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A B S TRACT

This report has: béen: ‘prepared: for engineers to understand soil liquefaction
and disaster prevention for-soil liquefaction and also to ‘get a view of future
earthquake disaster preventlon

Recent subJects and topics related to soil liquefaction as . for clvil
engineering structures ‘are deséribed’ based ‘on' past’ earthquake expériences,
research results ‘ and ‘practical application. = These aré:mechanism 6f soil
liquefaction, llquefaction 1nduced hazard “in past earthquakes,_procedures
for: estimating §011- liquefaction potential selsmic ‘design methods of civil
engineering :structures consldering 'go1l - liquefaction, selémic inspection
methods of existing structures for soil liquefactlon and countermeasures
agalnst soil llquefaction.

Moreover, recent new topics on liquefaction problems (lateral ground flow
induced by soil llquefactlon and visual information system for zoning
liquefaction potential) which have been studied in Public Works Research
Institute (PWRI), Ministry of Construction, Japan are presented.
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'CHAPTER 1 INTRODUCTION

IDNDR (International Decade of Natural Disaster Reduction) began in 1990 so that
all countries of the world Join in a concreted ‘internatidnal ‘action for reducing
the adverse effects of such natural disasters as floods,,droughts, hurrlcanes,
earthquakes and so on. However severe earthquakes occurred In both Tran and
Phlllpplnes in the first year of the Decade. An estlmated 40, OOO people perlshed
‘In the Tran Earthquake with ‘the’ Mag‘nitude ( M ) 7 7 on ‘the Richter scale in Jline 2i,
“and ‘an estimated 1,700° people perished in the Phlllpplnes harthquake with M= 1. 8
‘in “July 16. The ‘earthquakes: wili® occéur” repeatedly a1l ovér the world In the
future, and we should seriously prepare for future earthquakes to redlice ‘the
likelihood of earthquake disaster.

‘When - an earthquake "‘i‘)’ccurs, such natural )phenomena as’ strong motlon, soll
llquefactlon, fault, tsunami and so q ' oceur kflrst and nduce damage to structures
‘second | gr lind failure, lnduclng severe damage of
'structures durlng earthquakes Therefore. it is ‘very important to pay attention

to soil liquefactlon and make an effort to reduce liquefaction-induced damage ‘

}This paper,summarles the recent subJects and topics related to soil llquefactlon
.on civil’ 'gineering str\u tures for the ‘f.,epeople who work on reductlon of
| nduced damage,t"o’ refer.'_' :
' ; understand

d_hazard ’in

mmon. Jap ew toplcs on 11quefactlon
;problems . ,lateral ground flow induced by soil liquefaction :and the-visual
.zoning-: information system which have been studied 1n the PWRI respeetlvely
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CHAPTER 2 LIQUEFACTION PHENOMENA AND ITS MECHANISM

2.1 LIQUEFACTION AT HORIZONTAL GROUND
2.1.1 Mechanisn of Soil Liquefaction

The mechanism of soil liquefaction occurrence can be explained conceptually as
shown in Fig. 2. 1. The state of. soil particles in the liquefiable layer can be
classified into three stages. according to the lapse of time in an earthquake as

follows,

(1)Before Earthquake

The soi] element is saturated with pore water and the frame of soll particles is
loose. The bearing capacity of this soil element is related to the effective
confining pressure equivalent with the effective overburden pressure (o +') and
equivalent with the total overburden/confining pressure (o V) before an

earthquake.

(2)During Earthquake '
‘The soil ‘element is forced to deform by shear stress during an earthquake At
this moment, the particles try to be dense (called as negative dilatancy/
‘shrinkage of element volume") because 1t 1s loose. However, because the duration
time of seismic load 1s generally short ‘the pore water between soil particles is
not drained and the total volume of soil element is not changed or constant As
a result of constant volume of a s611° element excess pore’ Water pressure (A u)
occurs, and’ because the total conf'ining pressure (a v) is constant the effective
overburden ‘pressure (o v) during ‘an’ earthquake is forced to decrease ‘ This
means ‘that the bearing capacity of a soil element s decreased by the occurrence
of excess pore water * pressure, in other ‘words, by’ soil liQuefaction In this
stage, ‘when the grain size’ of soil particles is'small such as clay ‘and® silty clay,
the “soll ‘parti¢les find it difficult to’ be ‘dense’ during an earthquake, “in" other
words, not liquefied. Furtheritore; ‘when' ‘the soil particles are compacted densely
before an earthquake: (Fig. 2.1(c)); the soil particles t¥y to'Be lodse (called “as
"positive dilatancy/expansion:of element volume") and’the effective ovérburden

pressure or bearing capacity of a soil element is increased.

(3)After Earthquake

The pore water can be drained after shaking and the excess pore water pressure in‘

the soll element is decreased. According to the progress of water drainage, the
volume of soil element ls decreased and become stable- finally. ‘The effective

overburden pressure or bearing capacity of a soll element is recovered again.

The drainage of pore water and flow out of soil particles with it can be observed

as a water spring and a sand boil during an earthquake, respectively.

2.1.2 Phenomena of Sofl Liquefaction During Earthquakes

The typical phenomena of soil liqu'efaction during earthquakes can be shown such '

-2~
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as In Fig. 2.2 and Table 2.1." The visual phenomena on the ground surface induced
by soll liquefaction are sand boll, water spring, crack, settlement, up-heave and
lateral ground flow. In other words, the occurreénce of soll liguefaction can be
found from the above mentioned phenomena. The mechanism of liquefaction-induced
effects can be classified Into four groups: the decrease of lateral bearing
capacity of ground, the decrease'of vertical bearing capacity of ground, the
decrease of shear strength of ground the increase of up-lift force and the flow
of soil particle/water. - It should be noted that the damage patterns of
structures by soil liquefaction are different according to the mechanism of
ligquefaction.

The typical liquefaction phenomena which can be observed visually during and
after an earthquake are sand boil and ¢rack on the ground surface. Photos. 2.1 [
Ref. 2-4] and 2.2 [Ref. 2-5] show the sand boil and crack which oceurred in the
Miyagi-Kén-0ki Earthquake of 1978, in Japan and the Loma Prieta Earthquake of
1989, In U:S:, respéctively. Theé underground can be estimated to be llquefied
during an earthquake by the liquefaction phenomena such as sand boil and crack.
In other words, it 1s necessary to pay attention to sand boil and crack in the
eai‘thQuake Inspectlon just’ after an event However,‘ 1t Should‘be nOted that the

at the site/area of ‘human activlty

Photo. 2.3 [Ref. 2-6] indicates sand boil occurred at the Carmen Bridge and
liquefaction-induced damage of the bridge pler in the Philippines Earthquake of
1990. - Because ‘the foundation of the "‘bridge pier was not driven into the tight
base-ground which were not liqueflable ‘the ‘bearing capacity of the surrounding
liqueflable ground: of foundation "was -dédreased | by soil liquefaction, and the
foundation was tilted and settled to cause the damage of superstructure as shown

in Photo. 2. 3

Photo: 24 [Ref 2 -7 ] shows the flood oOceurred’ by rainfall after the 1989
Philipplnes Earthquaké:  Because ‘liduefaction “occurréd severely and caused the
ground settlement in Dagupan City, the rainfall after the Earthquake stayed in
the street and hindered the activity ‘and health -of people. Some
counterneasures were needed for drainage. It indicates that the effects of
rainfall just after an earthduake should be noted as the secondary disaster.

2 2 LATERAL GROUND FLOW AT INCLINED GROUND

.When ‘a ground Surface on’ the 11q11ef1ab1e layer 1s mcllhed ground flow can occur.
Hamada et. al., [Ref 2—1] polnted out that the fairly big amount of lateral flow of
ground’ could be* ‘seen broadly’ at' the ‘areas in and/or¥ around Tokyo, Fukul, Niigata
“and 'Noshiro: ‘where' the liqUefaction ‘of théiground: apparently took place during
the Karito Earthquake (1923, M=7.9), the 'Fukul’ Eaz‘thq‘uake (1948, M=7.3) the Niigata
','Earthqual{e (1964, ‘M=7.5): - and ‘the Nihon:Kai- ~Oyubu Earthquake (1983, M=T.7),
respéctivély, Furthermore, ~the “lateral” gréound flow -and induced damage of
‘structures have been reported in the recent earthquakes such as the Philippines
Earthquake of 1990 [Ref 2-27 and ‘the: Valle de ‘1a Estrella Earthquakeé in Costa

R '-—3;



Rica, In 1991 [Ref. 2-3] .

Flg. 2.3 shows the 1ateral ground flow occurred in the Niigata Farthquake of 1968
in Japan [Ref. 2- -1] . : : :

P‘ho‘to., 2.5 [Ref. 2-8] shows _the lateral ‘,ground flow'and the Induced crack and
step difference occurred In the Nihon-Kal-Cyubu Earthquake of 1983, in Japan.
The ground surface can be seen to be slid in the direction of slope.

Photo. 2.6 [Ref. 2-9] also shows the lateral ground flow toward the river and the
Induced cracks observed In the Philippines Earthquake of 1990. Thus, most
lateral .ground flows in the past earthquakes had a tendency to occur at the
site/area neighboring water area such as a river and a pond which are generally
low comparing with the. neighborhood, in.the direction of water area. It Is
necessary to take speclal care at the site/area neighboring water area concerning
the lateral ground flow induced by soil liquefaction during earthquakes.

Experimental studies with the use of a shaking table on lateral ground flow have
been conducted in the Public Works ‘Research Institute over the past a few years.
Photo. 2.7 shows the lateral flow and - cracks on the surface of ground model
reappearance in a shaking table test. The results of these tests are presented
in Chapter 8.
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Photo. 2.1 Sand Boil and Crack (Miyagi-Ken-0ki
Earthquake of 1978, Japan) [Ref. 2-4]

Photo. 2.2 Sand Boil and Crack (mea Prieta
Earthquake of 1989, USA) [Ref. 2-5]

Photo. 2.3 Sand Bofl (Philippines Earthquake
of 1990, Philippines) [Ref. 2-6]



Photo. 2.4 Settlement of Ground Induced by Soil
Liquefaction and Flood (Philippines
Earthquake of 1990, Philippines) [Ref. 2-7]

Photo. 2.5 Lateral Ground Flow and Induced Crack
Ground Flow (Nihon—Ka:l Cyubu Earth-
quake of 1983, Japan) [Ref. 2-8]

Photo. 2.6 Lateral Ground Flow and Induced Crack
(Phjllpplnw Earthquake of 1990, Philippinw)
[Ref. 2-9] ©
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Photo. 2.7 Lateral Ground Flow and Crack Observed in
Shaking Table Tests at PWRI (see Chapter 8)

Table 2.1 Liquefaétlon and Induced-Damage

Liquefaction Phe-
nomena of Ground

Effect of Liquefaction

Against Structure

Example of Induced-
Damage of Structure

Sand Boil
Water Spring -
Crack

- Lateral Flow/
Slide

Settelemei‘ityf B
Up-heave

etc.

Decrease of Horizontal
Bearing Capacity of

Inclination/Defor-
matlon of Foundation

Shear Strength 6f
Ground

Ground of Bridge.
Decrease of {':e'i;tlcal In611nation/Settle—
Bearing Capacity of ment of’ Weighted
,Ground ' Structure
Decrease of Dynamlc Crack/Settlement/

‘Slide of Bank/Levee,

Lateral Ground Flow
of Inlcined Ground

Increase of Up llft

Flow of Soil’ Parrticle/
Water .

Up-1ift of Pipe/

~Manhole/Duct
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CHAPTER 3 LIQUEFACTION-INDUCED BEHAVIOR/HAZARD

3.1 CLASSIFICATION OF LIQUEFACTION-INDUCED HAZARD

As shown in Table 2.1, the soll liquefaction/ground hazard causes several kinds of
severe damage/hazard of structures according to the mechanism of ground hazard.
Table 3.1 summaries the relation between liquefaction-induced damage of typical
civil engineering structures: bridge, approach embankment of bridge, levee,
special levee and underground structure, and mechanism of ground hazard of

interest.

3.2 LIQUEFACTION-INDUCED HAZARD IN PAST EARTHQUAKES

When earthquakes occur, the saturated sandy layers are forced to be liquefied
during earthquakes first and Induce second the damage of structures. Because the
resistance potential of the basic ground is decreased by liquefaction, the
structures on and/or in the liquefied ground are deformed and damaged severely

during earthquakes.

It is very important to learn the earthquake disaster in the past earthquakes for
planning the earthquake disaster reduction program from now on. In this report,
the classification of damage mainly for such typical civil engineering structures
as highway facilities, river facilities, lifeline facilities based on the past
earthquakes are presented, and the examples of earthquake-induced damage of
structures are Introduced with photographs taken in the recent earthquakes
including the 1990 Philippines Earthquake.

3.2.1 Highway Bridge

Highway bridges which are likely to be damaged by soil liquefaction during
earthquakes can be anticipated in advance, and should be considered for checking
the earthquake resistance of bridges in advance and examining the damaged parts
Just after earthquakes. The examples of damage and learned notation related to
highway bridges damaged by liquefaction In recent earthquakes are shown as

follows.

Photo. 3.1 [Ref. 3-11 shows the girder-falling of the Syowa-Ohashi Bridge in the
1964 Niigata Earthquake in Japan. The bridge consisted of 12 simple girders and
the foundation of each pier/abutment was a pile-bent type as shown in Fig. 3.1.
Around this bridge, severe liquefaction occurred and the surrounding ground of
pile foundation lost its horizontal bearing capacity by soil liquefaction. Five
simple girders between the pier-2 and the pier-7 were fallen down into the Shinano
River. Although the bridge was opened for traffic in May of 1964, it was damaged
by the earthquake in June of 1964, only one month after because the bridge was
not designed considering the effect of soil liquefaction. After this earthquake,
the research/study of soil liquefaction was started seriously in Japan.

_10_




Photo. 3.2 [Ref. 3-2]) shows the damage of bridge approach banking at Gomyokou
Bridge In the 1983 Nihon-Kai-Chubu Earthquake in Japan. Because the bridge
approach banking was collapsed severely by cracks, settlement and lateral
spreading, the bridge body was not damaged structurally but damaged
functionally. However the repalr of approach banking 1s generally easier than
that of bridge body.

Photo. 3.3 [Ref. 3-3] shows Magsaysay Bridge of 6 simple reinforced concrete
girders (total length: 102 m) damaged in the 1990 Philippines Earthquake. It is
located in Dagupan City where liquefaction occurred most notably. Because the
underlying sandy ground at this bridge was liquefied, the 5 pier foundations were
sunk and tilted, and 4 simple girders fell down.

Photo. 3.4 [Ref. 3-4] shows the typlcal liquefaction phenomena observed visually
at the ground surface around Carmen Bridge damaged in the 1990 Philippines
Because the underlying ground was liquefied (see Photo. 2.3), 6 pier foundations
of 13 simple truss girders (total length: 655 m) were tilted and 6 girders fell
down. ’

Photo. 3.5 [Ref. 3-5] shows the damage of approach embankment of a bridge in the
1990 Philippines Earthquake, similar to Photo. 3.2. The base ground of the
approach bank was liquefied and caused the sliding, settlement, and crack of the

bank.
3.2.2 River Facility

Photo. 3.6 [Ref. 3-2] shows the sliding and settlement of a .levee occurred in the
1983 Nihon-Kai-Chubu Earthquake in Japan. The ground below the bank was
liguefied and induced the severe collapse of the levee.

Photo. 3.7 [Ref. 3-6] shows the settlement/step-difference at the top of levee
locating at Panidue along the Tarlac River damaged by soil liquefaction in the
1990 Philippines Earthquake. As shown in the Photograph, the bank slid and the
step-difference of levee-top was about 1.5 m to 2.0 m.

Photo. 3.8 [Ref, 3-6] shows the collapse of special levees at Panique near Carvo
Bridge along the Tarlac River in the 1989 Philippines Earthquake. The ground
neighboring the special levees settled and seemed to be liquefied. Because the
special ‘levees were constructed with non-reinforced -concrete, they seemed very
weak for earthquakes structurally. The: neighboring special levees which were
retrofited with stones at the foot were not damaged and/or damaged slightly.

Photo. 3.9 [Ref. 3-6] shows the lateral movement of a special Levee in Dagupan
City in the 1990 Philippines Earthquake.  Because the ground around the special
levee was liquefied and moved toward the river, the reinforced wall of the special
levee was forced to move and/or tilt., The back fill was also settled and spread.

3.2.3 Underground: Structure

..11...



.The underground structures/facilities such as sewage pipe, water-supply pipe, gas
pipe ' and duct are damaged severely by the ground hazard such as soil
liquefaction. Because the underground structures are constructed in the ground,

it is generally very difficult to repair and recover.

Photos. 3.10 and 3.11 show the up-lift of a sewage plpe and- a manhole,
respectively, by soil liquefaction In the 1964 Niigata Earthquake [Ref. 3-1] .
Because the elevation of sewage pipe is very Important for its function, the
up-lift of pipes induces: severe -damage. Photo. 3.11 also shows the tilting of-a
building damaged by soil liquefaction. TR

Photo. 3.12 [Ref. 3-4] shows the floated gas tank at gas station In Dagupan City
In the 1990 Philippines Earthquake. Such damage as up-lift of gas tanks occurred
frequently in Dagupan:City where liquefaction occurred severely. Because the
unit weight of underground structures such as gas tank was smaller than that of
its surrounding deposits, they were lifted up by the excess pore water pressure
induced by soil llquefaction during Earthquake. : , ,

Photo. 3.13 [Ref. 3-4] shows the sticking out and bending of a water-supply pipe
in Dagupan City in the 1990 Philippines Earthquake. . The pipé was bent at a pipe
Joint by the: compressive force induced by lateral deformation of surrounding
ground liquefied during the Earthquake. : _

3.2.4 Others

Photo. 3.14 [Ref. 3-3] shows the sinking and tilting of a building in Dagupan City
-in the 1990 Philippines Earthquake, A number. of ‘buildings were damaged. by
liquefaction in Dagupan City, centering. around-‘the west-side district .of Pantal

River. The conditions on foundation of buildings, 1.é., the structure and depth

~of foundations, seem inadequate to resist liquefaction. The liquefaction induced
damage of buildings in .this' Earthquake is -very:similar to:the one in-the 1964
Niigata Earthquake when - liquefaction ioceurred severe]y and caused a. lot of
damage (see Photo. 3:.11). . ' G e AR SR

3 3 EXPERIMENTAL STUDY ON DYNAMIC BEHAVIOR OF' PILE F OUNDATION

.:Shaking table tests have been carried out at the Public WOrks Research Institute
~to ‘investigate the behavior of. both liquefied soils and pile foundations 1in

'liquefied soils experimentally [Ref 3= 7]

3.3.1 Test Conditlons

rA loose saturated sandy ground model was prepared in ‘a: square container" 6
meters long; 3 meters wide:and 0.95 meters: deep. The . container was 'jplaced on:a
shaking table which was shaken in'a sinusoidal wave: with. the frequency of 7 Hz as
shown in Table 3.2, The magnitude of input acceleration-ranged from 30 gals to 250
gals. Four plile foundation models with a different length/natural frequency were
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set up -in the ground model as shown in Fig. 3.2, The natural frequency of the
Foundation Model-2 is the same as the ‘frequency of Input motion. The
acceleration and pore water pressures in the ground model, acceleration and
displacement of pile foundation models, and earth pressure on the pile models
were measured at the points as shown in Fig. 3.2. ‘The two longitudinal end walls
were hinged at the bottom of walls to facilitate shear deformation of the ground
model. The container has transparent glass in the two side walls to watch and
measure the behavior of ground model during shaking.

3.3.2 Behavior of Liquefied Ground and Pile Foundation

Fig. 3.3 shows an example of the distribution of completely liquefied zones for
several elapsed times (t:second) for Test No. 2 of Table 3.2. In this study, the
extent of soil liquefaction at a certain depth was defined by the ratio of the
excess pore water pressure (Au) to the effective overburden- pressure (o ') at a
given depth. Because the zones with the ratio (Au/¢ +') of 1.0 can be Judged to
be liquefied completely, the completely liquefied zZone with the thickness of Ho
seems to spread from the ground surface to'the bottom of the container according
to the elapsed -time. The ratio of the thickness Hi to the total thickness of a
ground model (Hu/Ho) Indicates the extent of complétely liquefied zones.

Fig. 3.4 shows the relatlon: between displacement at the top of the Foundation
Model-2 and 1liquefaction extent of the ground model. From this figure, it can be
seen that the displacement at the top of the piles tend to increase according to
the increase of completely liquefied zones and Input acceleration. The increase
of the displacement of piles may be caused by the decrease of the horlzontal
bearing capacity of 11quef1ed ground S

3.4 EXPERIMEN'I‘AL STUDY ON DYNAMIC BEHAVIOR OF UNDERGROUND PIPE

Shaking table tests on the:behavior of a pipe in the 1iquefiable layer have been
carried out at the Publlc Works Research Instltute LRef :3-8] .

3. 4 1 Test Condltions

Fig. 3. 5 shows ‘a llquefiable layer model and a plpe model laid in it The layer
model was prepared In a square contalner placed on a shaking table. The loose
sand liquefiable layer was 0.3 meter deep and set on the stiff/nonliquefiable
layer. The pipe model made of vinyl chloride was 1.0 meter long and the diameter
and thickness were 60 millimeter and 1.8 millimeter, respectively. One of the pipe
‘ends wds free and thé other’one was hinged withia: ‘rigid Beam hinged at the wall of
a’shaking tablé. "Bending and axial straln:gages were put on‘the upper/lower side
of pipe model and two sides of it, respectively, and two tension metérs connected
with wires: between pipe ends and the: bottom of a- shaking ‘table were sét to
measure the time history of up-lift force to a: pipe model. The acceleration and
pore water pressure were also measured in the liquefiable layer. ' :
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The shaking table was driven by sinusoidal waves with a frequency of 5 Hz for §
seconds, and the magnitude of Input acceleration ranged from 80 to 207 gals as
shown in Table 3.3.

