. During the Great
Hanshin-Awaji Earthquake, the impact caused
damage to reinforced concrete constructions
such as bridges and buildings.

This is an example of quake damage not
directly related to liquefaction. During the 2003
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.
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Human damage is caused by collapsed houses,
fire and tsunami, to name a few. Human damage
induced by soil liquefaction is extremely small,
while material damage is becoming relatively
larger. Damage to public facilities (infrastructure,
lifelines) is significant to such extent there are
not few the cases when it accounts for more
than half of the amount of economic damage.
Due to its reduced rigidity, the liquefied soil
has also a seismic isolation effect. This is why
structures sink or tilt, although even in such
cases the seismic impact often doesn’t cause
their collapse.
Liquefaction is a natural phenomenon,
supposed to have been observed in earthquakes
since ancient times. The phenomenon was
r e c o r d e d a l s o i n t h e 1 9 2 3 G r e a t Ka n t o
Earthquake and 1948 Fukui Earthquake, but it
is strongly perceived as a natural disaster ever
since the 1964 Great Alaskan Earthquake and
Niigata Earthquake. With these two quakes as
a turning point, research on soil liquefaction
has been conducted energetically by Japan and
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.
This is a trace of soil liquefaction discovered
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.
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This part refers to the 1854 Ansei Tokai
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.

This is a video taken by Mr. Yuminamochi, a
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.
During the earthquake, muddy water spurted
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
conducted by Japan and the USA as leaders
ever since 1964’s Great Alaskan Earthquake
and Niigata Earthquake. Research has followed
the following steps: “Clarify the mechanism,”
“Analyze of damage,” “Establish surveying
methods,” and “Develop preventive measures
and earthquake-resistant design methods.” In
Japan, liquefaction research results, which had
been carried out since the Niigata Earthquake,
were verified when the Middle Japan Sea
Earthquake hit in 1983. From this point on,
countermeasures against liquefaction have been
incorporated into the earthquake-resistant design of many structures.
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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.

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
move at a sluggish pace due to water’s viscous
resistance. Consequently, it takes longer time
for sand particles to reorganize their array
structure, which causes persistent 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.
When subjected to vibrations, loose soil
particles easily change their array structure
causing the soil volume to shrink. It is during
this process that liquefaction occurs.
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On the other hand, dense soil particles do not
change their array structure regardless of the
strong vibrations they’re subjected to. Therefore,
it can be said that liquefaction does not occur in
dense soils

This video illustrates the photoelasticity
experiment.
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
b e c o m e s d e n s e r, w h i c h s l o w s d o w n t h e
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.
We have learned from the photoelasticity
experiment that it is the horizontal peak
shearing deformation, as illustrated here, that
causes soil liquefaction. We thus understand
now that a transverse wave (S-wave, principal
shock) is a dangerous vibration mode also for
structures, as dangerous as the horizontal peak
vibration in soil liquefaction.
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If sandy soil is saturated with groundwater,
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
observed in liquefied soils.

This video shows the characteristics of both
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
phenomenon from a macroscopic viewpoint.
・Water pressure is generated in deep layers
… Particles must be exposed to stress from the
surroundings in order to change their array
structure. Therefore, soil particle structures
modify due to vibrations at a certain level of
depth. Yet, if the place is too deep, the very
seismic motion is small, which complicates
changing in soil particle array structures.
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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Generally, soils liquefy at a depth not greater
than 20m. This means countermeasures must
cover a range up to 20m in order to prevent
liquefaction onsets. This is the main cause why
countermeasures against liquefaction require
huge costs.

The video is a recording of a simulation test
of soil liquefaction phenomenon, which was
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.
The images show a sand boiling and sand
boil holes, which indicate traces (evidences) of
liquefaction. These were observed in the Middle
Japan Sea Earthquake.
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During the Great Hanshin-Awaji Earthquake,
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.