3.4.2 Behavior of Pipes in the Liquefied Layer

The pipe model was forced to 1lift up according to the progress of soll
liquefaction. Flig. 3.6 (a) shows the relations between up-lift force acting on
pipe model and excess pore water pressure in the liquefied layer. From this
figure, it can be Indicated that in the case of Step-1, the layer was not liquefied
so much that the up-1ift force was very small, and on the other hand, in the case
of Step-2, the up-lift force Increased according to the Increase of excess pore
water pressure, in other words, to the progress of soil liquefaction. Fig. 3.6 (b)
shows the relations between bending moment of a pipe calculated with measured
strain gages which were same with Fig. 3.6 (a). ,

The maximum tension loads of left-end and right-end tension meters were 2.5 kgf
and 2.0 kgf, respectively. On the other hand, because the welght of the pipe was
0.8 kgf, the volume of pipe model was 2,827 cm® and the unit weight of liquefied
soils was 1.95 gf/cm®, the up-lift force acting on the pipe could be calculated to
be 4.7 kgf (= 2,827c m°X 1.95 gf/cm® - 0.8 kgf) when the soil layer was estimated to
be liquefied perfectly. As mention above, the measured up-1ift load 4.5 kgf (= 2.5
+ 2.0 kgf) was almost the same as the calculated one indicating that the layer
liquefied perfectly and excess pore water pressure could be estimated by the

structural condition of the plipe.

Fig. 3.7 shows the time history of bending moment distribution along the pipe. The
Maximum bending moment occurred near the middle of a pipe with two free or hinged
ends. According to the progress of liquefaction, the bending moments increased
because the pipe was forced to heave between the ‘two pipe ends. :

From this study, it can be indicated that an underground pipe is forced to lift up
by the excess pore water pressure induced by soil liquefaction. Furthermore,
the upward displacement or the deformation of a pipe by up-lift force begins to
increase rapidly when soil liquefaction  progresses considerably. In other
words, the effects of soll liquefaction against an underground pipe are small when
the level of soil liquefaction or magnitude of excess pore water pressure is small.
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Photo. 3.1 Girder Falllng of Syowa—()hashl Brldge ,
in the 1964 Nilgata Earthquake [Ref. 3-1]

Photo. 3.2 Damage of Approach Embankment of Gomyokoh
Bridge in the 1983 Nihon-Kai- Chubu
Earthquake [Ref 3- 2] ' . : !

Photo. 3.3 Girder Falling of Magsaysay Bridge In.
the 1990 Philippines Earthquake [Ref. 3-3]
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Photo. 3.4 Girder Falling ‘of Carmen Brldge in the
1990 Philipplnes Earthquake [Ref. 3-4]

Photo. 346 Sliding and Settlenent of Levee In the ..
1983 Nihon—Ka1~Chubu Earthquake [Ref 3- 2]
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Photo. 3.7 Slide and Settlement at the Top of Levee
in the 1990 Philippines Earthquake [Ref. 3-6]

Photo. 3.8 Collapse of Special Levee in the
1990 Philippines Earthquake [Ref. 3-6]

Photo. 3.9 Lateral Movelent and 'l‘ilting of Special Levee
: in the 1990 Philipplnes Eartliquake [Ref. 3-6]
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Photo. 3.10 Up-lift of Sewage Pipe in the 1964
Niigata Earthquake [Ref. 3-1]

Photo. 3.11 Up-1lift of Manhole and Tilting/Settlement of
Building in the 1964 Niigata Earthquake [Ref. 3-1]

Photo. 3.12 Up-1ift of Tanks at Gas Station in the
1990 Philippines Earthquake [Ref. 3-4]
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Photo. 3.13 Stlcklng Out of Water Supply Pipe in the
+ 1990 Philipi ines ‘Earthquake [Ref. 3-4]

to. 3. 14 Tilting =and Settl’émént 'of‘Bunding in the
‘ -1990° Philippines Earthquake [Ref. 3-3]

-20-




Table 3.1 Liquefaction-Induced Hazard of Structures

Liquefaction-Induced Damage of Structures

‘Tankiéete;) |-

Structures Ground Hazard of Interest
» Falllng of gl¥der « Decrease of bearing capaclty of
Bridge: * Tllting of abutment/pfer ground ;
i Settlement of: abutment/pler/foundatlon .+ Lateral ground flow
‘wCollapse of foundation +.S1{dfng of approach émbankment
o Displacement of bearlng support + Settlement of ground
. Others ( A -
. K sndmg s Set’tl"’ement , . Decrease of bearing capaclty of
“Approach | ¢ Crack ’ ground ;
Embankment .| + Step dlffcrence of abutment . Sllding
of Brldge + Others. . ,Set’;‘tlement
‘ Slldl_lflg_‘v : . Decrease of bearing capacity of
Levee + Settlement ground
(Earth Bank) | ¢+ Crack » Lateral ground flow
+ Others - Sliding
: ‘ + Settlement
+ Sliding * Settlement » Decrease of bearlng capacity of
Speclal + Tilting : Crack ground
Levee + Overturning: . Lateral ground flow
. Slipplng/Openlng jolnt “+'Sliding
+ Others . Settlement
: * Floating . Increase of up-1ift by pore
Underground + Coming-off/Shear of joint water pressure
Structure : « Crack . * Lateral ground flow
(Pipe, Duct, . | ¢ Bending/Buckllng + Lateral ground displacement
Manhole, “ [V Blockade of plpe by liquefied sand
:Others -

Table 3. 2 Input Conditlons of Shaklng
Table Tests on Plle Foundation
[Ref 3- 7]

Table 3 3

Input Conditions of Shaking
. Table Tests on Undei'ground
7Pipe [Re 8]

'Step No. | ‘Input Motlon "Iflp,ll Aécelefbtld’h(gél)L Input Motion Input Acceleration(gal)

1 L0 - P » 80-
2 o L 800 Slnusoidal S 98
3 Sinusoldal || = . 80 e B .5 HZ 115
4 7 nz “ 50 4 o 134

S8 . 80 5 ‘Duratlon Time 170
g Duratlon Tine 150 . 6 8 second 207
7 30 second Co 160 e —

8 A 250
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CHAPTER 4 'PROCEDURES FOR ESTIMATING LIQUEFACTION POTENTIAL

4 1 CLASSIF ICATION OF PROCEDURES

A number of studies and 1nvest1gations on" soil liquefactlon have been conducted
since; the : 1964. Niigata Earthquake in: Japan: :i. As.-a result of thenm, : several
simplified procedures to estimate liquefaction potential during earthquakes have
been proposed and applied in the speciflcations and standards for the seismic
design of. structures : : : oL » ;- :

A number of methods for estimating soil liquefaction potential have been studied
proposed: and - ‘applied In:Japan. For example, the methods:can be classified into
three groups as 'shown in Table 4:1,..that is,: empirical methods based on the
liquefaction . phenomena . experienced  in  the past earthquakes, methods based on
dynamic: mechanism of sofl liquefaction -and - methods ‘applying ‘and combining. the
above: two methods. . Details of each method will be. introduced in the following
sections. = .« . .. . L TP

4.2 EMPIRICAL METHODS BASED ON PHENOMENA IN PAST EARTHQUAKES *.

Fundamental -characteristics: for. estimating 1iquefaction .potential can be known
qualitatively or: quantitatively from; the: llquefaction ‘phenomena-and- experiences
during; earthquakes. :. These: empirical methods care: generally applied to estimate
the: liquefaction potential simply and; roughly S

Yoo e iy e . Pl PR (R

4 2 l Maxinun Fpicentral Distance of Liquefaction OccurrenCe
Because sandy layers become .more liquefiable according to the lncrease of seismlc
ground motion :and on: the .other: hand,: the . Antensity: of 'seismic; ground motion
generally decreases far away from the epicenter, the occurrence of soil
liquefaction can be ‘estimated based on the 'epicentral ‘distanceat -the :site of
interest. The relation between epicentral distance of sites where soll
liquefaction :phenomena were, observed in.the. past earthquakes -and-the Earthquake
Magnitude (M) is.drawn;as:shown:in Fig. ,4. [Ref; 4-6];: s Based.on the'relation
'such -as Fig., 4.1,7 the: maximum:. epicentral distance can be: estimated roughly
according to the Earthquake; Magnitude of interest el ' '
4 2 2 Ground Water Level and Depth of Layers
Lty s AR L ey b . i : ;

'Because sandy layers become less 1iquefiab1e according to the increase of
effectiVe *overburden/conﬂhing pressure, and. the. seismic: ground-motion/load
generally decreases with: the: ground: depth of interest, the ground water level
and/or the. depth of layers can ‘be used-as one 'of the parameters to: estimate the
: liquefaction potential R LA Pt T TR A S I LN
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Fig. 4.2 shows the relation between the liquefaction resistance factor F. (see
4.3.2) and the depth of layers [Ref. 4-2] . Fu.-Values were calculated at 23
points in Niigata City where boring data could be obtalned and estimated to be
liquefied or not in the 1964 Niigata Earthquake. It can be noted that the almost
liquefied layers with the Fr.-Values less than 1.0 are located in the depth of 0 to
10 meter, and on the other hand, somewhat liquefied layers are also located in the
depth of 10 to 20 meter. The depth of layers seems one of factors to estimate

liquefaction potential.

Fig. 4.3 shows the relation between underground water level (Hw) or thickness of
non-liquefied layers at surface (Ho) and estimated thickness of saturated sandy
layers (Hs) for both 64 liquefied points and 23 non-liquefied points in the past 6
earthquakes in Japan such as the 1891 Nohbi Earthquake (M=8,0), the 1944 Tohnankal
Earthquake (M=8.0), the 1948 Fukul Earthquake (M=7.3), the 1964 Niigata Earthquake
(M=7.5) and the Miyagi-Ken-Oki Earthquake [Ref. 4-7] . - Based on Fig. 4.3, it can
be known that soil liquefaction is difficult to occur and/or does not reach to the
ground surface when the ground water level or thickness of non-liquefied surface
layer is larger than 2 to 3 meter or the thickness of saturated sandy layer is less

than 2 to 3 meter.
4.2.3 Grain Size of Soils

Clayey/silty solls are generally difficult to liquefy because soil particles are
dense and cohesive. On the other hand, gravelly soils are also difficult to
liquefy because excess pore water pressure disappears rapidly during an
earthquake. Fig. 4.4 shows an example of graln size distributions of sands boiled
in the past earthquakes [Ref. 4-8] . The soil data on the 1990 Philippines
Earthquake were also drawn. Fig. 4.5 shows an example of a range of graln sizé
distribution to estimate liquefaction potential with use of grain size distribution
[Ref. 4-9] . As mentioned above, grain size of soils is very important factor and
effective to estimate liquefaction potential of soils/layers of interest. =

4.2.4 Geographical Condition

Because the loose saturated sandy layers are generally liquefiable during
earthquakes and the geographical ground condition indicates roughly soil
condition, the geographical condition can be used -as one of factors to estiiate
liquefaction potential. Fig. 4.6 shows the liquefied: area -and' geographical
.conditions in Niigata City damaged by the 1964 Niigata Earthquake [Ref. 4-2] . 1In
Fig. 4.6, it can be seen that almost all of the liquefied area is located at old
riverbeds, reclaimed lands and inter sand dune lowlands.

The' liquefaction potentlal level can be classifled Into‘three groups: A, B and'C,
based on the geographical conditions such as Table 4.2 [Ref. 4<1]-. In this
table, existing river bed, old river bed and so on should be judged as highly

liquefiable sites. Fig. 4.7 summarizes the classification’ of 501 ‘sites where

liquefaction phenomena observed during past earthquakes In Japan according to
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the standard of Table 4.2. Because about 75 percent of liquefied sites were
classified into Group-A and about 95 percent of sites Into Group-A and Group-B,
the classification of liquefaction potential by Table 4.2 could be considered
suitable and useful to estimate liquefaction potential roughly.

4.2,5 Maximum Blow Count by Standard Penetration Test

Because the soil liquefaction Is related to the dynamic strength of sofls, the blow
count by standard penetration test (SPT) is commonly used as one of factors to
estimate liquefaction potential. Fig. 4.8 shows examples of critical SPT N-values
to cause soll liquefaction with respect to depth proposed in the past In Japan [
Refs. 4-11, 4-14, 4-15, 4-16 and 4-17] . Although critical N-values are
considerably different among the various proposals, it is possible to refer to
them to estimate liquefaction potential roughly.

4.3 METHODS BASED ON DYNAMIC MECHANISM OF SOIL LIQUEFACTION
4.3.1 Dynamic Resistance and Dynamic Load Against Sofls

Several methods have been proposed to estimate liquefaction potential
consldering dynamic resistance of soils and dynamic load induced by seismic
ground motion In Japan. In this section, a simplified procedure which has been
studied and proposed at the Public Works Research Institute is introduced.

4.3.1.1 Liquefaction Resistance Factor, Fi.

Fig. 4.9 illlustrates schématically dynamic behavior of a subsoll against seismic
ground motion during earthquakes [Refs. 4-2 and 4-4] . Fig. 4.9(a) identifies the
cyclic triaxlal strength (R1) of soil specimens by dynamic triaxial tests with
sinusoidal stress waves, and Fig. 4.9.(b) identifies the dynamic shear stress (7 ) or
the ‘dynamic load (L) against a soil element when a bedrock motion with a peak
acceleration of ‘a = or a surface motion with a peak acceleration of a s Is
subjected to the sublayer.

The liquefaction resistance factor Fy 1s defined as :
Fp = —— ' ' (4-1)

where R is the in situ dynamic shear strength of soils and L is the dynamic load
appliéd to the solls. Simplified methods to estiimate the dynamic shear strength
of sofils and the dynamic load (L) are Introduced as follows.

4.3.1.2 Resistance of Soil Element to Dynamic Load



Fig. 4.10 shows an example of dynamic trjaxial. test results for undisturbed soil
specimens- sampled. .from, . the . site with. the effectlve confining pressure (o o')
equivalent to the. estimated ln situ effective overburden pressure (o ') [Ref. 4-2
] . As shown in Fig. 4.10, three or four soil specimens are needed to estimate the
cyclic triaxial strength, changing the axial load (o ap) or the input stress ratio (
o ap/20 o'). The data are plotted according to-the number -of cycles, of loading
(No) and the double amplitude (DA) of axlal strain of 1, 2, 6 and 10 % and also the
points. where . the :pore water pressure (A u) becomes equal.-to the' effective
confinlng'pressure(or o") areshoWn . L _ ;

’l‘he cyclic shear strength of a soil speclmen obtained dlrectly from the dynamic
triaxial test: (Rn) Is defined as : - o : : .
odp ‘ Lol ‘,'.i,rf'_‘»‘f AR : :
Ri=—— forNo=20and DA=5% (4-2)
20‘ o'

which is the stress ratio (0 dp/za ;') when the numbers of cyclic loading (No) is 20
for the double amplitude of. axlal'strain (DA):of 5.% [Ref: 4 2] .

In;situ. dynamic shear strength:(R) can be obtained as follows, based ‘on- the cyclic
triaxial shear. strength (Rl) defined in equatlon (4 2):. , o :

R=Ci:CaCorCaCorRio oo o 4ed)

Where C: to Cs are correction factors accounting for different. conditions between
the 'laboratory test state and the in situ one as. fol‘lbws'
-Cay Correction factor for. the: dlfference “of- confinlng pressure, and-
. -Ca= (1+2Ko)/3 - where Ko..is -the - coefflclent of.earth .pressure. at rest
e [Ref 4- 22] and is generally‘estimated to be 0.5- and then-Ci..is 2/3
.5 Gz Correction faotor for the ,oading pattern between .the. sinusoidal
z,,wave in a dynamic triaxlal test and; ‘the ln situ; earthquake wave: . . .
',-:‘Values of Cz-are 1/0 55 and 1/0 T for a shock- type seismic and a- oyclic—r
type selsmic motlon, respectively [Ref. 4-23] , and C=. can:be estimated.
to be 1,62 on the average
Ca : Correction factor for soll, disturbance by sampling and-: handling of
specimens. It is assumed to be more than 1.0.
Ca : Corréction factor for soil densificatlon by sampllng and: handling of
specimens, .It is asst]med to be less than 1. 0.
Cs : Correction factor for multi-direction shaklng, saturation of
solls and so on, Seed estimated the factor, Cs, to be 0.9 [Ref 4~ 24]

Iﬁ the product of Cs and C4 could be assumed to be unity, equation (4 3) becomes
as follows: BT R TS SHPER Pt UL X F RN S UL ERTUE RS SRR ciel o,
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Equation (4-4) Indicates that 'the in situ dynamic shear-strength (R) can be nearly
equivalent to the cyclic triaxial shear strength (R:) for undisturbed specimens
sampled from the field.

Fig. 4.11 shows the relation between the mean grain size (Dso) and DR,* indicated
in equation (4-5) , obtained from dynamic' triaxial tests for a number of undrained
specimens sampled at in situ sites [Ref. 4-2] . . : ' '

DRi* = Ry - 0.0042- D, * (4-5)

where R Is the cyclic shear strength and D:* is the empirical equation proposed
by Gibbs and Holtz [Ref. 4-18] as '

Dr* = 21V R/(o v ¥ 0.7) e . R R (4-6)

where N is the blow counts by the standard. penetration test:(SPT)-and ¢ +' is the
effective overburden: pressure: (in kgf/cm?) in situ.. Based on Fig. 4.11, DRy * ‘can
be approximately expressed by

© DRy¥ = 1~ 0.22510810(0.35/Dsa) - (for 0:02'SDeo<0.6 mm): S
‘ - 0,05 . .. (for 0.6 =Dego=2.0mm) (45T

From equations (4-5), (4-6) and (4-7), ‘the cyclic shear ‘strength (R),) can be
expressed by’

Lo s e (Pori0.02 £DE0<0:6:mm)
0.0882V N/(o v + 0.7) ~ 0.05 -
. o (for 0.6 < Dgo=2.0 mm) - - (4-8)

Ry = l: 0.0882\/ N/(o "+ 0.7) + 0.22510g10(0.35/Dso)

The 7effec'ti,vex overburden ‘pressure . {: 'a':{{!,:;;i'n,ﬁkg‘i-»f‘/‘cm-"‘)' ‘at -a certain depth of
subsurface ground:can‘be obtalned by (see Fig. 4.9) g o :

hw .
ov' = [f?'t'de'/'dZ]/lO (4'9)
i O hw Lo R L : LaeTooueT . -

where: 7. Is the -unit: welght-of! soll above-the water. table (t'f/m®), 7' is the unit
welght ‘of 'soil: below :the:water table (t- £/i®),: hw 1s’ the ‘dépth’ of ‘the water table
(m) and Z-is:the depth of a soll-elemeént (m). T R

With ithe ‘use ‘of ‘equations (4-4) and (4-8), In: sity dynamlo: shear strength of sofl

‘llquefaction (R):can' be -approximately “estimated : as: functions ‘of SPT N-values,

effective overburden pressure (¢ +" in kg:f/cm?) and mean: grain size (Dso in mm) .
4.3.1.3 Dynamic Load Applied to Soil Elements
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Dynamic load (L) forced to a soil element by seismic ground motions can be
expressed by (see Fig.4.9)

L=< max/(f v, (4..]_0)

where 7 max Is the maximum single amplitude of shear stress in a soil element and
o ' Is the overburden pressure at the static state. After Seed and Idriss [Ref.
4-191 , the dynamic load can be estimated by (see Fig. 4.9(b))

& emax g v

L= ' ‘Ta | (4-11)
g o' i

where a emox (in gals) is the maximum acceleration on the ground surface, g is the
acceleration of gravity (= 980 gals), o v Is the total overburden pressure, o +' is
the effective overburden pressure and ra is the reduction factor of the dynamic
shear stress In soils accounting for the elastic ground deformation.

Figs. 4.12(a) and 4.12(b) show examples of the results. of one-dimensional
earthquake response analysis with the computer program "SHAKE" [Ref. 4-20] for a
soft alluvial ground and a very soft alluvial ground, respectively [Ref. 4-21] .
Based on the study on the reduction factor in the Public Works Research
Institute, the following equation has been proposed.

ra=1-0.015-Z (4-12)
where Z is the depth (in m) of a soil element or a layer of interest.

Figs. 4.13(a) and 4.13(b) show examples to calculate liqu‘efactlo’n resistance factor
Fu. with the use of equations (4-1), (4-8) and (4-11) for a nonliqueéfied site and a
liquefied site in the 1964 Niigata Earthquake, respectively [Ref. 4-2]'. As shown
in Fig. 4.13, the simplified method with the: use-of the liquefaction resistance
factor F. seems adequate to estimate liquefaction potential.

4.4 METHODS MODIFYING EMPIRICAL AND DYNAMIC METHODS

The liquefaction resistance factor F. mentioned above is very useful :to estimate
not only the liquefaction potential ‘of a soll element or a layer of intérest but
also the distribution of liquefaction potential from :the ground siurface to: the:
base ground. However, it is necessary to establish-another index in place of the
Fi-value to estimate the total: liquefaction potential of a ground of interest for
zoning - of - 1iquefaction '-potential widely “In' this -:section,  two: liquefaction
potential . indices ' studied in . the ‘Public: Works Research - Institute ‘willbe
introduced to estimate liquefaction potentlal of not a soll element or layer but a

ground.
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The liquefaction potential of a soll element or layer to cause damage of
structures constructed on liquefiable ground is different according to the
magnitude of Fr-value less than 1.0 and the depth of a liquefiable/liquefied
layer. Two parameters were proposed to estimate the ground liquefaction
potential: liquefaction potential Index, P, [ Ref. 4-2] and site liquefaction
potential, Ir. [Refs. 4-12 and 4-13] as (see Fig. 4.14)

20

Po= f(1 - FL) W(z)dz (4-13)

where P. Is the liquefaction potential index [0 PL_S.I'OO] , W(z) is the function of
weighting based on the depth of layer which was estimated as follows in this paper

Ww(z) = 10 - 0.5z (4-14)
H* |
IrL = (4-15)
20
H* = Hi* + H2* (4-18)
Hi* = 1.5Hrr1 + LLOHrL2 + 0.5HrLs » (4-17)
H2* = 1.0Hrr1 + 0.5Hr12 (4-18)

where IrL is the site liquefaction potential [0=<IrnL=1.25], H* is the modlfled
thickness of liquefiable layers, Hi* is the modlfied thickness of llquefiable layer
at the depth of 0 to 10 m, H=* is the modifled thickness of liquefiable layer at
the depth of 10 to 20 m,_Hpm is the total thlckness of layers with F. < 0.6 (m),

HrL= Is the one with 0.6 < F. = 0.8 (m) and Hrus Is the one with 0.8 < F. = 1.0
(m). The coefficients in the parameters H,* and Hz* are decided for convenience
sake, by referring the relation in Table 4.3 [Ref 4- 4] where bearing capacities
of liquefied ground are elther neglected or reduced by reduction factors Dg

determined in accordance with F.-values.

The Pu-value considers only the degree of soil liquefaction, and on the other
hand, the Irp-value considers both the degree of soil liquefaction and the effect
of soil liquefaction agalinst structures, for example, a pile foundation of highway

bridge, relating to the bearing capacity of ground.

Fig. 4.15 shows the number of cases and accumulative percentage of P.-values
calculated at 64 liquefied sites and 23 nonliquefled sites in the past 6
earthquakes in Japan [Ref. 4-2] . Fronm Fig. 4. 15, the liquefaction potential was
classified into 4 groups as shown in Table 4.4.

Flg. 4.16 shows the relation between Pr-values. and Im,-values at the same sites.
The followlng relatlon can be lndicated
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Pu 0 5 15 100

TIrL

l 0 0.1~0.2 0.3~0.4 1.25

4.5 ESTIMATING METHODS OF LIQUEFACTION POTENTIAL IN DESIGN CODES OF CIVIL
ENGINEERING STRUCTURES IN JAPAN

4.5.1 Classification of Design Codes

Table 4.5 sunimariés the estimating methods of lliquefaction potential in earthquake
resistance design for typical civil engineering structures such as highway
bridges, water supply facllities, sewage faclilitles, common utility duct,
quaywalls/piers and bulldings in Japan [Ref. 4-3] .

In this chapter, the specifications for highway bridges will be introduced as one
of the design methods for soll liquefaction.

4.5.2 Specifications for Highway Bridges [Refs. 4-4 and 4-5]

1) Sandy Soll Layers Examined for Liquefaction ' '
The sandy layers with the following conditions should be considered to be
vilnérable to liquefy during earthquakes, and their liquefaction potential should

be examined : o
(D Saturated alluvial sandy 1ayers SR
'@ Layer's depth within “20°m from ground surface -
@'Ground water’ ‘levél withln 10 m from’ground surface L
@ Dso values between O 02 mm and 2 O mm for g‘rain size accumulation curve R

B l

2) Simplified Procedure’for Liquefaction Petenti
" As for sandy soil layers judged to be vulnerable to liquefy, liquefaction

potential should be' examined ‘bagded ‘on’ liquefaction resistance factor FL defined
by the following equation. :

rL - R/L o (a19)
whére Fr' Liquefaction i‘esistance féctoi‘
R : Resistance of soil eléménts to dynamic loads, and’
’Rfya 0; ossz/ KT, 7) T ‘_. R BN 5V
0, 19 ' (0 02mm sDbos 0 05mm) B
Re='| 0.225108:6(0.35/Dsc) ~ (0.05hm <Deosx 0.6 mm) = (4-22)
- 0.056 ' , (06fllil’1”<l)5c>§ 20mm)" o

._32...




( 0.0 | (0% < Fo<-40 %)

Ra = | | | (4-23)
— 0.004F.-0.16 (40 % < Fo=£100 %)
L : Dynamic load to soil elements
L=raKe:(o v/:(T‘v") - : | | o (4-24)
ra =1.0-0,015"z ' : o - ' (4-25)
Ke = Cz Ca- Cx Ksov | " ' | (4-26)

Ri : Resistance based on relative density (see Fig 4, 17)
Rz2:: Resistance based on Dso-values (see Fig. 4.18)
Ra: Resistance based on fines content (see Fig. 4. 19)
N : Blow count by standard penetration test
Dso: Mean: grain size (mm), ‘
Fs': Fines content (%)
z : Depth:frém: the actual ground surface: (m)
Ke : Seismic coefficient for evaluating liquefaction
. Cz: Selsmic zone factor (see Fig. 4.21) T
Co : Ground condition faétor (see Table 4. 6)
C:: Importance factori(see Table 4.7)
KsoivStandard:seismic coefficient ( O 1.))
g v i Total ovérburden (kgf/cm?) S
ov': Effective overburden pressure at the static condition (kgf/cm )

Soil layers with liquefaction resistance factOr FL smal]er than 1.0 are Judged to
liquefy during earthquakes. When detailed data of the'solls are not obtained
thé valués- ‘of unit weight ‘below and/or: 4above: grmmd ‘water lével, mean ‘grain size
and fines content: of. soils can be estimatéd roughly based on soil classifications
with use of 'I‘able48‘ T PR SO
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Table 4.1 Typical Methods for Estimating
Soil Liquefaction Potential

B 1) Maximum Epicentral Distance

— 2) Greund Water Level/Depth of Layer
1. Empirical Methods

Based on Phenomena —— 3) Grain Size of Soils
in Past Earthquakes A , . | _
(Approach-1) — 4) Geographical Condition

— 5) Maximum Blow Count by Standard
Penetration Test

6) Dynamic Resistance and Dynamic Load

2. Methods Based on Against Soils
Dynamic Mechanism (Ex. Liquefaction Resistance Factor FuL)
of Liquefaction

(Approach-2) 7) Pore Water Pressure and Effective
: Overburden Pressure

8) Distribution of Liquefaction Resistance

3. Methods Applying/ Factor (No.1)
Combining Approach (Ex. Liquefaction Potential Index: PL)
-1 and Approach-2 o
.(Approach-3) 9) Distribution of Liquefaction Resistance

Factor (No.2)
(Ex. Site Liquefaction Potential' IeL)
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Table 4.2 Geographical Condition and -
Its Liquefaction Potential [Ref. 4-1]

"l‘dp’Qg'ra'p{hfééls L’lquéfaétiéh B
Group' Potentlal 7 Topographlcal Condltlohs

Illghly Possible Exlstlng Channel, Exlstlng Rlver Bed,

to be quueued ‘[01d channel, 01d River Bed, Lowland between

A .| sand Hills, Reclamation of 0id Water Surface
C o | (Reclaimed Area of Seashore, Lake-shore,

Paddy Field, ete.)

: Possible tobe | Hinter Wet Land, Natural Bank, Sand Hill,
. B | Liquefied .| Sandbar; Sandy Beach, Other than the above
' (A) and below (B)-

Not Easy to Plateau, Hi11, Fand Land o |
C be Liquefied .

R A R

LT R

,,,,,,

Table 4.3 Reductlon of Bearing Capacity of Ground Accordlng
‘to Liquefaction Potential [Ref 4 -4] and Coefficient ‘
for Modified Thickness =~ '

Fy Depth, 5Z-""(r"ri)' *"'|Réduction Factor, Coefficient for *
De Modified Thickness
F. £ 0.6 _ O. < 7 = lO L >O; 7 A TS B R 'Y 3 i
' 10:<Z2.5:200 | o 1/8 e o 10 %
| | :
.. : R f"
0.6 < Fus08 | 0<Zs=10 |, . - 1/3 L0 i
10 < Z =20 2/3 0.5 :
0.8<FuL<1.0 | 0<zs10 |.  .2/3 0.5
o lwczE | T | 00 e
1.0< Fu ‘0"<”z”;stf‘”z’;6’* N AR

Noté: s 1s’ssétined to: calculate the modified thickness of ‘thé" site liQUefactlon
potentidl IpLs
“x# 15 ‘Asgumed fori0° of‘»DE‘.‘ IR
### s assumed for 1 of Dx.




Table 4.4 Liquefaction Potential Index, PL-Value
~ and Its Liquefaction Potential [Ref. 4-2]

Pu-Value

Liquefactlon Risk and -
Investigatio/Countermeasures Needed

Liquefaction risk Is very Tow.
PuL = Detailed Investigation Is not genérally needed.

0 < Pu

A

Liquefaction risk:ls 16w, '

Further detalied investigation Is needed for
speclally lmportant structures. ‘

5 < PL

15

L‘lquefa'ctlon ri_sk’ ls 'hlgh-.
structures.,

needed

Further detalled Investigation is needed for

: Countermeasures of. liquefactlon is generally

15 < Po

‘quuefaction rlsk Is very hlgh

needed.

Detalled Investigation and countermeasures are

Table 4.5 Estimating Methods of Liquéfaction Potential in Earthquake
Resist'ancefl)esign for 'I_‘ypieal Structures in Japan [Ref. 4-3]

Sht 1 of 2

. Speclf‘lcatlons

Estimaung Methods: .

Speclflcations for ngh—
way, Brldges Part v..
Earthquake Reslstance
Design

( Japan Road Asoclatlon "

11990, 2)

_quuefacton potentlal should be ex-i.
- amined based on. llquefaction reslst—

VRN

F‘u.. smaller than 1.0 are judged to
llquefy during earthquakes
FL. R/L Gt . srori by n
where. R: Reslstance of soll elenlents
agalpst’ dynamlc loads -
R=Ri+R2+R= . .. CL s
L: Dynamic load to soll ele-
ments Induced by earthquake
L=rs:Ka: ag '.{/,_(Z Wl .
r4=1.0-0.015-7 -
Ks=p 1t pa-pa-Kao o
Keo=0, 1_5 e

R

, Gfound Condltions Applicd

R

,l)Saturated alluvlal sandy layer

; ,2)Ground water table wlthln 10m
: from ground surface.

. B)Layers within 20m from ground
surface,

4)Dso-values on the grain size

- accumulation curve.

401002 2 Doos 2.0 mm

5)FInés content Fe on the graln
i 0 £ Fos100%

6)Relative density D,

De=21V" N/(o ' + 0.7)< 60 %

Guldellnes of Earthquake
Reslstant Des{gn for
Water Supply Facllities

( Japan Water Works
Assoclation : 1979,12)

-| are not tncluded;

The same as the above, lL.e. with Fu.-
But R-and K« are a 1lttle dlfferent,
as follows .
R=Ri{+R=..
Kn'—‘A 1 A" Kao P
((Ayzvi, Aa-ve)

R R

The same as the above without

condltion of 5) onh Flnos content

'Fo R

The affect of fines content; Fs- to Rt,-, PR
and Importance factor (u a) for Koo o] oo i




Specifications

Estlmatlng Methods

Ground Conditions Applied

Guldelines of Earthquake
Countermecasures ‘for
Scwage facilities

( Japan Scwage Works
Assocfation ; 1981, 9)

The same as the above.
But Ka Is a'little different, as
follows.

K‘=A [ A:." Aa‘KoO
The importance factor Aa(=v 2) Is
consldered,

The same as the above.

Design Guldelines for
Common Utllity Ducts
(Proposal)

( Japan Road Assoclation
: 1986, 3)

The same as the above,
(Ks=v1:vzva-Kao)

Further the excéeéss pore water
preéssure Induced ‘during earthquakes
should be estimated with Fu for
predicting uplift loads on utility
ducts.

The same as the above added with
the condltion of N-value limlt as
fllows, ,

N = 30

Earthquake Resistance
Design for Quaywalls and
Riers .

( Japan Port and Harber
Assoclation : 1989. 6)

‘| Further; ‘probability of liduefaction

Liquefaction potentlal s estimated
based on graln-slze distribution, -
equlvalent N-value ((N)o. se ), equl-
valent acceleration a .4, and fines .
content for each layer

for the objective ground is Judged
considering thickness and depth of -
the ground , synthetlcally.

' N+1:282( & vo'-0.66) "

(No. o= —————
0.399(0 vo'—o.ﬁﬁ)*l
@ oq= 0.7X (T mesx/0va')X g

1)Loose consolldated and satu-
lated sandy layer.

2)Appropriate graln-slze distri-

. bution.

3)Equevalent N-value, (N)o, s

i 2 s (No.os = 40

’4)Fqu0valcnt, accelelation, a o4

0 S aeq £ 500°gals
5)Fines content, Fo

0= Fo (%) (£ 20
6)Effective ovérburden pressure,

0= o+ = 3kegf/cm®

Design Guldellnes for
Foundation StrUctures of
Bulldings -

(Japan Bullding Assocl—
ation § 1988.'1)

| Liguefaction potentlal shoiild be ex-

‘11quefy’ during’ earthquake..

‘where,

amined based on liguéfaction safety
factor Fi, and- soll: layers with F,
smaller‘ than 1,0 are Judged to

CFy = (e ) (e 1/05')

quuefactlon Reslstance Ratlo

(t /o e')"'?‘( 5*)~Na P

(t d/Uz ) l'n(dmax/g)(a z/U F] ) ra
rns0.1(M- 1) .
L ra=1-0.015'z

. amox=‘200 gals

1)satulated sandy layer (F&s 20
x) and/or poor silty layor
( 20< FLSSO %)

2)Layers within 20m from ground
‘surface.

; 3)Flncs content. Fs

CFog 50 %

4)Modifled N-value, Ni< 26

{Note] R1

: Reslstance related ‘to relative denslty.
R2 : Resistance relatcd to mean graln slze,
R3 ! Resistance related to flne ‘content,
ra ¢ Reduction factor of dynamlc load, SHE ' ST
rnt Modification factor for. magnltude (M) of earthquake,
v, A2 Modlflcatlon factor for zone, )

v 2, A= ' Modlfication factor for ground condition,
v =, A=t Modification factor for importance,” = :
Ke : Design selsmic.coefficlent at:ground surface,
Kso ¢ Standard deslgn selmlc coéefficlent;:
o max ¢ Maximum acceleration at ground surface " : s
N ¢ N-value, t masn! Maxlmun shear stress, F‘e. ‘Flnes content. Deo: Mean graln slze.
o v,0 s ! Total overburden pressure
o va', o s' ¢ Effective overburden pressure at the statle condltion
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Table 4.6 Ground Condition Factor, Ca [Refs. 4-4 and 4-5]

Ground Group

I 11

nr -

Co

0.8 1.0

1.2

Table 4.7 Importance Factor, C: [Refs. 4-4 and 4-5]

Group c, Definition
‘ Bridges on expressway (limited access highways),
1st class 1.0 general national road and principal prefectural
‘road. Important bridges on general prefectural
foad and municipal road.
2nd class | 0.8 | Other than the above

Table 4.8 Roughlf' Estimated Values "(")vf'Unitf ﬁeight,
Mean Grailn Size and Fine Content of Soils [Ref. 4-4]

Unit Weight below

Unit Welght above -

Soil Mean Fines
Classification | Ground Water Level | Ground Water Level | Grain Size | Content
7 +1 (t£/m®) 7 o1 (tf/m3) Dso (mm) FC (%)
Topsoil 1.7 1.5 0.02 80
silt 1.75 1.55 0.025" 75
Sandy Silt 1.8 1.6 0.04 65
Silty Fine Sand 1.8 16 0.07 50
Very Fine Sand 1.85 . 1.65 0.1 40
'Fine Sand 1.95 1.75 0.15 30
Middle Sand 2.0 18 0.35 10
Coarse Sand S2,0 . 1.8 0.6 0
Gravel - 2.1 . 1.9 2.0 0
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Fig. 4.5 Relatfon between Grain Size Characteristics of
 Soils and Liqu_efacti_on Potential [Ref. 4-9]
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Fig. 4.6 Liquefiéd Area In Nilgata City during
- the 1964 Nifgata Earthquake [Ref. 4-2]
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Non-Liquefaction Liquefoctioh
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N-Volue by the Stondord Penelration Test
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CHAPTER 5 SEISMIC DESIGN METHODS OF CIVIL ENGINEERING STRUCTURES
CONSIDERING LIQUEFACTION POTENTIAL

5.1 SIMPLIFIED ESTIMATING METHODS OF DYNAMIC EFFECTS INDUCED BY LIQUEFACTION TO
STABILITY OF STRUCTURES

5.1.1 Reduction of Bearing Capacity of liquefied Layers

A simple test apparatus as shown in Fig. 5.1 was prepared ‘to investigate the
relation between the excess pore water pressure induced by soil liquefaction and
the bearing _capacity of  liquefied ground relating to the stability of a
structure's foundation [Ref. 5-1] . After the pore water pressure in the
saturated Toyoura sand was Increased with a ratio of Au/o +': 0.0, 0.2, 0.4, 0.6,
0.8, 0.9 and 1.0, the loading plate on the diaphram was loaded vertically and the
time histories of both vertical load and vertical displacement of loading plate
were measured. In these tésts, the liquefied state of soils was simulated
statistically by controlling the pore water pressure artiflcially. Table 5.1 and
Fig. 5.2 show the test conditions and the results of loading tests, respectively.

Based on the relation such as Fig. 5.2, the bearing capacity of soils was identified
as

K = P/(A- 6 0) (5-1)

where, K Is the coefficient of subgrade reaction, A is the area of the loading
plate and & o Is the standard intrusive displacement ( 1 mm).

Fig. 5.3 summarizes the test results on the coefficient of subgrade reaction, K and
excess pore watér pressure ratio, Au/o +'. Fig. 5.4 and Fig. 5.5 show the
relation between the coefficient of su(bg_‘rade reaction standardized by the one
with the ratio of Au/e¢ v' = 1.0 for each initial confining pressure, ¢ +': 0.5 and
1.0 kgf/cm?. '

It can be seen that the coefflclent of subgrade reactlon was reduced according to
the increase of excess pore water ratlo.

5.1.2 Rise of Pore Water _ﬁrecsure

5.1.2.1 Estimation by Dynamic Trlaxial'f’TeSt

Based on dynamic triaxial’ tests of 1iquef1ab1e soils, the relation between the

stress ratio, R (=v /o v') and the number of cycles with the double amplitude of
axial strain, DA of 5 % can be expressed as (see Fig. 5. 6) [Refs. 5 3 and 5-4]

(fovd=aM® o gy
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where v s the shear stress (kgf/cm?), o' is the effective overburden/confining
pressure, N1 is the number of cycles and a and b are the constants decided
according to the strain amplitude, DA.

The dynamic shear strength ratio of sofls, R and the dynamic shear stress ratio, L
can be expressed as

R=(tr/0v') (5-3)

L=(‘C L/O’v') (5"4)
wher’e 't r Is the dynamic shear strength (kgf/cm?) and 7 . Is the dynamic shear
stress (kgf/cm®). Furthérmore, the following relation can be drawn based on the
relation shown in Fig. 5.7.

R = a-Ng® (5-5)

L =a-N.® (5-6)
where Nr and N. are the number of éycles corresponding to the dynamic shear
strength ratio, R and the dynamic shear stress ratio, L, respectively. From
equations (4-1), (5-5) and (5-6), the relation can be expressed as

FL ='R/L = (a*Nx®)/(a*Np®) = (Ng/Nn)® ' (5-7)
On the other hand, the relation such as Fig. 5.8 can be obtained in dynamic
triaxial tests. Fig. 5.8 indicates that excess pore water pressure ratio, AU/ '
can be estimated with: use of cycle number ratlo, N/N1. When Nr and N. are

assumed to be a number of cy¥céles to be: liq11ef1ed pérfectly and a number of cycles
going to liquefy, the relation can be drawn as

Nr/Nu = N/N, » (5-8)
From equations (5-7) and (5-8),
N/N1 = (Fu)'7® (5-9)

Finally, the excess pore water preSSul‘e ‘can be eqtlmated with use of equation
(5-9) and Fig. 5.8 as :

AU/av ~ N/N) = (F,,)Vb (5 10)

’For example. Af AU/ e v s related to - N/N1 linearly as shown m Fig. 5.7, the
following equation can be obtained.

AU/o~' = N/Ni = (FuL)*® - | (5-11)

-51-



where the constant b is - 0.17 when DA Is 5%.
5.1.2.2 Estimation by Shaking Table Test

Based on .the shaking table tests shown in Chapter 3. 3, several results on the
relation between FL-value and excess pore water pressure also have been obtained
as follows [Refs. 5-5 and 5-6] . Flg. 5.9 shows the characteristics of ground

models during shaking table tests.

Fig. 5.10 shows the relation between acceleration, a;¢ measured in the ground
during shaking and static cone penetration resistance, qo at the depth of
acceleration measurement before shaking. The relation was ‘classified into two
groups : partially liquefied state of AU/ oV < 1.0 and. perfectly liquefied state

of AU/av 1.0.

‘Fig, 5.11 shows the relation between acceleration measured in the ground during
shaking and dynamic shear strength ratio, Ri. In this case, the dynamic shear
:;_st_rength ratio, R, was estimated by the equation (4-8) with use of modified N-value

estimated by

Fig. 5.12 shows the examples of time histories of excess pore water pressure,
ground surface acceleration and estimated :liquefaction resistance factor during

shaking
-Fig 513 shows the relation between liquefaction resistance factor, I*B and
excess pore water ‘pressure ratio, AU/ gv' (=.Lu) drawn from such' résults as Fig.

5. 12 From this figure, ‘the- relation can be. estimated as

F. £ 0.6 : Lu = 1.0
0.6 < Fr.. £ 0.8 : 0.9 < Luv < 1.0
0.8 < FL<1.0; 05 Lu<0.9 (5-13)
1.0 < Fy : Lu < 0.5

Fig...5.14. compares the. relations betweenuliquefaction resistance . factor,- FL and
excess pore water pressure ratio, AU/o' proposed in the past. in’ Japan. . In; _thi,s
figure, the relation by PWRI was drawn from Fig 5 13.