Liquefaction occurs when three conditions are
met:
・Fine sands of uniform particle size
・Such sands with loose depositional packing
・Shallow groundwater level
Soils that meet these 3 conditions undergo
liquefaction when subjected to a certain level of
seismic motion.
It takes just one condition to overcome for
liquefaction to be prevented.
This is a satellite image taken just after the
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 are widely distributed throughout
Toyohashi City as well.
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.
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Liquefaction turns ground, which is normally
in a solid state, into a liquid state.
- Two times denser than water

… This means

that the buoyant force of soil is twice greater
and thus relatively lightweight underground
structures and buried utilities are subjected to
buoyancy twice as greater.
- Lose stiffness and strength … Soil structures
such as embankments are not self-supporting.
The ground cannot completely sustain the
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
classified into the following three categories:
- Damage due to strength and stiffness
degradation

… Heavy structures sink because

the ground cannot bear the structure load
anymore. Underground structures are
lightweight so they float due to buoyancy
effects.
- Damage due to ground flow … Also grounds
tilted at relatively moderate angles experience
lateral displacement of equivalent mass. The
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.
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This is the ground acceleration time history
measured during the Niigata Earthquake
with seismic intensity meters attached to the
apartment buildings in Kawagishicho, Niigata.
Kawagishicho is renown for the complex
of apartments which sank considerably or
collapsed due to soil liquefaction. This case is
often introduced in school textbooks and other
publications. The vibration characteristics vary
greatly before and after the ground liquefies.
At a vibration period near 8 seconds, soil
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
strength and stiffness degradation
- Bearing capacity loss: sinkage or collapse
of structures

… Structures, poles and other

constructions built on liquefied soil, which
are not supported on piles, sink considerably
and eventually are sucked into the soil. This is
because liquefied soils lose their capacity to
support the structure loads. During the Niigata
Earthquake, several apartment buildings in
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
Kawagishicho hit by the Niigata Earthquake.
This case is often introduced in school textbooks
and other publications. Several apartment
buildings sank considerably or collapsed.
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Because of reduced bearing capacity in
liquefied soils, heavy constructions sink
considerably, or in case of eccentric loading,
they collapse.

This is the complex of apartments in
Kawag ishicho devastated by the Niig ata
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.
However, this is what happens once soil is
liquefied.
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 postfall. There was also few injured people. This shows us that liquefaction acted as damping device for the ground.
This is a water storage tank in Niigata Port
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.
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The floating height of structures buried in
liquefied soils can be calculated in proportion to
the buoyant force.

Illustrated here are a sewage pipe and manhole
in Kushiro Town damaged during the Kushiro
Offshore Earthquake. I was surprised to see how
the manhole had floated up 1.4 meters. This is
also a result of the buoyancy of liquefied soils.

At the time of restoration of this sewage pipe,
the site was investigated in the current state.
The surrounding soil was silty and didn’t look
like a liquefied one, so they used sandy soil
for backfilling upon laying of the pipeline and
manhole. Said soil was the one to liquefy.

This illustration shows how earth pressure
changes after the liquefaction of soil. Consider
quay walls in ports, by deducting water pressure
acting on the outside, earth pressure reaches
three times higher level after liquefaction.
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These are Port Island’s quay walls damaged
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.

Classification of damage due to ground flow
- Stiffness loss: lateral ground flow

…

The

liquefied ground is displaced laterally
considerably on the backside of riverbank and
quay walls. This causes buried pipes and pile
foundations to fail at the effects of an horizontal
force.
- Shear strength degradation: flow failure in
embankments

… When embankments are not

sufficiently compacted, they are subjected to
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
lower ground. Even when the ground is flat,
coastal and riverbank protection is displaced
due to increased earth pressure. This causes the
back ground subject to liquefaction to spread
laterally.
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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.

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.
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.

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.
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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.

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
piers.

Cracking nearby the piers of the Rokko Bridge
shows the damage mechanism. The piers were
pushed toward the sea by a horizontal force
generated by the displacement of the liquefied
soil. This is considered to have caused girders to
fall off.

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.
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This shows the damage mechanism of
foundation piles in liquefied ground that has
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.

The residential area developed in the town
of Shibecha was also damaged by liquefaction
during the Kushiro Offshore Earthquake. The
housing embankment collapsed, and several
houses were damaged.

This is the development history of the damaged
residential area. This area faced a swamp at the
outer edge of the plateau. The residential area
was built with the usual construction methods
on the flat land resulted from earthmoving and
embankment, as illustrated. The embankment
was constructed by filling the valley.

The housing damage degree is plotted at the
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
a relatively high level. Moreover, since almost
all damaged houses had been built on the
embankment, the cut section including lifelines
suffered minor damage. The embankment soil
liquefied, and a lateral flow was observed.
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This region was hit again by earthquake
eastward offshore of Hokkaido the following
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.

Several embankments on liquefied soil were
also damaged during the Kushiro Offshore
Earthquake, It was built on soft ground.
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