Based on the results of Fig. 5.5, the relation between ratio of coefficient of
Asubgrade reaction, K/Ko and. excess . pore;. water pressure: ratfo, .Lu.can. be
classified into 4 groups as ' T O ST T ST IR TS I
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‘K/Ko = 0 : Lu =

1.0
K/Ko=1/3 : 0.9< Lu < 1.0
K/Ko =23 : 0.5 Lu< 0.9 (5-14)
K/Ko = 1 : Luv < 0.5

From: equations (5-13) and - (5-14), the relation between Fu-value and ratio of
coefficient of subgrade reaction, K/Ko can be drawn as' (see Fig. 5.15)

0.6 : K/Ko = 0

F. <
0.6 < F. = 0.8 K/Ko = 183
0.8 < FL = 1.0 K/Ko = 2,73 : - - (5-15)
1.0< F - K/Ko = 1 - : .

The reésults ‘of ‘equation  (5-15) were “appliéd In the Specifications for Highway
Bridges in Japan (see Chapter 5.2.1). : :

5.1.3 Methods for Investigating Seismic Stabillty of Structures Considering
Effects of Liquefaction :

The methods. for investigating the stability of structures considering the effects
of soil liquefaction with use of liquefaction resist'a'nc'e_factor, Fr-value can be
summarized as shown in Fig. 5.16 [Ref. 5-17 " AT S ’ '
In the*fdlloWIhg‘“Chaptér‘5.2,"-'ex'éinpl’e's of f“th"e'fap'pl'iéatldh“()f'thé°prOCédures shown
In'Fig. 5.16 will'be Introduced for highwdy bridges and river dykes. :

5.2 SEISMIC DESIGN METHODS OF TYPICAL STRUCTURES = @ -
5.2.1 Highway Bridge -
5.2.1.1 Specifications in Japan

It 1s necessary to introduce the treatment of layers judged to liquefy by the
above procedure for reasonable . selsmic’ ‘design ' of  structures. In the
Specifications, the bearing capacitiés for layers judged to liquefy should be
elther neglected or reduced by multiplylng the''original bearing capacities with
‘the ratio of coefflcient of subgrade reaction consldering F.-value shown in
equation (5-15). In the Specifications of Highway Bridgés In' Japan [Ref. 5-2],
the ratlo of coefficlent of subgrade reaction 1s identifiéd as the reductlon

factor, De and specifiéd ‘as shown 1h Table 5:2; “In the $pecifications, the effects
of1iqliefled layers at the depth of 10 to 20 meters aré assumed to be smaller than

that at the depth of 0 to 10 meters.



As the relation between FL—va‘lue and De should be provided as shown in Table 5.2,
the reduction factor De should be determined in accordance with both range of
FL-values and depth of liquefied layers.

5.2.1.2 Example of Estimation of Liquefaction-lnduc':ed Effects

Fig. 5.17 shows the Showa-Ohashi Bridge damaged in the 1964 Niigata Earthquake [
Ref. 5-8] . The pile foundations were reinforced after the earthquake as shown in
Fig. 5.18 [Refs. §-5 and 5-7] . This was one of retrofit methods of foundations
against solil liquefaction. 9 piles of 1 row were constructed more and the length
of the pier top was also spread.

Fig. 5.19 shows the results of dy‘namic‘ resp011se for .plers before and after
reinforcement shown in Fig. 5.18. It can be seen that the lateral displacement of

pler top were decreased by the relnforcement of plers, and increased by the

reduction of bearing capaclty of liquefied soils. In this analysis, the reduction
factor was:decided based ‘'on the distribution of FL values in Fig. 5.18 and Table

5.2

5.2.2 River Dyke
5.2.2.1 Design Methods in Japan

The circular arc analysls method is common to estimate the minimum safety factor
for stability of a river dyke in Japan In this method, the seismic coefficient
and -the  excess pore- water pressure are considered as. the. effects induced by
earthquakes against stability of. rlver dykes ‘as -shown:in Table 5.3. The séisnic
coefficient and ‘excéss pore water pressure are applied separately to calculate
minimum safety factor for seismic slide stabili_ty of a levee, 'In this paper, the
former method will be called Kh-Method and the latter one AueMethod;v

The concept of a circular arc analysis method can be shown-in" Fig -5.20 and the
safety factor for sliding can be calculated by the following equations

Static State:

S (el + {W uo b} cosa: tan¢]

. Fss = (5—16)
ST E (W slna)
Seismic Analysls (Kh Method).
Lo z [e 1 + { (W uo b) cosa = Kn W sina} tan¢] T
Fou(Kn) = —— e . (5=1T).

z <w sina + Kn w Y/R)
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Seismic Analysis (A u-Method):

% (c'1+ {(W- (uo+ Au) b} cosa -tang)
Fse(Au) = (5-18)
% (W:sina)

‘where, . Fss Is the safety factor for non- earthquakes, Fse 1s the safety factor
during earthquakes, ¢ is the cohesion (t£/m?), ¢ Is the internal friction angle of
soll, uo is the Initial pore water pressure (tf/m?), Au is excess pore water
pressure (tf/m?), a Is the tilt angle of sliding surface, W is the total welght of
sliced section (tf/m), Kn is the horizontal selsmic coefficient, 1 is the length of
base of sliced section (m), b is the width of sliced section (m), R is the radius of
sliding circle (m) and Y is the vertical distance between the gravity center of
sliced section and the center of sliding circle (m).

Fig. 5.21 illustrates the methods to. estimate excess pore water pressure with the
use of Fr-values calculated from boring data in situ.

5.2.2.2 Example of Design

Fig. 5.22 shows an example of analytical model of levee and subsurface ground
model. Fig. 5.23 was the relation between Fv-value and excess pore water
pressure used in the analysls. Table 5.4 shows the results of excess pore water
pressure calculated in each cell according to Fig. 5.21.

Fig. 5.24 shows the results of circular slide surface and minimum safety factor of
levee by circular arc methods. . Table 5.5 shows -the minimum safety factors

calculated.

5.2.3 Common Utility Ducts
5.2.3.41 Designvcuidelines In J épan

In thls chapter, the Deslgn Guidelines for Common Utillty Ducts (Proposal) in
Japan will be. introduced [Ref. 5-9] . ,

1) Basic Prinéiple for Seismic Design

Because common . utility ducts are extended structures embedded in the ground,
they are generally affected by the deformation of the surrounding ground. . The
basic principles for seismic design of common utillty ducts are introduced 1n the
Guidelines as follows.

-(DThe selsmic design for conmon utility ducts shall be considered'for soft

ground and ground condition varied site. ,
- @ The seismic deslgn shall be carried out with use of Response Dlsplacement
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Method in the direction of longitudinal axlis.
®The safety against the up- lift Induced by liquefaction shall be checked.

2) Désign Earthquake Ground Motion ) o
The horizontal ground displacement amplitude ‘on the ground surface should be

calculated based on the natural period of surface ground and the zone. The
horizontal ‘and vertical ground displacement at'the dépth from ground surfac'e are
estimated by’ equation (5-19) and’ equation (5 -20), respectively

‘Un(z) =(2/7r2)-Sv‘-Ta-cos(7z z/2H)' A SR '(5*1;9)'
Uv(z) (1/2) Uh(z) ‘ A P e 20)

where, Un(z) is the horizontal ground displacement amplitude (m), Uv(z) is the
vertical ground displacement (m), Sv is the design response velocity (m/sec) (refer
to Fig. 5.25), Ts 1s ‘the'natural’ period of - ground surface (sec¢); H'ls the thicknese
of surface ground (m) and z is the depth from ‘ground surface (m).

The design response velocity Sv can be obtained with the use of Fig 5.2 based on
the natural period (Ts) and the obJective zone. The zoning mapis same with’ Fig.
4 21 The natural period (Ts) can be estimated by the equation (5 21)

«’Ts‘=125'ra AR o (521)
Ta = 4E(Hx/Vai) S L TR I SIS R LN NP A S (5 22)
=

where, Ta' is the characteristic value of ‘surface: ground (Sec), H;’is the thickness'
of i-th sublayer (m), Vs: is the shear wave velocity of i~ th layer(m/sec) and1 is
the sublayer's number counted from- ground surface.

SR ENER I

3) Check for Liquefaction and Lift-up of Ducts » R AR
Because common utility ducts are buried 1in - the ground the up lift of ducts ‘
induced by soil liquefaction during earthguakes should be considered for seismic
design. The flow-chart to investigate the possibility of soil liquefaction and
cheék tHe: stability’ of dusts by* ’liq‘uefaction SCE introduced in‘'the’ Standards

the beginning, the layers which are needed to éheck fliquefaction are’ judgéd with
the same method mentioneéd later in Chapter 4. 5 2

~‘w\,’£f

If the duets are predicted to be located in the liqu'e’fiable *1ayers, the cheek 6n

thie equation (5-‘23) (refer to Fig. 5 26) L.

L vt R R N T I
s S & l‘,v_,,,:,nm E

W8+WB+Q8+QB

Py = Ty

- US*UD‘




where,: Fs 1s the safety factor 'for lift-up, Ws is the welght of soils above the duct
(tf/m), W= is the body welght of. 'duct - (tf/m), Qs is the sheéar resistance force
(tf/m); Qs-is the friction resistance forceé: at sldes of duct (tf/m);: Us 1s the uplift
force by static water pressure to base 6f ‘duct (tf/m) and Up s the uplift force by
excess pore water pressure to base of duct (tf/m)

The:uplift- force can- be estimated by the equation (5 24) based on the excess pore
water presstre,

U= AuiB = Losov''B . o (5-24)

where, B is the width of duct (m), ov' is the effective overburden pressure ‘at the
depth of base of duct (t/m%), Ly is the excéss pore water' pressure ratio ¢= Au/ o
v ) and Au is the excess pore water pressure (t/mz) - ‘

'I‘he excess : pore “water ‘préssure: ratio (Lu) ‘can' 'be estimated with the use of
liquefaction: resistance - ‘factor' (Fi) Indicatéd by the equation (4-19): méntioned in
the Seismic Design Specifications of Highway Bridges as shown in Fig. 5.27.

4) Treatment of Check for Up-1ift of Duct

The safety factor (Fs) should be more than 1.1, When the safety factor Is less
than 1. 1, detailed liquéfaction resistance factor (FL) should be calculated by
detailed investigations; -i.e., " dynamic response analysis ‘on ‘layers and dynamic
tests on soll elements. Do Faeiyii o

When ‘the following conditions are, satisfied countermeasures for liquefaction
should be applied adequately SRR :

@ The probability for liquefaction occurrence of layers is high

® The safety factor for up- lift of ‘duct calculated by detailed investigations is
less than 1 1 L

(3) The occurrence of damages to duct is predicted

5- 1)IWa$akl T., Tokida, K and Kimata, T., V"Research on Estimating Method of Sandy
Ground- Liquefaction During Earthquakes and Applying Method to Selismic
Design y Technical Memorandum of Public Works Research Institute, Vol. 1729,
September, 1981 (in Japanese). ‘ -

5- 2)Japan Road Assoclation, "Specifications for Highway Bridges, Part V.
EarthQuake Resistant Design", February 1990 (inJ apanese),

5- 3)Iwasaki T, s }Tatsuoka, F. and Yasuda, S., ,"Normalization oi' Undrained Dynamic
Strength of Undisturbed’ Sandy Soil", 18th Annual Meeting of Japan Soclety of

. Sofl Mechanics and Foundation Engineering, 1978(in Japanese),
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Table 5.1 Test Condltions on: Bearing Capacity of ': ce
quuefled Soils [Ref. 5-1] . C i,
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Table 5.2 Reduction of Bearing Capacity of Ground According
to Liquefaction Potential in the Specifications for
Highway Bridge In Japan [Ref. 5-2]

Depth of Layer Reduction Factor
FrL~Value . Z (m) De
02510 0
FLS 0.8 |f=--memmmmemmnineiomcoionfouaooie R
10< 2 =20 .1/3
| | oszs10 1/3
0.6 < FLS 0.8 fror-rsnmancnsnnn R s Faedemeeaans
| : 10< 7 < 20 2/3
. | o e=szs=10 2/3
0.8 < Fus 1.0 |frm-mmemmnsmmnn- e B PP R
o 10< Z <20 1

Table 5.3 Circular Arc Analysis Methods for Estimating the Seismic
‘Slide Stability of Levee which are Common in Japan

Purpose of
Estimation

Analytical Condltions

1. Stability against .
Inertia Load by
Seismic Ground
‘Motion ’
(Kn-Method)

1) Seismiceffect is éc':c'nside'i‘e\d~'ésian inertia load.

2) Seismlc cefflcient should be estimated for an
inertia load..

3) Only horizontal load is considered generally.

|4 Minimum safety factor (Fs)1) for< sliding of levee

is calculated

12. Stability Against
Pore Water Pressure
‘Induced by Soil
Liquefaction

- (A u-Method)

1) Seismic effect Is considered as excess pore
water pressure Induced by soil liquefaction.

2) Excess pore water pressure should be estimated
properly

3) Only horizontal 1oad s considered generally.

4) Minimu‘m safety factor (Fs=) for sliding of levee
is calculated. -




Table 5.4 Results of Average of FL-value and Induced
Excess Pore Water Pressure Ratio

Cells Dividing Cross Section of Lévee

Ligueflable — -
Layers Analysed | B-1 | B-2 | B-3 | B-4| B-5:| B-6 | B-7’

B-8

B-9

B-10

B-11

B-12

Fo | 114 1.10] .36 131 1.38| 1.39| 1.42

1.44

1.37

1.12

0.91

0.92

A= ; s
Au/ov' | '0.45]0.55| 0.17 0.20| 0.14 [ 0.14 0.12

0.11

0.15

1 0.52

1.00

1.00

1.58

'1;50

128

1.15

F. 1.28| 1.26| 1.45| 1.4 1.50 [ 1.52) 1.5%

Au/ov' | 0.28] 0.26] 0.11] 0.12] 0.09| 0.08 0.07

0.06

0.09.

0.23

0.42

0.40

~ Fu - | 0.87| 0.86| 0.98 | 0.96 1.03| 1.04] 1.09

1.04

0.89

0.82

0.82

Au/o+' | 1.00] 1.00( 1.00] 1.00| 0.85 0.77| 0.61

0.77

1.00

1.00

1.00
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Table 5.5 Minimum Safety Factor of Ba_nk _Calculated

_ . by Circular Arc Method
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CHAPTFR 6 SEISMIC INSPECTION PROCEDURES OF EXISTING STRUCTURES
CONSIDERING LIQUEFACTION POTENTIAL

6.1. FOREWORD

Two kinds of procedures to reduce the “earthquake “Induced damage of highway
bridges can be considered; the earthquake design method for bridges to be
constructed and the retrofit method for exlstlng ones The earthquake design
methods have been investigated’ for la long time and applled to the actual design
of highway bridges in Japan [Refs 9-1 and '9-2] . On the other hand, the In-
spections to check the earthquake' resistance of existing bridges also have been

carried out since 1971 for retrofit of highway bridges.

Table 6.1 shows the history of procedures for inspecting the earthquake
resistance potential of highway bridges in Japan. As shown in this table, soil
liquefaction: Was*not'-'l‘nsp"eét‘e’d’-dlrectll'y'»*at:th"'e ‘first:stagé of inspection in 1971
and 1976. However, liquefaction‘poténtial of a:‘ground-was:noted concretely for
the first time In the 1979-inspection. Furthermore, in the 1986-inspection, both
liquefaction potential of a ground and Its effects - on bridge foundations were
considered. The neXt inspection for the earthquake resistance potential of

highway bridges will be conducted in 1991.

Based on results of thé 19868-inspection and lessons from the past' earthquakes,
the following is necessary to be Iinvestigated for establishing a reasonable

procedure for the comlng inspection:

1) Lack of data for inspection :
For Iinspecting the liquefaction potential of a ground and the liquefaction-

induced damage potential of a bridge suitably, the data related to both ground
conditions and structural condltions of. highway bridges, especially, foundation
conditions should be surveyed " However, because it is generally difficult to get
the data, especially on borlngs and/or structures ‘related to the bridges
constructed long ago, iit: should .be considered how to deal with the bridges
without suitable data for inspection. From this: polnt of view, simplified
procedures are proposed for the coming inspection with use of data which can be

obtained easily in this paper.

2) Reasonable estimation of both llquefaction and its effects on structures

Not only the occurrence of soil liquefaction bit also the effects induced by
liguefaction should be considered, .From this point.of view, two kinds of indexes;
the site liquefactio potentlal and the llquefactlonﬂinduced damage potential are
proposed to- estlmate ‘the scale of llquefactfon and damage of highway bridges more
quantitatively than the 1086~ inspection n this paper. '

6.2. GROUND LIQUEFACTION POTENTIAL




6.2.1 Indexes of Ground LIqucfaction Potential

As a fTirst stage for inspecting the earthquake resistant potential of highway
bridges, a ground liquefaction potential defined as the probabllity and/or scale
of occurrence of soil liquefaction at the bridge site should be estimated
roughly and/or In detall according to the data’obtalned. In this paper, Indices
for estimating the ground liquefaction potential are proposed as follows :

1) Ground Group and Topographical Group;

Because these indicés ¢an be obtaineéed easily compared ‘with ‘boring data, they can
be applied for Inspectlng the ground liQuefactlon potentia] roughly [see Section
6.2.3] . :

2) quuefaction Resistance Factor (Fi), Modifted Thlckness of' Liquefiable Layer
(H*) and Site Liquefaction Potential (Isv); :

Although it is necessary to get boring data and test results of soil properties to
calculate these indexes, they can be applied for inspecting the ground
liquefaction potential in detall [see Section 6.2.2] . Furthermore, the relation
between the site liquefaction potential of the objective bridge site and the
neighboring site of the bridge is investigated In Section 6.2.4,

6.2.2 Proc’:edure for Detailed Inspection of Ground Liquefaction Potential
Liquefaction potential for sandy soill layers can be examined based on the
]1quefaction resistance factor F. defined by the following equation applied in the
"Specificatlon for Highway Bridges [Refs 6 1 and §- 2]

R

Fy =~ (6-1)

L i

where FL is the liquefaction reslstance factor, R is the reslstance of solil
elements to, dynamic loads and L is the dynamic load . applled to the soil elements.
R and L are estlmated simply with use of the following equations

R = R:i +Rs +Rs : ' s .. o ’ (6-2)
Ri = 0.0882/ N/(o v +0.7) R | (6-3)
N T (0.02mm SDeos 0.05mi) |
"Rz = l: 0.22510815(0. 35/1)50) (0:05mm <Dso's 0.6 tim) o (6-4)
0,05 . (0:6 mm <Dsos'2.0 mm) |

 Res E 0. ooai‘ Fo-0.16 §4(())9; < 1;1314:05\2) | | (6-5)
L = l’d"ké*'(O“V/O‘v) o SRR AL o (6-6)
reeto-eosz
Ko = C27Ca+Crkdo ~ oo o o (6-8)



where R, Is the resistance based on relative density, Rz Is the resistance based on
Dso-values, Rz is the resistance based on fines content, N is the blow count by the

standard, penetration test, Dso is the mean grain size. (mm), Fo s the fines content

(%), 2z is the depth from the actual ground surface (m); Ke is the selsmic
coei’ficient for evaluating liquefaction, Cz 1s the selsmic zone factor, Ca is the
ground condition factor, Ci is the Importance factor, ko is the standard seismic
coefficient (= 0.15), ¢ v Is the total overburden (kgf/cm®) and o +' is the effective
ovcrburdcn pressure under static conditions (kgf/cm2) :

Soil layers with the liquefaction resistance factor Fy smaller than 1.0 are judged
to liquefy during earthquakes. . However the Fr-value is very suitable to eéstimate
the liquefaction potential of a certaln layer at the objective depth, another
Index Is necessary to estimate the liquefaction potential of the whole subsurface
ground in stead of Fu-value... In thls paper, the following Index is proposed as
the simplified parameter to represent the ground liquefaction potential.

. H* . : .
Ipn = - ; o - (6-9)
20 . |
H* = Hi* + Ho* o | (6-10)
Hi* = 1.5Hpry + 1.0Hrrz + 0.5Hr1a (6-11)
Hz* = L.OHrry +0.5Hre2 -~ . . o '(6 -12)

where Ir. is the site liquefaction potential [Sl 25] , I* is the modified thick—
ness of liquefiable layers, H:* is the modified thickness of liquefiable layer at
the depth of 0 to 10 m, H>* is the modified thickness of liquefiable layer at the
depth of 10 to 20 m, Hrv: 18 the total thickness of layers with F < 0.6 (m), Hruso
is the one with 0.6 < F. = 0.8 (m) and Hrus Is the '(')ne with_ 0,8 < FL s 1.0 (m).

The coéfficieénts in' the pardmeters Hi Vand"Hz “are decided for convenience sake,
by referring the relation ‘in: Table 6.2 [Ref. 6-17"" where’ ‘bearing ‘capacities ‘of
liquefied ground are either neglected or reduced by reduction factors D
determined In accordance with F.-values.

The damages of bridges induced in past earthQuakes in Japan are’ investigated in
view of the effects of liquefaction and $0 on. ; Table 6.3 shows -typlical examples of
bridges which can be estimated to, be. damaged mainly by liquefaction. Site
liquefaction potential (IrL) is calculated with the use of boring data at the
bridges as shown In Table 6.3. F‘urthermore,,the damages of bridges related to
liquefaction during earthquakes ‘dre classifiéd into flve levels as'shown in Table
6.4 In this paper. For the bridges in Table 6.3, the relation between: the damage
level of bridges and the site liquefaction potential (Isy) can be drawn as shown in
Fig, '6.1. The standards on site liquefaction poteéntial can be ¢lassified ‘into
three groups as follows, considering the damage level of bridges -as' shown In
Table 6.3.
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[0.01pL<0.2 )] There was not any case of damage related to girder fall induced
by liquefaction. The scale of liquefaction and its effects on
bridges can be assumed to be small.: ssenesnesnne (Estimation-1)

[0.2£1r.<0.4 ] There were cases of damage related to llquéfactlon. The effects
of liquefaction on bridges can be assumed to exist.
vt (Estimation-2)

[0.4=1r.51.25) There were cases of girder:fall induced by liquefaction. The
scale of liquefaction and its effects on bridges can be assumed
to be very severe, ‘ Ceenseeecinnis (Estimation-~3)

From the above results, it can be indicated that the index of IrL can be used as
one index to estimate the ground liquefaction potential at a bridge site. The IpL
values of 0.2 and 0.4 can be applied as the boundary to judge the level of ground
liquefaction potential, considering the damage level of bridges.

6.2.3 Procedure for Macro—Inspectlon of Ground Liquefaction Potential

Both ground group and: topographical group- are selected "as the indices for
macro-inspection  of ‘ground liquefaction potential Thelr effectiveness s
lnvestlgated in this section.

6.2.3.1 Ground Group and Site Liquefaction Potential

The ground condition can be classified roughly according to the stiffness and/or
amplification characteristics of ground: at the bridge site.-- In this paper, the
ground conditions are assumed to be classified into:three groups; Ground GrouplI,
Ground Group O and’ Ground Group Il as shown In Table ‘6.5 'which shows the
classification: of ground groups defined In the "Specification for Highway Bridge"
‘[Refs. 6-1 and 6-2]:.

Table 6.6 shows the results Investigated on the relation between the ground group
and the site liquefaction potential (Iru)-'at 217 sites of bridges. As shown in
Table 6.6, the sites Included In Ground Group I can be assumed as the ones with a
low liguefaction potential related to the damage of bridges, considering the
Estimation-1 of Section 2.2. In other words, the sites classified as Ground Group
I or I are in danger to have high liquefaction poteéntial related to damage of

bridges.
6.2.3.2 Topographical Group and Site Liquefaction Potential
It is well known that the topographical condition is related to the. probability of

liquefaction occurrence, In this paper, topographical conditions are classified
roughly into three groups, lLe., A, B and C which are proposed as Table 6-7 for

inspecting the earthquake resistant potential of hlghway bridges.

Table 6.8 shows the results Investigated on the relation between the

T



topographical group and the site liquefaction potential (IrL) at 332 sites of
bridges. As shown In Table 6.8, the site classified as Topographical Group A can
be assumed to have high llquefaction potential related to the' damage of bridges.
In other words, the sites classified as Ground Group B or C can be assumed to
have low liquefaction potential related to damage of bridges.

6.2.4 Liquefaction Potential at Neighboring Sites

For dealing with the problem on the lack of boring data at the site of the
objective bridge, the relation of liquefaction potential:between the bridge site
and . its neighboring site Is Investigated with use of the Index defined by the

equation (6-13).

HT = M, ** + Ha** f - (6-13)
I ** = 1.0HeLy + (2/3)HiL= + (1/3)HrLs , (6-14)
H=2** = (2/3)Hri + (1/3)HFL=2 : (6-15)

where HT.is the modified thickness of liquefiable layer (m) [<16(2/3)m] , H\** is
the. modified thickness of liquefiable layer. at the depth of 0 to:10 m and Hz=** is
the modified thickness of liquefiable layer at the depth of 10 to 20:m. Hewui, HiL2
and HeLz are shown in Equations (6-11) and (6-12). The coefficlents in the
parameters H,** and H="* are also decided in the same way with the parameters H.*

and Hxa* shown in the equations (6-11) and (6 -12).

For the above investigation, 187 boring data with liquefiable layers are selected
within a radius of 750 m -around 10 bridges. - The modified thickness of: liquefiable

_layer (HT) of selected sites: distributes as: shown in ' Fig. 6.2. . Five - items:which
seem related to liquefaction- and their categories are selected to investigate the
relations between the boring data of a bridge site and the ones at its neighboring

sites as follows:

(Item 1) Diiference of above sea level
‘Category: ~-3m~-1m~ lm~3m~

= (Item 2) Distance :
.Category:- 0~100m~300m~500m~750m

(Item-3) Difference of ground water level
Category: ~-3m~=-1m~1im~3m- .

» ‘(Item 4) Difference of ground group
Category. =1, 0, 1. 2

(Item 5) Difference of topographical group
Category: -1, 0, 1, 2
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Flg. 6.3 shows the distribution of data -according to the categories of each items.
The regression coefficlent and correlation between the difference of modified
thickness (A HT) and the above items with each category are calculated with use of
type I quantification analysis, and the results are summarized in Table 6-9,

Based on the results of Table 6.9, howevér all the.correlations are very low, the
three correlations on the differences of ground water level, topographical group
and ground group are relatively high compared' to other items. Furthermore, as
for the two items of difference of ground water: level and topographical group,
the difference of modified thickness (A HT) is Inclined to Increase according to
the Increase of them.

From the above investigation, the difference of topdgraphical group, difference
of ground group and difference of ground water level seem to relate to the
liquefaction potential between two sites, relatively. The guidelines to adopt the
boring data at the nelghboring site for estimating site liquefaction potential
(Ir.) of the objective bridge can be proposed as shown in Table 6.10 for con-
venlence sake.

6.3. LIQUEFACTION-INDUCED DAMAGE POTENTIAL OF BRIDGE
6.3.1 Indices Related to Damage of Bridge by Liquefaction

For surveying the indices related to the llquefaction Induced damage of bridge
foundations, the following five indices are selected ‘considering the results of
Table 6.3: :

I, : Supported condition on piéer-top: =
Ir : Foundation type;
Irs : Bearing condition of foundation;: : = .
IrL ¢ Site liquefaction potential: and
Icc ¢ Ground group.

Table 6.11 shows the categories of each index mentioned above: With use of type
I quantification analysis, five cases for analyzing: the effects of these indices to
the damage of bridges are conducted by combining them as shown In Table 6.12. In
this analysis, the damage level (see Table 6.4) of bridge foundations Is defined as
a dependent variable and:the indépendent variables are combined with the indices
 as show in Table 6.12. SR : :

Table 6.13 vs‘ummarizes'the results of category-scoresAa_hd;,correiation—coefficients
for each case. From these results, it can be seen that the three indices, i.e., Ir,
- Irs and Tuo can explain the damage level of bridge foundations relatively well. -

6.3.2 Simplified Method for Estimating Liquefaction—lndﬁced Damage Potential of
‘Highway Bridge » : _

1t should be noted that the damage patterns of bridge foundations Induced by sofl
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liquefaction Is-different according:to -the foundation ‘type a$ shown in Table 6.14.
In other words, 1t is desirable to select the suitable indices to explain the cause
of damage induced by liguefaction. Baséed on results in Section 3.1 and lessons
from past earthquakes,. three indices, -i.e;, PI, PO and PIl are proposed in
Equations (6-16-1),. (6-16-2) .and (6-16-3), respectively, for convenlence sake: to
estimate the . liquefaction-induced damage potential of bridge foundations ac-
cording to the foundation type (see Table 6.15). For estimating these indexes

quantitatively, the weighted points are: assumed roughly, considering the scale of
effects to damage of bridges. .

Abutment:
Pl=(Ic+ls +Ir +les )XIpLXIus : (6-16-1)
Movable Pier: , TR ‘- . :
PlI=(Ic+Ir+Irs)XIlrLXlec ' (6~16-2)
Fixed Pier: | 5 N
Pll= ( Ir + Irs )X IrL (6-16-3)
where, SR '
Ic : Effect of device against fall of a girder
Continued girder, Fixed girder- - - 0.0

Both insurance of Ss and
Installation of stopper/connection : 0.5
- Insurance of Sg or-installation of : :
stopper/connection : 1.0
Not insured : 1.5
(Note)Se:Distance between the end of: girder and the erest of a substructhre

1, :Effect of girder- support condition on the. top of: pier/abutment
Movable bearing ¢ 0.0 ' PR
Fixed bearing : 1.0

Ir i Effect of foundation-type .
" Wooden pile, Pile bent.: 2.0 ..

IrstEffect of bearing condition at the bottom of foundation
Perfect support : 1.0
Imperfect support -+ 5.0
ShalloWer than 1iquef1ed layer +:6:0

IHB.Effect by flow of abutment backfill
(Represented with Height of backfill Hs)
He < 50m- 1.0 - - . .. o
Hse 2 5,0m : 1.2

i
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IrLiEffect by liquefaction (Site liquefaction potential : IrL)
0.2 =2 Ipe < 0.4 1.0
0.4 = IpL : 1.6 , _
(Note)The site with IeL, < 0.2 Is omitted because of low liquefaction potential.

lac:Effect by deformation of surrounding ground (Représented with Ground group)
Ground group I  : 1.0
Ground group M : 1.2

6.3.3 Liquefaction-Induced Damage Potentlal of Highway Bridge in the Past
Earthquakes S

The simplified procedure for estimating liquefaction-induced damage potential of
highway bridge proposed Iin Section 3.2.are applled to the bridge foundations
damaged in the past earthquakes as shown in Table 6.3. Figs. 6.4(1), 6.4(2) and
6.4(3) show the relations :between liquefaction-induced damage potential and
damage level for abutment, movable type of pier and fixed type of pler, re-
spectively. Based on these results, the boundary values of indices related to
the severe damage of bridges, l.e., with.the damage level more than 4 can be
estimated as follows: y : - :

Abutment:

- PI< 6.0 :Damage Induced by liquefaction can be estimated to.be small.
PI 2 6.0 :Danger of severe damage. Detailed investlgation should be
CDECeSSArY. - T o L ek +(Relation- 4)

‘,Mevabie ' Pl"e,r'
v PlI < .,: 60 'Damage induced by llquef’action can be estimated to be small..

Pli = 6.0 Danger of severe damage. Detailed 1nvestigatlon should be
necessary. o (Relation 5)

‘Fixed Pler: . .

PI< 4.5 -:Damage Induced by liquefaction can be estiiiated to be small.
,Pll=:4.5 :Danger of. severe. damage Detailed Investigation should be
; -necessary. - .. .t ae- sressianineinne (Relation-6)

6. 4. SIMPLIFIED PROCEDURE F OR ESTIMATING EARTHQUAKE RESISTAN'I‘ POTENTIAL .
OF HIGHWAY BRIDGE AGAINST SOIL LIQUEFAC'I'ION . ,

,,,,,,,

From the above 1nvest1gation and othe1 lessons in the past earthquakes, the sim-
' ,pllfied procedure for. estimatlng earthquake resistant potential of highway bridge
‘agalnst soil liquefactlon can:be proposed: such :as In.Fig. 6.5. As shown in :this
flow-chart, the inspection is classified into four stages as follows:
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1) First-stage of Fundamental Inspection
In this stage, before Inspecting the site liquefaction potential and the
liquefaction-induced damage potentlal the brldges in the following conditions

can be excluded.

(1) Bridges designed with use of the specifications after 1971 in which the
effects of liquefaction are considered for earthquake resistant design of

bridges.

(2) Bridges whose superstructure can be considered as the types not effected by
soil liquefaction severely, for example, Deck Arch Bridge, Rigid-frame Bridge
and Culvert Bridge.

2) Second-stage of Site quuefactlon Inspection =
In this stage, the site liquefaction poétential is 1nspected before inspecting the

effects of liquefaction on bridges. The inspection flow is divided into two flows
according to the existence of boring data at'the bridge site. When the boring
data is possible to get, the site liquefaction potential can be calculated with use
of the index of Isv proposed in Equation ' (6-9).: On thé other hand, when the data
can not be obtalined, the ground liquefaction potential is estimatéd roughly with
the use of either ground group or topographical group of the bridge sjte based
on the results in Section 2.3.

Furthermore, for the bridge site judged as both Ground Groupsl andll and Top-
ographical Groups A , the boring data at the ‘neighboring sité ‘of ‘the bridge site
which can be selected by the standard proposed in Table 6.10 is' possible to use to
calculate the site liquefaction potential (Ir.). When the site liquefaction
potential (IrL) is less than 0.2, the effects of liquefaction are judged to be small
by the Relation-1 shown In Section 2.1 and further inspection iIs not necessary.
When the soil data for the index of Iew- ‘can’ nét:-be got at’ Both bridge site and
neighboring site, the inspection should progress in:the: next stage

(3) Third-stage of Damage Potential Inspection

In this stage, the liquefaction-induced damage potential of P1, POl and PIl should
be calculated by the equations (6-16-1), (6-16-2) and (6-16-3) for the abutment,
movable pler and fixed: pier, respectively. When the.values of*P1, PIl and PIl are
less than the boundary shown in ‘Relations-4;, =5 and -6 in Section 3.3, the damage
induced by soil liquefaction is assumed to be small and further inspection is not
necessary.

(4) Four-stage of Detail: Stabillty Inspectlon. STy ‘
In this stage, the detall inspection should be conducted to éalculate the stabillty

and resistance of foundations by the earthquake resistant design of highway

bridge [ Refsi 6-1 and 6-2] . For unstable bridges: for -soil  1iguefaction,
countermeasures for reducing the effects of ‘liquéfastion should be sélected and
designed for planning the retroflt Of bridges 1n the future. ’ ;
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6.5. FUTURE ' REMARKS

The results Introduced in this paper will be referred In the next inspection of
earthquake resistant potential for highway bridges conducted in 1991. The
further investigation will be carried out after obtaining the results of the next

Inspection to improve the procedure more reasonably in the ‘future.
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Table 6.1 History of Inspection for Earthquake Resistance Potentlal of
Highway Bridge Considering Liquefaction Effects in Japan

Stage Inspectlor'i Procedure for Liquefaction

1] 1971 |- Vlews by Slte Observatlon.
. quueractlon 18 not congidered’ directly.

2 | 1876 | < Check List for Present Condition and Damage.
* Damage Potentlal (A, B, C) for Each Check-Index.
# Liquefaction is not consldered directly,

3 1979 * First- and Second- -stage Inspection.
: «Ground /Superstructure/Substructure.
if e cuculatlon of Bearlng Capaclty of Pilée (2nd- staze)
. Estinatlon of Cost for Counterneasure. Ny
- Liquefaction’ potentlal of ground is considex‘ed.
‘1st-stage : Exlstence of Saturated Sandy. Layers (Yes/No). :
2nd -stage : Thickness of Saturated Sandy Layers
(~ 10m~ 100n~) ’

4 1986 | Flrst—- Second— and ‘I‘hlrd stage Inspectlon. .
K Ground /Superstructure/Substructure. .
K Calculatlon of Bearing Capacif.y of Pllé (2nd—stage)
.. | ¢ Estimation .of Cost for Countérmeasure; :
BB quuefac on potentlal of ground a.nd lts effect to foundation

1st-stage: Extstence of Saturated Sandy. Layers: (Yes/No). ..
_ 2nd-stage : Calculate Fu: and Thlckness (HL) of:Layer with FL
less than 0.6.
Compare H.. wlth Depth of Foundatlon

s [ 1981

Calculete Fu and rsu. )
Calculaté P I, PlI and PIN. -
3rd stage Calculate Stabflity of Foundatlon.

Table 6.2 Relatlon Between F. and De [Refs. 6 1, 6-2]
and Coefficlent for IeL

Fu Depth, Z ()~ [Reduction Factor, | Coefficlent for s
] De Modified Thickiness
FLs06 | 0<zs'l0 o L5 e
10<z2sD 1/3 1.0
0.6<FLS08 | 0<zx10 13 1.0
10<2s 20 2/3 . 0.5
0.8 < Fi £ 1.0 0< 25 10 23 0.5
10<ZS420 1 .. 0.0 ses
1.0 < Fu 0o<zs20 | 1 N—

Note: #-i3 assumed to calculate the Iodlflcd thlckness of the site IIQUefactlon
‘ potentlal. lpu
*» s assumed for 0 of De.
sux {s assumed for 1 of De.




Table 6.3 Typical Bridges Considered to be Damaged

by Liquefaction
Earth- | Name of ) . Objective Substructure pumaet— . Site
quake Highway Typical Damage of - ‘ . l Damage Level | Liquefaction |L1q. Pot.
(EQ) Bridge Bridge Structures | No. and Its Damage Phenomena Ire
Nligata | Syowa- + 5 simple girders . .. 1| Pl |Settled(3cm), Pler-top Disp.(34cm) 4 |Severe 0.57
EQ Bridge (P2~7) fell down, = [——1—f- ~— - —1 liquefaction ‘
) + 2 plers subsided and 2| P86 ]Subslded in the River. 5 |occured. 0.47
1984.6 ~others:inclined. —1T
* Plle deformed. etc. 3] P7 | Settled(9cm), Picr~top Disp.(7cm) 4 0.47
M~ 7.5 . s
Higashi- + 1 simple glirder 4 | AL | Slight damage (Unknown in detall) 2 | Severe 0.00
Kosen (P8~9) fell down. - - Hquefaction
Bridge * Pler subsided and In-| 5| P7: ” 2 | occured. 0.06
cllned. T RS - T > )
+ Plles deformed. - 6 | P9 |Settled(2.5cm), Pler-top Disp.(15cm) | 5 0.43
+ Retalning wall abut+ . - -
ment subsided. ete.. | 7| AR | Settled(32cm), Pler-top Disp.(13cm) | 4 0.23
Yachiyo . Substructure broke._ 8 AL Sefticd(docm), Inclined with 10.5° 4 |Movement of 0.34
Bridge + 1 girder(P2~3) was  [— — - ground by
.in danger of falls 9 | P2 .|Pler-body brokKe. .5 llquefactlon 0.34
* Retaining wall-abut- ————f——— — — occured. -
ment subsided. ete. | 10| P10 | Up-1ift(7cm), Pler-top Disp.(7cm) 3 0.13
Tathel » Pler inclined. 1t} Pl {Not damaged) 1 | A few meters 0.42
Bridge - Slightly damaged. g - of surface
S 12| .p8, |Pler-top Disp.(6cm) 3 |llquefled. 0.17
Shin- « L glrder (P10~11) 131'P1 | (Not damaged) 1 " 0.23
Matsuhama | fell down: T ‘
Brldge * Under-construction. | 14| P7 |[Settled(zcm), Pler-top Disp.(20cm) 4. |10 m more 1iq. 0.78
Kosudo + Abutment and pler 151 P1 Sett;ed(750m) 3 0.17
Bridge subsided. " {Unknown)
16 | AR Settled(7cm) 3 0.00
Miyagi- |Abukuma - Crack/peel off of e Pler cracked _ Sllghtly ) )
Ken-Okl |Bridge - | .pler.Bearing broke. |-17 [‘P8 ' |Bearing broke. 3’| sand bofled. 0.03
Yuriage » Crack of pler/girder | 18 | PI . | Peel-off of‘pler. BearIng broke. 3 sllght 0.18
1978.6 | Bridge /parapet. - - = — - — sand bofl.
) . s Joint damaged. 19| P6 |Movement of glrder(6ca).. . ' 3. 0.00
M' 1.4 B 3 - Y 'Jy‘r ’,x‘,“ ) Z'bw‘,'.v.'v '»" o PN : S C L
Kathoku * Bearing broke. 20 | P2  |Bearing broke, 3 0.00
Bridge + Slightly damaged.. |~} AT ; o B
_ 21‘ P4 | SHightly d_aya_ged. 2 | Not liquefied. 0.06
’ 22| AR én_ghu_y damaged. 2 0.06
Eal i - Crack/peel-off of .,,.|Pler.cracked. .. .- . = i :
Bridge | pler 23| p5 | Movemént ot glrder(scl) 3 | (unknown) 0.43
Kimazuka | i Base of bearlng - .
Bridge broke. ‘ 24 | P3 |Base of bearing broke, i: ‘3" Sand botil. 0.08
i «In dang‘ér of fall. ; . » ;
Nihou- [oga . | Pler subsided and m- 25| P4 | Settied(13cm), Pler:top Disp;(23cm) |3 | (Sand bol, 0.00
| Kai- Bridge clined. ' —— e ‘ — - Crack)
Chubu ; $ Approach settled., 26| P5 |Settled(15cm), Pler-top Blsp.(26cm) o i 0.00
Ryuma | | Abutmeént cracked. 27| AL | Abutment-body cracked. 4 | sand boll. 0.00
1983.5 |Bridge ! + Bearing broke. PP Berrerucon — - ;
|+ Sughtly damaged. | 28| P2 | (Not damaged) i1 | (Sand boil) 0.00
M= 7.7 — = A R .'ii.«‘-,‘-‘v T H —
comyokoh | - Backeil _of abutment | 29 Plle-bent éracked. i3 | sand botl, 0.03
Bridgel! “subsided ‘déverely. : Crack,
g +. Bridge-body was B NN L - ‘
' dana:ed sligtly, 30 | ‘AR | Sllghtly damaged. 2, 0.00
Narusawa | of abutment | 31| AL Sllthtly dmced. 2 | sand bén, 0.00
Brld‘e ide i R Y v:<j FERE AR Fi Crack.
+ Bridge-body was 1 .
damaged sllgh‘tly. 32| Pi Not damaged. 1 0.00
Note: () shows the unknown or estimated résults without actual data.




Table 6.4 Classifi¢ation of’ Danage Level of Highway Bridges
Induced by Liquefaction’ o

Damage
Level

quuefactlon Related
to Damage of Bridge

'Standard to Estimate Damage Level
of Bridge and.Countérmeasure

Liquefaction Is main factor | .
and causes severe damag of .
bridge. .

Glrder fell down
Substructure is: broken
Countermeasure for llquefactlon is
needed preferentially.

Damage of bridge Is rélatively

severe, and ligquefaction Is
considered as one of causes,

. Pler-top displacement by sulisld‘eriee :

and/or Inclinatién s’ more than 10 ¢m;

. Wldth of crack Is more’ than 1 mm.
. Countermeasure for. ‘both llquefactlon
: and other cause of damage {s: needed

| Liquefaction 1s niot directly

related to damage of bridge.:

. Pler top dlsplacement by subsldence

~-and/or inclination is less than 10 cm. ¢

_» Width of crack 15 less’ than 1 mm,
"V Genaral ‘retrofit and/or repalr for ’

- damage s needed. et

Slightly damaged.

B Su,ght t‘epalr for damage is deeded,

Not damaged.

.. Note: Damage level for severe damage whlch Was not 1nduced by llquefactin ls
conqldered to be 3 :

| Table 6.5 Classification of Ground Group [Refs. 6-1, 6-2]

Group =Characteri'éi"t’ic of Ground | TG'(s) &
B e Rock Diluvial Gl‘bund R
l T6<0.2

(Firm) : i
I Alluvial Ground R
i | 0.25T6<0:6°
(Medium stiff ) fo : f
- fﬂ Soft and‘Thlck Alluvlal .
m Ground : |0:6=TG -
(Sof't) e RN
: Characteristic Value of Ground = |




“Table 6.6 Relation between Ground Group and
- Site Liquefaction Potential (I-L)

Ground Without Saturat- 0.25 ' e
Group ed Sandy Layer | Ir.<0.2| Ir<0.4 | 0:451e | Total
1 | . 0 0 39
I 104
m 74
Total 46 116 40 15 a1t

Est. Safely

2 Egt. Dan‘gerously

. Table 6.7:: Classlfication of Topographical-Group

Group ’I‘opographlcaI Conditin .- -
Reclamed/Filled up land - ;
+Banked= “up- ground on the alluvlal low
ground )
ngh . Banked -up 'gi‘ound on the former water/
quuefactlon ‘séa area , ;
Potential - . Sllght helghts on the former river bed
‘. + Land by drainage ’ ,
- Tidal flat . @ Flood plain
+Coastal plain +iSand dune .
+ Delta ‘ -.Sand bar
j - Natural levee - Back-low land
: * Former river bed - (Former) Marsh -
(Former) Moat ST
Medium , . Except for Group A* and Group C
Liquefaétion = [ Banked-up ground except for A,
Potential | Fan' etc.] . R -
. 'I‘errace O I
‘| Low : . Plateau SR I R
' [Liguefacton | - Hefghts P ER
| | Potenttal - + Hi11; oortr R
U eslepe e T
» Mountain s

,,,,,,

Gt ol

Note: Existlng river. bed :sho d be es gmated consldering the

topographi¢al group. of. the ; surrounding site of the .

obJectIVe highway brldge. G e
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Table 6.8 Relation between Topographical Group and
Site Liquefaction Potential (I».)

Topographic- | Without Saturat- 0.25 - ,
al Group ed Sandy Layer - IrL <_0.2 IpL<0.4 {045 I, Total
c 0 0 2%
B 0 0 24
A 284
Total 86 184 44 i8 332

‘Est; Da‘n'gerbumyf

" Est. Safely

Table 6.9 Correlation between Difference of Modified Thickness (A HT) and
Difference of Indices at Both Objective and Ne_ighboring Sites

Dependent ‘Variable : l)_lf"_féfénce' of Thickness 'A HT .©
(Multiple Correlation Coefficlent R = 0.721)
Independent Vartable | - : ; SRS
Regression [Varjation |Correletion
Item Category Coefficient Ratio
Difference [<<3m [1| o
of above o R -im . 2| -0.569 o S
the'Sea = |='1m |37 - 0.871 0.725 | 0.031
Level «|=<3m 4| -0.492 N
> 3m |5 - 0.567
B T EY N T B
Distance i:|'s300m'|2 | - 0.743: ° *| ~0.788 - 0.088
.| =500m |3 | -0.221 S B
< 750m | 4 0.079 -

Bifference. <—Eim i 0 S _
of Ground |<-lm [2]| -2.323 9.283 - 0.392
Water.  |< 1m 13| - 3.050 f ‘
Level “# [< 3m |4 -6.575"
Difference é1 1. 0 [t R ‘
of Ground 0 2 -1.363 © 3.143 0.214 ‘
Group 1 3| -0.881 = of ’ ;

4w 2 4 0.694 ; "
Dif. Topo- 0o |1 0 it oct
graphical 1 2| -o. ~'0.13 :
Group #es | 2 3| - L

le‘ference = (obJ cctive Co ) S
ik '(Nelghbéring Site Coﬂdltio‘n) S
(Example) ‘Category'3 = i1 = (Grbund Grotﬁp lI) s (l)
##a ; Topographlcal Group A= 3. B <2 C=1" Dif. STE absolute value.

-0~




Table 6.10 Standard for Selecting Neighboring Site to
Apply Its Boring Data to Objective Site

Item

Linit for Selaction

with Objectlve Site

Difference of 'I‘dpographlcal Group

Same Group or Close Group
with 1-Grade High-potential

Difference of Ground Group
with Objective Site’

Same as the Above

3

with Objective Site

Difference of Ground Water Level

Within + 2 m

Note:l) It is better to select the nelghborlng site at outside or Inside
of the river within 200'm or 500 m far from the objective site,
respectlvely.and also within 410 m high from the objective slte,

2) The ground water level at the site should be estimated based
on the boring data and surrounding ground condition.

Table 6.11 Indices and Its Categories Related to Damage Level of Bridge

Index
Category Suppoi‘ted Co. Foundat»lon Bearing Co. . Site Liquefaction | Ground
on Pler-Top Type -of Foundation Potential Group
1s Ir Irs IrL Ilac
. FRRE Pile, . -t Perfect - . S
1 Movable Calsson ) Support Ir.< 0.2 ¢
ST Wooden Pile, | Imperfect Cen
2 Fixed Pile Bent -Support 0.2 £ Ie< 0:4 m
Movable Shallower than
3 . and Fixed Liquefied Layer 0.4 = Iew

Table 6.12 Indices’ to Investigate Effects
to Danage Level of Brldge

"'Index
Case -
I | Ie Irs | Ieu ‘Iq‘c
L jejofoolo
2 o|lo|o [0 |—
4 [— ] oo | O|—
S ][] |Oo]|—

Note: O Is selected to investigate fts
effect to Damage Level.

-91-




Table 6.13 Correlatlon between Indlcw and Dala.ge Leveél of Bridge

i

(Number of Objective Substructure = 32)
Index, Category: L Ir, les Tev Ioci )
S ! T Correlation
Case 1 2 3 1 2 ) | 2 ) 3 1 2 3_ 1 2 Coefficient
Range 381 o 3.98 1131 1115 :6.55
1 ; ~ : = 0.66
Category Score_; 1,67 (1.58 |~ 1.64 |- 0.95 | 2.43 - 5.18 | 4.09{ 6.13|~ 3,08 | 1,88 [:8.09" *2.:08 - 3.4
Range 415 358 | 8.67 12.56° , ,
2 i v P St PR IR I M B 0.62
Category Score'| 1.42 [2.42 |- 1.78 |- 1.01 |2.58 |- 4.47 | '3.87| 4.20'2'3.690 |'3.86 '] 8.87 { .
N . ? . il L LAY IS [ :
Range 4.46 - 11.90° 9.75 5.5
3 R e e e 0.64
Category Score | -, . A1 1.25 | 3.2} |- 5006 | 3.74| 6.84~.2.75.] 2,13 {7.02.{ 2.10{- 3.49
Range R R AT A _f’,{)ié‘z{; 108 o .
4 H i' ‘. - ».‘ l" ;4'.‘. ! .‘ b «‘. : »" 'Er , ‘.,.f-h.‘}‘: - N 0.61 )
Catcgory Score 1044718.877[-'4.39 | 3.55) 4.93]% 3.34 [4.22']7.61"
Range‘ L ey Coonee el vtk HE 5 8!!!;; 12.36 Eeiny i
55— - ’ - ' : ) — 0.57
Category Score < 4,20 | -3.91| 3:07|=~3.63 [3.75 |874 | - I c
Note: Category Score E Plus(*") = Severe Damage h ;
; Minus(-) = MIno¥ Damage ) ;
L, RERITTL L EERL R o : FERD BN iel ity
» e Yoo ! i
Ve ] : kI i 3 h
Table 6.14 Classification of Damage of Foundation Induced by Liguéfaction
Abutment " Movablé:Pler’ : Fixed Pler
: TR p g e . : i i i
7

» Fall down induced by large
displacement of pler- topA )
. Foundatlon ~collapse lnduced
by loss of bearing of ground
+ Settlement induced by loss

K Fall— own vinduced by, Qrge';
displacement of pier top.:

i
Lo ERE

.

. Settlement induced by loss;

f
)
’
3

e Foundation collapse lnduced
by loss of bearlng of ground.
. Settlement lnduced by loss -

of friction of ground. é fof frlctlon of ground. N Y ¢ frictlon of ground
L o IR R




Table 6.15 Indlces to Estimate Liquefaction-induced
Damage Potential of Highway Bridge

Substructure Type

Index ; :
Abutment | Movable Pler | Fixed Pler

Device Agalnst Fall | Iow O O C—
Suppovrtcd Co. on . v
Pler-Top 1, o) — JE—
Foundation Type Ir O '0) O
Bearing, Co. of .
Foundation Irs O O _ O
Helght Of Backflll | Inp» o — L
site Liquefaction ‘ ’
Potential Iri O O O
Ground Group . | lec | —— - O —

Note: # is added, lnd‘ex Qr';’,lv,'l‘quéfn‘actlon~lndgced Damage Potential,

Yachiyo Bri. AL-P2  * Higosi- Kesen Bri. P9
{Danger of Foll) {Fallen Part)
Showa Bri: P6 .

5 - 4 /(Fallen Purt

: , Sih-Motuhama Bri, P7
N 5 l (Near Fallen Part)
4J_) _____ S S AU S Y S »
2) ;
J3§8 e ) . N

1) Ryumb Bn‘ Al
2) Eaqi Brl ’Pi

* Damage Level of Substructure

3) Taihel Brl. PS5

A o 4) Shin ‘Motuhuma Bri. P1

. 4): 3)
1o L . 4

) _»[:‘ — 1 ‘”‘4 | ;‘ 1 ylv' e

Slte qunefoctuon Potentnal IPI.

Fig 6.1 Relatlon betWeen Site Lmuefacﬁon Potentlal (Im,) and
Dmge Level of Substructure
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CHAPTER 7 COUNTERMFASURES AGAINST SOIL LIQUEFACTION

7.1 PERMANENT COUNTERMEASURES

Permanent countermeasures agalnst: soil ‘liquefaction can be classified’ into two
groups as shown in Table 7.1:‘ground- improvément and stricture retrofit. The
former controls and/or:reduces the. occurrénce of soil liguefaction itself, and on
the other hand, the latter supports the: stability of: structure in the ‘liquefied
layers

7 1 1 Ground I-provenent

Table 7.2 summarizes the $ typical ground improvement methods : against soil
liquefaction 'in Japan. These countermeasures are selected considering ground
‘conditions; .scale .of countermeasures, construction - works, -costs ‘and so ‘on.
Because thése countermeasures genérally 'need large sc¢ale works and ‘huge’ costs,
they are not common methods at present in Japan and are going to be applied more
in the future , - : o

7.1 2 Structure Retrofit

Table 7.3 summarizes the typical structure retrofit methods considering the
effects of soil liquefaction. Because these countermeasures are relatively easy
'to apply to design of structures, they are common at present in Japan

rPhoto. 7.1 shows the pile-piers of the Sh0wa—0hashi Bridge which were retrofited
after the 1964 Niigata Earthquake 9 pilés-of 1 row were: ‘changed to 18:piles of 2
‘rows for each pier to increase the rigidity of pile foundation against soil
11iquefaction. , The' seismic resistance of the retrofited piers are’ described in

‘7 2 URGEN'I‘ RETROF IT METHODS APPLIED J UST AF'I‘ER EARTHQUAKES

';An urg‘ent repair or retrofit of 8 structure just after an: earthquake ls necessary
-and. effective to prévent’the secondly induced damage by an after-shock and the
spread of damage by a main’ shock. .:: The slmple and' ‘effective urgent retrofit
methods should be examined and gulded for one of methods to reduce earthquake
:disaster, - “Table 7.4 shows : the - ‘urgent :‘methods applied to retrofit damaged
structures by soil litmefaétion Just aften earthquakes ' ,

',-'It is very 1mportant and instructive to léarn the experience in the past

- ..earthquakes. 'I‘he practical urgent and temporary repair methods for civil
,:eng‘ineering‘ structures conducted in the past: earthquakes will be shown as
;follows,.__ O T P S TP O S TS I AU

L P A I
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Photo. 7.2 [Ref. 7-5] shows the temporary bridge constructed neighboring the
Magsaysay Bridge whose girders were fallen by sofl liquefaction In the 1990
Philippines Earthquake. The temporary bridge was made by driving wood plles and
putting steel truss girders and square timbers.

.Photo. 7.3 [Ref: 7-2) also shows the temporary bridge constructed over a fallen
-simple "glrder of the Manicla Bridge whose abutments were tilted by soil
liquefaction in the 1990 Philippines- Earthquake:. - The temporary bridge was made
by putting steel truss girders and square timbers.

Photo. 7.4 shows the Kinnoh Bridge whose one girder was fallen down in the 1978
Miyagi-Ken-Oki Earthquake in Japan. Because other parts besides fallen' girder
were not damaged severely, temporary girder of steel members were constructed
after the earthquake only for walkers and light vehicles as ‘'shown ‘in”the right
.side of ‘Photo. 7.4. However, another temporary bridge was needed for passing
heavy vehicles, and constructed with use of steel pipe piles, H-shape steels and
covering: plates as shown In the left side of Photo. 7.4..

Photo 7 5 shows the bailey bridge constructed temporarily in  the 1984
Nagano-Ken-Seibu Earthquake In Japan. The former bridge was destroyed and
flowed away by land slide of slopé neighboring the bridge: The bailey bridge of
truss-type and the neighboring roads made from asphalt were constructed after

the earthquake

Photo. 7 6 [Ref 7-2] - shows the temporary support of concrete girders -of  the
Tabora Bridge in danger of falling-down because the pile-bent foundation was.
‘tilted: in the 1990-Philippines Earthquake. The temporary supports were made. with
square timbers and wood members co L ' , ST

Photo 7 7 [Ref 7 4] shows the temporary retrofit of piers of elevated two level
viaduct at the section of Interstate 280 in San Francisco damaged in the 1989 Loma
Prieta Earthquake. Because the pler was cracked and dangerous, the girder was
supported by wood members tightened with steel wires

Photo. 7. [Ref. 7- 4] shows the temporary retroflt of piers of elevated two level
viaduct at the section of Interstate 101:in: :San Francisco: damaged ‘in:the 1989 Loma
Prieta Earthquake: - The -plers which were..not collapsed but cracked were
tightened with use of steel’ cables and guide wood plates o R

,Photo. 7.9 [Ref. 7 2] shows the temporary retrofit of ‘a - bridge approach
embankment ‘damaged in the 1990. Philippines Earthquake. . Because -the -approach
fi11 and back fill- of an abutment were slid, the back fill was constructed
temporary with wood members and. stones. R T U PEPRE B RS E .

,Photo. 7 10 [Ref 7-2] shows the filling of step difference between bridg‘e surface
and approach banking sunk in the 1990 Philippines Earthquake. The filling was
filled with earth/gravel in this case, and asphalt was used in other case.




Photo. 7.11 [(Ref. 7-2] shows the temporary repair of step difference between a
bridge girder and an approach embankment -applied - In the 1990 Phillppines
Earthquake. Square timbers and wood members were used simply and temporary.

Photo. 7.12 [Ref. 7-2] shows the movable shoes slipped out and threatening to
fall at the pler crest of the Sicsican’ Bridge damaged in the 1990 Philippines
Earthquake. Although the girders of this bridge were not fallen down during the
earthquake, the bridge was very dangerous as shown In this photograph and
necessary to be Inspected in detail just after theé earthquake because the danger
was not able to be found on the bridge deck. :

Photo. 7.13 [Ref. 7-5] shows the prevention work for special levee. to prevent
water Inflow from the river in Dagupan City after the 1990 Philippines Earthquake.
Because the retaining wall was sunk and tilted by liquefaction, - temporary
cofferdam with sand bags was built up.

Photo. 7.14 also shows the prevention work of levee damaged in the 1983
Nihon-Kai-Chubu Earthquake in Japan,  Because the penetration of ground leakage
was feared, cut-off steel piles were driven into:the ground to prevent the -leakage
and to lower the pore water pressure.:  The leveé were also reinforced by: banking

with earth and piling with sand bags.

7. 3 PRELIMINARY RETROF IT ME'I‘IIODS WORKING IN PAST EARTHQUAKES

Based on the experience in the past earthquakes, many lessons can be’ obtained as
for both preliminary retrofit methods béfore: earthquakes :and permanent retrofit
methods after earthquakes which are effective for reducing earthquake damage of
existing structures. Several examples on the effect of preliminary retrofit
countermeasures can be learned in the 1990 Philippines Earthquake.

‘Examples of preliminary retrofit methods which acted on effectively in the past
- earthquakes and can be referred against soil liquefaction are shown as follows.

Photo. 7.15 [Ref. 7-2] shows the retrofit for bridge girder and substructure in
advance. One pier supporting concrete girders had been retrofited with attached
plers and pier crests to prevent the girders not to fall. However the retrofited
pier was not sunk during the Earthquake, the neighboring pier was sunk by
‘liquefactfon as shown in Photo. 7.15. The retrofit seems to act very effectively
to reduce earthquake damage. :

Photo. 7.16 [Ref. 7-2] shows the bridge pler of the Carmen Bridge which were
reconstructed to prevént the effects of washing by a water current. Because the
renewed pler was maybe constructed in. the solld bearing stratum, it was not
affected by the liguefied layers and this part of the bridge was not damaged
during the Earthquake, compared with other part of it shown in Photo. 3.4.

'_/.9'9..



Photo. 7.17 [ Ref. 7-4]) shows the - elevated two-level viaduét retrofited ‘In
advance with:steel. plates ‘at the section of. Interstate 408 In San Franoisco whloh
worked effectively in the 1989 Loma Prieta Earthquake. S S

Photo. 7:18 [Ref..7-4] shows the girders’of the viaduet retrofited in:advance by
.connectlng two glrders ‘with wire.‘a cable 'at' the section: of Interstate 880 ‘in
Oakland which seemed to work effectively in the 1989 Loma Prieta Earthquake

Photo. 7.19 [Ref. 7 3] shows the foot of a specla] levee retrofited in advance
with stones which worked effectively against soll- liquefactlon in ‘the 1990

Philippines Earthquake.
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Table 7.1 View Points of Countermeasures Against Soil Liquefaction

Ground Improvement @ Pravent and/or decrease the oceurrence of
' soil llquefaction by improving llquefiable

ground.

— Structure Retrofit : Retrofit the structure not be damaged by

soll liquefaction.

Table 7.2 'I‘ypical Classification of Countermeasures against Soil
quuefaction in Japan ‘

Cause 61’ Li(‘;UefaCtl(‘)n

Prl’nfclples of Countermeasures

Countermeasures

| Loose Sandy Soll/Layer

Densification of Soll/Layer

-'Saf}d Compaction Plle
+ Rod Compaction Pile
. Vlbro—Flotatk)n

) Vlbro 'I‘amper

. Others

Homogeneous Grain Size.

- Partlcle Improvement

. R,eplacemeht of Soil

« Mixture Treatment

Defo rmation/Movement
of Soil Particles

Pafticle/Soil/Layer'Hard'enlng‘ v

“+ Mixture treatment

* Deep M_lx'lng
» Grouting/Hardening
s Quicklime Plle

Saturated Soii/Layer

Lowering Degree of Saturation
/Increase of Effective Stress

* Lowering Groundwater Level
+ Cutoff Wall

Shear Deformation of
- Son/Lay'er

Restraint of Shear Defox"matlon:

+ Underground Reinforced
Concrete Wall
+ Deep Mixing Wall

‘Occurrence/Increase of

Pore Water Pressure

' Restralnt/Disslpatlon of Pore

Pore Water Pressure

+ Gravel/Stone Draln
+ Artiflcial Material Drain

Flow pef&t"métibnféf
- Liquefied Soll/Water

Shut-off/Restralnt of Flow

of Liquefied Soll/Water

+ Rods-Tled Steel Sheet Plle

. Underground Refnforced Wall

+ Stesl/Reinforced-Concrete
Plle

: ‘;10.1“ ‘7




Table 7.3 Structure Retrofit Against Soil Liquefaction

Lk‘]uei’actlon-lnduyced
Damage and Its Causes

Principlée of Countermeasures

Countermeasurcs

Loss/beekeaée 61’ Later-
al Bearing Capaclty of

Increase of Rigldity of Plles
in the Liquéfied Ground.

< Increase of Number of Pile
. Increase of Diameter of Pile

Ground, Causing Defor-
mation/Collapse of Plles

Stop/Restraint of Deformation
of Pile

« Anchoring

Stop of Displacement of Girder

» Connecting of Girders
* Seat Length(SE)
« Stopper on Top of Pire

Loss/Decrease of Shear

| Strength of Ground,

| Causing $lide/Collapse

| of Embankment. :

Incréase of Shear Strength/
Effective Overburden Pressure
of Ground

Stop/Restralnt of Deformation '

of Embankment

. Counterwelght F111
- Mitigation of Slope of Bank

: Rod 'I‘led Steel Sheet Pile

. Underground Reinforéed Wall

| Flow of Liquefted Soil/
| Water Under Structures, -

Shut off/Restraint of Liquefied
”Soll/Water

. Unde'r‘ground Wall Foun-

- dation

/| causing Uplift of Under-
‘| structures.

SLop/Restralnt of Upllft

. Counterweighting
Anchorlng (Pile, Cable; .
Stopper, ete.)




Table 7.4 Urgent Retrofit Methods Just After Earthquakes [Ref. 7-1, Compile]

Liquefactlon-ihd&ed Damage

Urgent Rét‘f‘oﬂt» Methods

i|.+-Otheps . -:. + _.f%'rii;:i' f

Structures
. Falling of glrder - 1) Temporary gh‘ders of steel members should
Bridge . ’I‘llting of abutment/pler . be set instead of fallen girder.
(Girder, . Scttlement of abutment/pler |2) Temporary bridge should be constructed
Abutment, /founda'tlon o nelghborlng collapsed bridge.
Pier, « Collapse of foundation 3) Berry bridge prepared in advance should
Foundation) | ¢ Displacement of bearing be carried into and constructed.
- suUpport: -14) Temporary girder holder/support should
.+ Others :be.constructed to prevent girder falling.
: 5) End-of. glrders should be connected by
weldlng with steel plate or cable.
6) Pler crest should be attached with stopper
of steel branket
7) Gap occurred on bridge surface should be
~covered with plate.
8) Others
; + Sliding 1) Step dlfference should be filled with
Approach - Settiément earth gravel and’ ‘asphalt,
‘Embankment | « Crack’ 2) Banklng with: earth and gravel should be
- of Bridge .+ Step diff‘erence of abutment“ . done to f_ 'ck_ and recover embankment,
' + Others 3) bheet plle or wooden pile should be driven
. to prevent further collaspe,
4) Others v ,.
‘ - Sliding"~
Levee < Seéttlement
(Earth Bank) | + Grack:
' * Others
3 - Sliding - Settlement
Special . 'I‘llting « Crack .
Levee . Overturning
. Sllpplng/Openlng Jolnt
. Others
e -Floating : P
Underground F‘,Comlng off/Shear of Jmnt,
‘Structure
,(Plpe Dict, ckling -
Manhole, , . ,Blockade of plpe by lique—
‘Tank, etc.) | fied sand
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Photo. 7. 1 Plle—Pler Retrofited Permanent]y at. the Showa—
Ohashi Bridge Damaged by Liquefaction in the
1964 Niigata Earthquake

Photo. 7.3 Tenporary Bridg ‘ nstructed OVer the Manicla .
' "Bridge Damaged Liquefaction in the 1990 -
Philippines Earthquake [Ref 7-2]
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Photo. 7.4 Temporary Girder (Right-side) and Temporary Bridge
(Left-side) Constructed at the Kinnoh Bridge
Damaged in the 1978 Miyagi-Ken-Oki Earthquake, Japan

Photo. 7.5 Bailey Bridge Set Just After the 1984
Nagaﬁd—Ken—Séibu Earthquake, Japan

Photo 7.6 Temporary Wooden Support of Girder at the Tabora Bridge
Damaged {n the 1990 Philippines Earthquake [Ref. 7-2]

- -105-



Photo 7.7 Temporary Retrofit of Piers of Elevated 'l‘wo -Level Viaduct
at the: Section of’ Interstate 280 in San Francisco Damaged in
the 1989 Loma Prieta Earthquake [Ref. T-4]

Photo. 7.8 Tempora

at the Section of interstate 101 in San Francisco Danaged
Ill the 1989 LOM Prieta Earthquake [Réf. 7—4]
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Photo. 7.9 Tewporary Retrofit of Approach Embankment of Bridge
Damaged in the 1990 Philippines Earthquake [Ref. 7-2]

Photo. 7.10 ' Témporary Repair of Stép Différence of Girders at the Carmen
Bridge Damaged in the 1990 Philippines Earthquake [Ref. 7-2]

' Photo. 7. 11 Tenporary Repalr of Step leference‘between Bridge
SREE e Glrder and Approach’ Embankmént Danaged in the =
1990 Philippines Earthquake [Ref: 7-2]
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Photo. 7.12 Movable Shoes Slipped Out and 'I‘hreatening to Fall
at the Slcslcan Bridge Damaged in the 1990
Philippines Earthquake [R(_;f. 7-2]

Photo. 7.13 Prevention Work of Le’ ee: "ith Sand Bags at Dugpan City
Just After the 1990 Philippines Eart.hquake [Ref. 7-5] ..

Photo. 7‘14 Preventlon Work of Levee wlth Sand Bags and Steel Plles
Just After the 1983 Nihon-Kai—Chubu Earthquake, Japan

-108-
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Photo. 7.15 Advance Pier—Retrofit Worked Against Liquefaction
Effectlvely at the Aloragat Bridge in the 1990
Phlllpplnes Earthquake [Ref 7-2]

Photo. 7.16 Bri ge Pier Renewed at the Carmen Bridge to Prevent the

Effects of Washing by Water Which Worked Effectively

Against Liquefaction ln the 1990 Phillppines Earthquake
[Ref. T-2]

Photo. 7.17 Advance Pler-Retroflt withSteel Plates at the Section of
Interstate 408 in San Francisco Which Worked Effectively
in the 1989 Loma Prieta Earthquake [Ref. 7—4]
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Photo. 7.18 Advance Retroﬁt by Connection of Glrders with

Wire Cable at the Section of Interstate 880 in
Oakland [Ref. 7-4]

Photo. 7.19 Advance Retrofit of the"Foot of Special Levee
' with Stones Which Worked Effectively in the
1990 Philippines Earthquake [Ref 7-3]
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'CHAPTER 8 EXPERIMENTAL STUDY ON LATERAL GROUND FLOW
INDUCED BY SOIL LIQUEFACTION

8. 1 INTRODUC'I‘ION

The liquefaction has caused severe damage of- structures during past earthquakes
in Japan. ‘Hamada et.'al. (Refs. 8-1 and 8=2) polnted out that the falrly big amount
of lateral flow: of ground could bé seen‘broadly at the areds in and/or around
Tokyo, Fukul, Nilgata and Noshiro:wheré thée liquéraction of the ground apparent]y
took place :during the Kanto Earthquake (1923, M=7.9), ‘the 'Fukul ‘Earthquake
(1948,M=7.3) - the - Nilgata - Earthquake (1964,M=7:5) - and " ‘the Nihon-Kai- Chubu
Earthquake (1983 M= 77). respectively ' L R F : o

Therefore it becomes necessary to consider two'! types of effect induced by soil
liquefaction for -the eéarthquake resistant design:of: ‘structures} the loss ‘of
bearing: capaclty:ofliquefiéd ‘ground: and the 1atéral flow of the inclined ground
induced by rliquefaction.:.: The :10ss of  bearifig capacity of ‘liquefled layers has
been considered in the "Specifications for Highway Bridges" (Ref. 8-3) in Japan.

However, the mechanism« -of iground “Plow : induced ‘by 'soll’ liquefaction, the
predicting method of ground flow and ‘the applying method of its effect to the
earthquake resistant design of’ structures are not yet clarified ‘at present.:

. . : SRR ,< -,
Under these circumstances, as tithe = first stage ‘of: *investigations, ‘the duthors
conduct a serles of shaking table ‘tests tol'study ‘the” mechanism ‘of ‘ground flow
induced by soil liquefaetion and to establish: “the procedure for estimating ground
flow This® paper ‘describes the! "SSential« fadtors’ relating ‘to ‘the: lateral ground
flow-due to: soil liquefaction explained ‘from the: experiments
8 2 MEI‘HOD OF EXPERIMENTS
Shaking table tests on. eight model grounds (Model 1~8) Were carried out. The
COnditions ‘of ground models ‘are‘shown in: Fig. 8.1 and: Table 8. 1 "The two types of
containers placed ‘on ‘a shaking table ‘are prepared to set up’ model” grounds: a
square container for Model- 1~7 is 6.0 m long, 0.8 m wide and 2.0 m high, and
another’ semicircular one for Model- 8 144 0> long ‘with'a diameter and 0.4'm high.
Four transparent glass windows (each 1840, 8 m wide and- 178/m" high) are installed
‘at’i the: one: side of: the" square ‘contalner.: Modéls AT ‘are prepared - as ‘a
twos -difensional. -grotnd’: modél “to: investigate ‘the' influence of the" ground
conditions on: ‘the/lateral’ ground ‘flow;- ‘and ‘on ‘the other hand, ‘Model-8 1s prepared
as a three dimensional’ ground model to ‘know the influence of the diréction ‘of
excitation on’ the lateral ground flow. 'l‘he model grounds fundamentally consist
of:three- layers* a: lowermost nonliquefiable layer, ‘a*middie liquefiable layer-and
a’ uppermost unsaturated ‘layer. ' However, Models*—?, ‘and. "8 'do " not have ‘the
uppermost : ‘unsaturated::: layer- =and .'theé . lowérmost: nonliquefiable “layer,
respectively. The materials ‘used: for model grounds ‘are shown: in: Table 8.2; f.ei,

S



mountain sand taken from Mt, Sengen-yama for three layers and shot of lead or
gravel for the uppermost layer.

As for preparation of the model grounds, the lowermost sand layer is firstly
compacted enough in the container not to liquefy during excitation, a certaln
amount of water is poured, and then the middle liquefiable sand layer is prepared
by means of the underwater drop ‘method. Upon completion of the lowermost and
middle layers, the uppermost unsaturated layer Is prepared forming the surface
ground with a slope. In the Models-5, 6 and 8, shot of lead or gravel is used as
the material of the unsaturated layer to give the larger overburden pressure and
lesser coheslon than Mt. Sengen-yama Sand. Based on.Table 8.2 as for the unit
weight of unsaturated surface layer, the unit weight of gravel is not so different
from that of Mt. Sengen-yama Sand, but the unit weight of shot of lead is about
four times than that of Sand. The thickness of liquefiable layer (Hi), the slopes
of surface (6 s) and lower boundary of liquefiable layer (80 ») are varied to have
different conditions in order to examine the influence of these factors on the
ground flow. The water level is set equal to the upper boundary :of liquefiable
layer, i.e., horlzontal regardless of the slope of": ground surface in this series of

tests.
The typlcal conditions of each model: ground are-indicated as follows

Model 1: 6s= 5%, 6 b= 0 96 and Hi= 700 mm. H1 Is larger than Model 4 (Hl" 350mm)

Model-2: 0 s=7.5 %,0 »=0 % and Hi= 350 mm. @ s is larger than Model-4 (8 s=5.0%).

Model-3: 0's= 5 %,6 v=5 % and Hi= 350~50 mm. The lower boundary of llqueflable

e ‘layer Inclines comparing. with Model-4 (6.»= 0- 96) ,

Model-4: 8 s= 5%,00v=0 %iand Hy= 350 mm. = . -

Model-5: 6. s-z %,0 5= 0 % and Hi= 350 mm. The slope of shot of lead (converted
into about6 s= 10 % as sand) is larger’ than Model -4(0 s=5'%) and Model-2(

0s=175%)
Model-6: 6 s= 0, 5 %, 6 »= 0 % and Hi= 350 mm. The ground surface Is incllned and
horizontal,

Model-T: 0s8=0 %, 6 v=5 % and Hi= 650~350mm Only lOWel‘ boundary of liquefiable

: layer is inclined. DL
Model-8: 0.s5= 15 %,0 v= 0 % and Ha= 250 mm. The surface ground shapes a semi “cone
with gravel. S T T O PR S TR TR

In. each . t,,est,_ constant sinusoldal .acceleration with'a -frequency iof. 2. Hz. is
employed for 20 seconds (40 cycles); and several -levels of maximum acceleration
(60~ 190 gals) are applied .stepwise to ‘the shaklng table as input motion, : The
measured maximum acceleration of theshaking ‘table: ‘and’ the.results of typlcal
lateral displacement on the ground surface at Sectlon -B-are. summarized ln Table
8.3 for:all ‘tests. : : R S L RIS SRS PR YL ERTEIE R R LR ) I P

As shown in Fig. 8 1 accelerometers, pore water pressure meters, strain gage
meters. and displacement meters  were . lnstalled in-or on ‘the. ground models : to
measure the time hlstory;of. acceleration, pore watere pressure ‘and: dlsplacement
of layers. during excitation; These -meters were -installed at four sections, tiesy

~112-




Sectifons-A;B,C and D for Models-1~7, and at two sections, ‘l.e., Section-0A
(direction of excitation) and Section-OE (right-angle direction of execitation) for
Model-8. Vertical marked lines with a white-colored sand are also installed
behind the transparent glass windows at intervals of 20 cm for Models-1~7 to
trace or photograph the deformation of the layers in the ‘direction of depth.
Bench mark points are also set on the ground surface to measure manually or
photograph the change of lateral displacement of ground surface.

8.3 RESULTS OF EXPERIMENTS
8.3.1 Distribution of Ground Flow

Photos.  8.1(a) and 8.1(b) show  the deformation of modeél ground by the vertical
marked lines through the four ' transparent glass windows at the Step-2 in the case
of Model-4, comparing before excitation with after. It can be seen that the model
ground is deformeéd in the ‘direction ‘of slope (left side of Photos.) due to
excitation,

Figs. 8.2(a) and 8.2(b) show the guccessive ‘changé of vertical marked lines during
excitatibnrat the Step-2 In the ‘cases of Models:d and 8, respectively. These
figures are drawn from photographs taken ‘through the four transparent glass
windows which are 4.0 m long ‘on the:slde of the contalner. Based on these
figures, it can be noted that the lateral:displacement of the model ‘ground
Increase gradually in the direction of ‘slope -according ‘to the lapse of exciting
time, and the unsaturated surface layer seems to deform uniformly in the direction
of depth, l.e., the deformations of surface layers aré not induced by the
deformation of itself but by the deformation of the liquefied layer. Because the
‘lowermost' nonliquéefied layer 1is néot deforméd, ‘the displacement at the  lower
boundary of the middle liquefied  layer - is 'alilost zero, and the lateral
displacement’increases upwards in‘the ‘1iquefied layer. The shape of deformation
of: liquefied layers'seems to be:different according to the position of the section
and:'the lapse of éxciting time. In the ‘case of Model-6, the horlzontal ground
nelghboring with the inclined surface ground is’deformed laterally by the flow of
slope, but the deformation decreases far away from the boundary of thé slope.

Fig. 8.3 shows the typlcal distributionof lateral displacement and straln at the
surface ‘In the case of Models-4 and 6. ‘The lateral displacement is estimated by
measuring the ‘positions of bench marked 'points set on the ground surface after
each 'step of excitation, ‘and’ indlcate thé magnitude of lateral movemént in the
“direction of slope. The lateral stralns aré calculated based ‘on the relative
displacement and the distance of two bench marked polnts, and the tenslle and
compressive strains - Indicate the spread ‘and shrink of ‘the' surfade ground,
respectively. In the case of Model-4, the middle sand layer doesn't liquefy and
the ground “flow' doesn't occur at the ‘Step=1, but the ground “displacement
increases ' according to the increase  of  Input acceleration. Becdusé  the
displacément’ 1s “largest In'the middle of slope, the tensile stralns occur at the
ubper-side of slope, and on'the other hand, the compressive stralns occur at the
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lower-side of one. In the case of Model-6, the: displacement is largest at the
middle of. slope, the tensile strains occur at the slope and the compressive
strains occur at the horizontal ground.

8.3.2 Relatlon between Acceleratlon, Excess Pore Water Pressure and Ground Flow
. During Excitation :

Fig. 8.4 shows the typical relation of time histories between input motion, ground
acceleration, excess pore water pressure in the liquefied layer and lateral
displacement on the surface for Section-A at the Step-2 in the case of Model-§.
From this result, it can be seen that the acceleration in the liquefiable layer
seems to increase according to the Increase of excess pore water pressure and
becomes maximum Jjust before the excess pore water pressure approaches the
effective overburden pressure, and decreases to zero gradually after the sand
layer liquefies almost perfectly. On the other hand, the lateral displacement of
the surface seems to begin to increase just before the excess pore water
pressure Increase to maximum, and continue to increase according to the lapse of
exciting time.

Fig. 8.5 shows the relation of time history between. the'lateral displacement at
four points on the surface and the excess pore water pressure in liquefied layer
at Section ‘A, B, C and D. From these .figures, the displacement on the ground
surface also can be seen to begin to increase suddenly just after the excess pore
water pressure ratio (4 u/ o 'v) approaches to the range of 0.8 to 1.0, and also
continue to Increase gradually during excitation after the complete’ liquefaction

8 3. 3 Behavior of Ground after Excitation

Fig 8 4 also shOWS the behavior after stopping excitation After excitation, the
excess pore water pressure seems to. Keep . the- high. pressure constantly .by
seepage pressure for about. 2.minutes, -and it takes more than. 10 minutes: for high
excess pore water pressure to. decrease to. almost. Zero. .On the. other hand,: the
displacement on. the: ground surface Increases a little. after excitation, but it
seems very -small comparing - with that during excitation. .. From the site
observation on the liquefaction and lateral ground flow in: past earthquakes, sand
boils, water springs and ground movements are reported to continue for a while
after the earthquake. However: the water spring can be observed at the ground
surface for a while after excitation in this experiments, the progress .of  lateral
deformation of ground can't be.obsérved. The cause of . the difference on:ground
flow, .Induced = by liquefaction: between the actual -phenomena . at “sites during
earthquakes and the experiments can not be cleared at: present. : ' SIURREY

8 3 4 Relation between Input Motion and Direction of Ground Flow
Fig.,s 6(a) shows the direetion and quantity of displacement of the bench mark
points’ which are set on the radial lines (Section-0A: ~ Sectlon-0I) at the:ground

surface at the Step-2 In the case of: Model-8,. ‘comparing the direction of -ground
flow with that of _excltation. From this figure,: the surface of the.semi-cone
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shaped slope and the nelghboring horizontal ground seem to move almost radially,
that 1s, In the direction of slope. Fig. 8.6(b) shows the distribution of
displacement in the direction of slope: for each Section, l.e., the vertical and
lateral axes Indicate the distance from the center of sémi-circle in Fig. 6(a) and
the position of Sections in the direction of circumference, respectively, and the
shadowed area means the quantity of displacement in the direction of slope. As
shown in Fig. 8.6(b), the displacement of surface ground in the direction of slope
seems almost uniformly, except for the Sections neighboring the container which
may be affected by the friction of the side wall.

Figs. 8.7(a) and 8.7(b) show the relation of time histories between excess pore
water pressure (Au) In the liquefied layer and the lateral displacement (D) at the
middle of surface of semi-cone, comparing the meters set at the Section-0A In the
direction of excitation: with the one set at the Section-OE ‘in the ‘direction of
right-angle of excitation, respectively. Based on Figs. 8.7(a) and 7(b), the
dynamic behavior of the pore water pressure seems similar in each layer, and the
displacement at the surface seems to begin to Increase at almost the same time
Just before the perfect liquefaction (see Fig. 8.4). Because the displacement
meter In Fig. 8.7(a) is set in the direction of excitation:and the one in Fig. 8-7(b)
is set in the direction of right-angle of excitation, the displacement at the
Section-0A increases  vibrationally in the ‘direction of excitation and the one
at the Section-OE Increases gradually in the" direction of right-angle of
excitation. This means that the surface ground at-the Section-OE:is vibrated in
the direction of excitation, but: the ground flow occurs in the direction of slope.
It can be noted that the excitation 1s not the cause for ground flow but that for
soil liquefactlon o :

:Judging .from these' ~characteristics concérning the ‘ground flow, it seems. that
whichever the ‘direction of excitation:is,the-ground flow due to soil liquefaction
‘is induced towards the direction of slope. “Because the direction of slope means
that of ‘the initial shear stress enforced by sloped overburden load, the ground
seems to flow inithe direction of the initial shear stress in the liquefiable layer
before excitation.

8.3.5 Effects by Thickness of Liquefiable Layer, Surface Slope and Lower
Boundary Slope : v R T

Fig.‘ 8 8 compares the dlstributlon of the ‘lateral- dlsplacement and the lateral
‘strains :(see Fig. 8:3) for -Models-1, 3, 4 and:7, because -their test conditions are
similar and - suitable for investigating - the: influence by the thickness of
-liquefiable-layer, slopes of surface-and/or:lower boundary of liquefiable ‘layer on
ground flow at the surface. Comparing the results for Model-1 (0 s=5 %, 0 v= 0 %,
Hi= 700 mm) with that for Model-4 (6 s= 5 %, 6 o= 0 %, Hi= 350 mm), the lateral
.displacement. and : stralns for Model-1. are larger-than: that for Model: 4, -and so it
can" be' seen ‘that the thickness: of thellquefiablé layer: ‘relates 'to the ground
flow, -and: bhe dISplacement ‘of ground-seems to increase” acdording to the Increase
‘of the thickness of. liqueflable layer. Comparingthé results for Model-3 (6 s=5 %,
@ o= 5%, Hi= 350 mm): with-that for Model-4; the latéral displacement and strains
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for Model-3 are larger than that for Model-4, and so it can be noted that the
ground with both surface slope and lower boundary slope seenmns to be induced more
than that with only surface slope. Comparing the results for Model-7 (6 s=0 %,0
b= 5%, Hi= 650~350 mm) with that for Model-1 and Model-4, the lateral displacement
and strains for Model-7 are very small, and so it can be indicatéd that the effect
of lower boundary slope by itself seems very small for the ground flow. However,
comparing the results for Model-7 with that for Model-3 and Model-4, the lower
boundary slope seems to become effectlve for the ground flow when the surface

inclines.

As mentioned above, the Influence of the slope of the lower boundary of liquefi-
able layer to the ground flow seems very small. However, when both . ground
surface and ‘lower boundary of liquefiable layer incline as the case of Model-3,
the slope of the lower boundary of liquefiable layer is likely to increase the

ground flow.
8.3.6 Effects by Siope of Ground Surface ¥

Table 8.3 shows the typical lateral -displacement measured on: the ground surface
at Section-B for all Models and:Steps of -excitation. In -this Table, the ground
conditions for Model-2 (0 s= 7.5 %, 6 »=0 %, Hi= 350 min), Model-4 (8 s=5%, 0b=0 %,
Hi= 350 mm) and Model-5:(6 s= 2.5'%, 6 v=0%; H)= 350 mm) are similar except for the
slope of ground surface. However; the shot of lead is used'as the materials for
Model-5, and so the slope of surface ground Is converted to be-about 10 % as sand.

Comparing the results for Models-2 and 4, it can be seen that the displacement of
the ground surface seems to Increase according to the increase of the surface
slope,. but the results for Model-5 doesn't -indicate the similar tendency with
Models-2:and 4. As for the cause of the:difference, it can be estimated that the
geotextile sheet which'is set only for-Model-5 between' the shot'of lead and the
liquefiable sand ‘layer ‘not:to mix shot of lead with sand ‘layer,:and thé cables
connecting the meters laid in the ground may affect the ground: flow .

8.3.7 Estination of Ground Flow

From the above mentloned test results, it is deduced that the slope of surface (0
s:%) relates to the ground flow, and the ground flow seems to increase according
to the Increase of the surface slope (see Table 3).: And the thickness of liquefied
‘layer. (H:cm) -where the excess pore water pressure ratio (4du/e¢'v) is almost equal
to 1.0.relates to the ground flow:(see Table 8.3, Fig. 8.8 and:Fig. 8.5). Further,
the duration time of excltation (T:se¢) while the ratio’ ( Au/ o v) is almost 1.0 also

relates to the ground flow (see Flg 8. 4)g

Therefore, these three parameters, 1.e., 9.g, H and T can be considered as the main
factors relating to ‘the quantity of:ground flow:(D:cm) measured-at the surface.
Fig. 9 shows the relation between ‘the parameter D/(T-H) [#107™* /sec] and the slope
of surface (0 s: %) at the Sections. A, B, C: and D at the Stéps-1-and 2 for all
Models excepting Model-8. The slope of surface s calculated: as the average slope
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around the measured point on the surface at each Section. Based on this figure,
{t. can.be. indicated that the parameter D/(T-H) has a tendcncy to Increase
according to the Increase of the slope 6 s, :

8.4 CONCI.USioN AND FUTURE RESEARCH

,Bdsed on the experlmental study on the lateral ground flow due to soil
liquefaction using a shaking table, the following can be concluded:

(1)The pore water pressure in the liquefiable layer increases firstly during
excitation, preceding the lateral ground deformation, and the lateral

- displacement .of the inclined surface begins to increase remarkably when the
excess pore. water pressure ratio (Au/a v) In the underlying layer exceeds

. about the range of 0.8 to 1.0, and continues to Increase. accordlng to. the lapse
of exciting time.

(2)The lateral deformation occurs only In the llquefied 1ayers. and the
unsaturated surface layer |is dlsplaced by . the deformatlon of underlying
liquefied layers

(3)The ground seems. to .be deformed by shear force during excltation and the
deformation mode of ground  in the: direction of depth dlffers accordlng to the
- position and the lapse of exciting time.

(4)Just after: stopping the excitation, the excess: pore water pressure 1n the
liquefied layer keeps the high pressure by seepage .for a while and begins to
decrease gradually. On the other hand, the lateral ground flow almost stops.

(5)The. lateral: ground flow is affected severely by  the slope of ground surface,
and. the slope of the ‘lower boundary of thesliquefiable: layer doesn't affect so
much by itself, but affects when the ground.surface also inclines.

(6)The direction of.excitation has no- significant influence to the direction of the
dateral: flow of ground; .and- ‘the lateral :;ground deformation is related to the
. direction; of: the slope of: surface, l.e.; the direction of initial shear stress in
the liquefiable layer before excitation. . The excitation doesn't relate with the
direct cause for ground flow but that for soil liquefaction

(T)The lateral ground flow at the ground surface (D) in this series of experiments
can be expressed by the slope of surface (@ s), the thickness of the almost
perfectly liquefied layer (H) and the duration time of excitation after almost
complete liquefaction .(T). The relation between the parameter D/(T-H) and 6 s
can be indicated as Fig. 8.9.

As mentioned above, the fundamental characteristics on ground flow due to soil
liquefaction are Investigated experimentally and the principal factors which
cause the ground flow are clarified qualitatively. However, it should be noted
that the results are ‘derived from the limited conditions for shaking table tests
and further investigation should be executed from now on. The subjects in the
future can be considered as follows:

Z(I)Es’tab'llshment of the test condltions considering the actual site conditions
during earthquakes, for example, the scale of a container, the relative density
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of ‘1iquéfiable layer, the ground water level. : : o
(2)Investigation of the causé of the difference between the experimental
characteristics and the actual phenomena observed during earthquakes,  for
-example, the progress of the ground flow after excitation.
(3)Investigation of the influence of ground flow on the structures, for example,
~ pile foundations of bridges. :
(4)Application of the effect of ground flow to the specifications for earthquake

‘resistance: design. L
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Table 8.1 Characteristlcs of Ground Models

Model |Slope of |Slope of Lower Thlckness of quueﬂable Layer Unsaturated Surface Layer
No. |Surface |Boundary of [Liqueflable , -
: Liquefiable Layer Layer 1 Unlt Welglit Unlt Welght 2 Materials
6 s(%) 8 u(X) Ha.(cm) 7 u(tf/n®) 7 ex(t f/-ﬁ) -
1 -5 - .0 [ AR (¢ B A 1,93 T 1,49 H sand
2 7.5 0 '35 21,88 o L37 i* sand
3 5 0 "5~ 35 1.93 1,57 !  sand
4 5 0 - | L9 ~ L49 i sand
5 2.6 0 .36 2,08 BT i shot of lead
6 0~5 0 35 2,00 -~ 1.48 i gravel
T ] 5 35465 coe8 s S scese b mm——
8 ] :

’ Mean' Grain\blze Dso (m) ‘ 0.27
X Coefficlent of. Uniformlty Ugiorsin oo |2 1.8T

2)Shot of Lead o

SpeciTic GRAVItY of SoTlPartitie 65 | 11,34
Mean Grain Slye Dso(mm). 2,00

3)Grave1 ,
IMaxlmum Grain Slze (mm)

- Maximum Acceleration
at Table amox(gal)
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CHAPTER 9 ZONING OF LIQUEFACTION POTENTIAL AND ITS VISUALIZATION

9.1 IN'I‘RODUCTION

Because damaging earthquakes affect structures over.a. wide area when they hit
urban regions, it generally takes a considerable amount of time and labor to
understand the damaged state of facllities Immediately after the occurrence of
large earthquakes. Correct information on: damage should:be gathered quickly to
take action -as soon ‘as possible for restoration ‘Just after :an earthquake. In
addition, the rapid collection of useful information from various information
transfer’r”ed in a confused state is nécessary. The type and cause of the damage
need to be estimated and to be given to the people -who work. on damage
restoration. For this purpose, a visual display of the distribution of: the seismic
intensity In an area, even though. it might be an estimated one, -and the result of
assessed ground hazard is thought to be a very effective aid to rapid restoration
work just after.an earthquake. s R - :

Although the: underground structures for lifeline systems such as water pipes, gas
pipes, and s0 forth may be severely damaged during earthquakes, it is difficult to
directly find ;the damage because the structures. are buried in the.ground. ‘It is
necessary and effective.. to . estimate “the . damage of: underground - structures
indirectly. with 'yse.of: ground hazard,- zoning because the: :structures are easily
affected by the dynamic behavior of" ground ‘Because - the: -causes of damage to
‘ underground structures. are: seismic: ground motion, soll: liquefaction and so on,
the zonation. of ground motion and: ground hazard is effective for evaluating the
hazard of lifeline systems extensively o . _ ,

In this chapter, the seismic ground hazard information system, Which is being
developed to estimate the ground ‘hazard and . damage of underground structures
quickly -and correctly with use of a computer system, is introduced. The system
is being developed as a pilot-system to investigate the usefulness of
visualization methods in sieving correct:. information effectively out of various
information which is reported Just after the event This is done by using a
digitized map which has. various {nformation : ‘such : as ground  and ‘structure
condition, ground hazard, structural damage and location of structures. :

9.2 SEISMIC INFORMATION RELATED TO GROUND HAZARD

9. 2.1 Flow of Ground Hazard Inforlation Just After Earthquakes o

"The purposes of establishing ‘the. information system of selsmic’ ground motion and
'hazard are twofold (see'l‘able. 9.1) D AT PTI VTSNP S

, To make possible the urgent and rapid inspection and restoration of
earthquake hazards Just after an earthquake. , Then, action can be taken
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based on the actual or rationally estimated distribution of seismic ground
motion, and actual or ratlonally estimated ground hazard and actual damage

of structures., » 7
2. To be utilized for strengthening the structures against future earthquakes

based on the rationally estimated distribution of seismic ground motion,
ground hazard and damage of structures.

Although there are several kinds of indices of earthquake ground motion and
hazard types, the ones of Interest in this study are those related to the
earthquake-induced damage of structures, especlally underground structures.
They are as follows:

1) Seismic intensity of ground motion,

2) Soil liquefaction.
3) Lateral ground spread induced by soil liquefaction.

The flow of seismic information of ground motion, ground hazard and structure
damage during the earthquakes can be summarized as shown in Fig. 8.1. The topics
related to the seismic information in‘ this stu’d'y can bé classified as follows:

1) Fundamental data of earthquake and lnduced ground motion- and hazard.
2) Estimated data of seismic ground motion and hazard.

3) Quantitative estimation methods of selsmic ground" motlon and hazard.

4) Data base needed for seismic zoning of ground hazard. :

5) Actual data of earthquake -Induced:damage of (underground) structures
6) Quantitative estimation methods of" earthquake ~induced damage of" (under—

ground) structures, :
7) Data base needed for estimating damage of structures by ground hazard

In this chapter, the research results on the above subjects of 1) to 4) will mainly
be shown. : :

9.2.2 Fundamental Data of Eartthake and Induced Ground Motion: and Hazard

The information related to seismlc ground motlon and hazard which ‘can be

recorded and collected just aftér an earthquake ¢an bé considéred as follows.:

1) Epicentral location of actual or estimated earthquake
2) Magnitude of actual or estimated earthquake. ~ i
8) Seismic ground motion recorded by selsmographs

4) Ground hazard found at the site.: - .

Because the ‘location and Richter-Scale: Magnitude of: an’ earthQuake"a‘r‘e reportéd
in Japan by the Japan Meteorological Agency (JMA) ‘Just’ ‘after an earthquake, thesé
fundamental data of an earthquake can be obtained easily through mass media.
When “the - earthquake ‘observation system: is -improved:‘as ‘an ‘on-1linesystemn, the
seismic ‘ground motion- records ‘can ‘be obtatnied without 'delay just’ after an
earthquake and used for actual seismic zoning of ground hazard. Furthermore,
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the ground hazard which is estimated by indirect information can be corrected

with use of the actual hazard which is observed at the site and reported after the
earthquake.

9.2.3 Estimated Data of Seismic Ground Motion and Hazard

Although the fundamental data of an earthquake and the recorded ground motion
are very useful, they cannot necessarily yield enough information on the ground
motion at every site of interest. Thus it . is necessary to supplement the
fundamental Information with analyzed data for urgent and rapid Inspection and
restoration of earthquake-induced damage of structures. The information related
to ground hazard which is needed and useful to supplement the fundamental
Information for restoration just after an earthquake can be classified as follows:

1) Selsmic g‘round motion estimated at a site of interest in an area and its

distribution.

2) Soll 1lquefaction potential at a site of Interest in an area and its
distribution.

3) Potential magnitude of lateral ground spread by soll liquefaction and its
distribution.

9.2.4 Quantitative Estimation Methods of Seismic Ground Motion and Hazard

Reasonable methods for analyzing the original data from of an earthquake and the
ground condition have been investigated and established. The following methods
are necessary for estimating the secondary information quantitatively.

1) Method for estimating the attenuation of seismic ground motion.
2) Method for estimating the soil liquefaction potential.
3) Method for estimating the lateral ground flow 1nduced by soll liquefaction.

9.2.5 Data Base Needed for Seismic Ground Hazard Zoning

It is necessary to establish a data base’ to indicate and analyze the original
information before an earthquake occurs. The following data base should be
established for seismic ground hazard zoning. '

1) Mapping data which draw the fundamental information such as the coastline,

' boUndarIes of cltles, 1ocations of hlghways and rivers and so on. .
' 2) ‘Ground” group information to estimate the seismic ground motion and soil

- 'liquéfaction potentlal.

3) Soll profile, geology and topographical ground condition to estimate the

soll liquefaction potential.
4) Contours of elevation to estimate the lateral ground spread by soil
- liquefaction.
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‘9.3 METHODS TO ESTIMATE QUANTITATIVE GROUND HAZARD
9.3.1 Attenuation of Seismic Ground Motion

The maximum acceleration of the ground surface can be estimatéd with the use 6f
equation (9-1) according to the ground group at the site of Interest [Ref. 9-1] .

R 87.“4x10‘:2§: - (Ground‘Group 1)
Amox= | 232.5%10" X (A +30)™ 2% * (Ground Group I)" (9-1)
" 403.8X 10° 268M - | (Ground Group m)

where a max 18 maximum acceleration of the ground surface (gal), 18 the
Richter-Scale ‘Magnitude 6f an'earthqiake and ‘A is'the’ epiéentral distance (km).

The Richter-Scale Magnitude is reported by JMA ‘Just after an earthquake and the
eplcentral distance ‘can bé ' calculated from'the ‘location of an earthquake The

Ground Groups I, I and Il as shown in Table 9.2 are rock or diluvial’ ground,

alluvial ground, and soft alluvial gréund or reclaimed grotind, respectively [Ref.
9- 2]

The Seismic Intensity on the JMA scale is also estimated based on' the ‘hax imum

acceleration of the ground surface calculated with the use of equation (9 1) as
follows. :

@max (gal) |~ 0.8~ 2.5 .“‘,.840-?' 25 ~ 80 ~ 250 ~ 400 ~

Sefsmicmtensity [0 1 2 s 4 5 5 7

9.3.2 Soil Liquefaction Potential

The -sandy. layers at a site of interest with the following conditions can be

considered to” be vulnerable to liquefaction during earthquakes, and thelr
liquefaction potential should be examined [Ref 9- 3]

~.1) The layer Is.a saturated alluvial sandy layer s
. 2) The layer is within 20 m from the ground surface. S
3) The ground water 1eve1 is within 10 m from the ground surface

qoe

4) The Dso-value is between 0.02 mm and 2.0 mm for grain size accumulation curve

'earthquake considered

Fi = —2
' L

where Fi s the llquefaction resistance factor, R Is the resistance of soil
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elements to dynamic loads and L is the dynamic load applied to the soil elements.
R and L are estimated simply with use of the following equations:

R =R +R2 +R3 | . (9'3)
R: = 0,0882/ N/(o v 0.7 ) : , (9-4)
o019 (0.02mm < Dsos 0.05mm)

R= =[ 0.22510g10(0.35/Dso) (0.0Smm <Dsoc= 0.6 mm) (9-5)

- 0.05 (0.6 mm <Dsos 2.0 mm) :

Rs = 8 304'F, 0.16 ((48: < i«::g 1‘(1)?) :)) (9-6)
L =rake(ov/ov") S (9-7)
ra =10 - 0,015z (9-8)
ke = Cz-Ca-Ci-kso v | (9-9)

where Ri is the resistance based on relative density, Rz is the resistance based on
Deo- values, Ra 1s the resistance based on fine contents, N is the blow count by
standard penetration test Dao s the mean grain size (mm), Fo is ‘the fines content
(%),‘ z is the depth from the act‘_’ fl” ground surface (m) ke Is the selsmic
coefficient for evaluating liquefaction Cz - is’ the seismic zone factor, Co is the
ground condition factor, Cr.is the importance factor, Ko is the standard selsmic
coefficiént (= 0.15), (AR the total. o6verburden (kgf/cmz) and o v' 1s the effective
overburden pressure under static conditions (kgf/cm"’)

In the system in this study, the Seismic coefficient (KB) is assumed to be estimated
by the equation (9-10) instead of the equation (9 9) '

ke = a'max/g / : (9"10)

where amax i the maximum acceleration of the ground surface estimated by the
equation (9-1) and g is the gravity acceieration (= 9800m/sec2)

y, the' liquefaction potential" tf‘the site’of interest 1s defined with
: ‘the total thickness 6f" liqhefia_’ e layers with the Fi-Valie less than
1.0 (H s) ‘and ‘thé topographical ground condition. Based on experience in past
earthquékes, the topographical gréund’”’ conditions can “be " used - ‘as one of the
indiCes to roughly estimate the 1iquefaction potential "The topographical ground
conditions are classified into three groups as. shown In Table 9. 3 [Ref 9- 4} The
liquefaction potentiai of. a site of interest can be classified into one’ of three
groups as shown in Table 9.4,

Group-ti} :":'Site/Zone With low lic‘iuefaction potential
Group C Site/Zone with negligible liquefaction potential

9.3.3 Méethod to Estinate Lateral Spread of Ground by Soil Liquefaction

-131-



The lateral ground spread (flow/movement) induced by soil liquefaction has been
Investigated by the. Public Works Research Institute [Refs, 9-5.and 9-6] and is
being included as one ground hazard in the seismic information system. Because
the simplified method to estimate lateral ground spread quantitatively is now
under investigation, the equation (9-11), which has been proposed empirically in
past earthquakes, has been tentatively plugged into the pilot- system in this

study [Ref. 9-T7] .

D = 0.75/ H3/ @

where D is the maximum lateral ‘displacement ‘of the ground surface:(m), H 1s the
thickness of liquefied layers (m) and 6 is the maximum slope of the ground surface

or of the lower boundary of the liquefied layer (%).

(9-11)

9.4 _‘ﬁSUALIZATION OF GROUND HAZARD

9.4. 1 Purpose of ,Visualization

Information about the seismic ground motion, ground hazard and the damage of
structures should be summarized simply for the urgent and’ rapid inspection ‘and
restoration of works after an earthquake disa ter Because graphically displayed
information with the usé of a computer sys’tem s very understandable,' the
visualization of actual ‘and’ analysed information with a computer system is. very
helpful for pé&ople who work on earthqu eﬁ}disaster remediation In this section,
the visual Information system, ‘whiéh “'has beén developed as a pilot system to
investig‘ate the methods to display information visually over the past few years at

the Publlc Works Research Inst;"' _ute, is introduced 'sing one case
above-mentioned methods to estimate ‘the séismic ground motion and ground hazard

are-applied in the pilot- system

9.4.2 Case ‘Study Model Area for VisualInfornationSysten e

The case study model area for the visual information pilot system is the. Southern
Area of Kanto District _arou' [ v in . Japan. _ The m; p"of the mod }lff’area can
be displayed on the computer’monitor with three ki ‘s' of scale according to

'rectangular cells)

Map A% This map indicates the Wide slzed ¢ area (of 158 km X130 Km)’ with 14 x 14 5

‘ 196 cells each of which s same size as the’ entire Map B.").

Map B : This map Indicates the middle sized area (of 11. 3km X 9, 25 km) with 20><
20 = 400 cells each of which 1s sare. size as the entire Map.C.

‘Map C : This map indicates the narrow sized ea of 566 m X 466 m scale. .

It is possible to select a cell of interest in Map A and B and to display it as Map
B and C respectively. e e Yy T e e R
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9.4.3 Example of Display in the Visual Information System

Typical examples of the display in the visual information pilot system are shown
in Photos. 9.1 to 9.9.

The hardware for the visual information pilot-system is composed of a memory
apparatus, a display apparatus, a keyboard with a mouse, a printer and a
mainframe computer with a map displayed as shown in Photo. 9.1. The system can
be worked with a key or a mouse by selecting the menus shown on the display or
inputting the necessary data. :

The earthquake - conditions, such as the. epicentral location (longitude -and
latitude) and Magnitude (M) (which are reported by JMA just after an earthquake
or estimated as. a future earthquake), are necessary to-be input as shown in Photo.
9.2. Furthermore, the seismic. Intensity reported at typical cities where JMA
offices are located can:also be input. :

The maximum acceleration and the converted seismic intensity on JMA scale can be
estimated with the use of the earthquake conditions ‘above-mentioned by equation
(9-1) and can be displayed on Maps A, B and C. Photo. 9.3 shows the display for
Map A. Based on this visual information on the distribution of seismic ground
motion, it Is possible to estimate the location and size of heavily damaged areas
for rapid and appropriate action Just after an earthquake. Furthermore, it is
possible to easlily understand which areas have a high potential for ground
hazard problems in future earthquakes included in the earthquake disaster
prevention plan. ‘ :

~ The data base of ground groups and topographical ground conditions
above»mentioned In the equation. (9-1) and. Table 9.3, .respectively,: should be
established in advance in order to be able. to estimate - ‘the seismic. ground motion
by. the equation (9-1).. and the total liquefaction jpotential defined-in Table 9.3.
Photo. 9.4 shows the zoning of. ground groups for each .cell In Map B.. The ground
group- ‘has been determined with the -use..of: typical boring data for -each cell
based . on. Selsmic : Design Specifications: [Ref: 9-3) . Photo. 9.5 also shows the
zoning of - topographical .ground conditions for .each ~cell in -Map B. . The
topographical ground condition has been determined by the average condition of
the topography at each cell. g . . ,

The liquefacticm potential defined in Table 9 4 can be displayed with three kinds
of colored;grids added to the objective cell.. : As shown.in Photo. 9.6, the cell of
Group—A with high liquefaction potential .is displayed with-a red grid and the one
of Group -B, with 1low, liquefaction potential is with a yéllow grid. -Furthermore, the
Group -C with negligible liquefaction potential is with a blue .grid;. . The
liquefaction potential of colorless grids cannot be estimated for lack of soil
profile data. Based on these visual information, it is possible to estimate the
area with high 1liquefaction potential easily and widely for both rapid and
appropriate action Just after an earthquake and for future plans agalnst
earthquake disaster.
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The lateral ground spread estimated by the equation (9-11) can be displayed with
red-colored arrows for each cell as show in Photo. 9.7. The magnitude of ground
spread can be shown with thé length of the arrow and the direction of it ls shown
with the direction of the arrow. The thickness of the liquefied layer (H) at each
cell in the equation (9-11) Is determined from the results of calculations of
liquefaction resistance fa¢tor  (Fi) defined by the equation (9-2) with typical
boring data. - On the other hand, the maximum slope of the ground surface (6) at
each cell is defined as the ‘maximum slope betwéen the cell of interest ‘and the
elght' cells around the cell 6f Interest which is calculated from the average
helght at the center of each cell. :

The detafled location of the structures ‘of interest can'be displayed in Map C° as
shown in  Photo.  9.8. - The ‘epicentral - distance, ground group and total
liquéfaction potential: of ‘Map C can'also be displayed; When ‘the data’ base of
structural conditions for each® structure {5 introduced in advance, the ‘¢onditions
of structures can be extracted from the data‘base and’ the ddmage conditions of
structures -reported after earthquakes can also be input in Map C. The damaged
structures can be visualized to a larger ‘s¢dle in’ Map B ‘as 'shown’ in ‘Photo. 9.9.
This 'scale s very uSeful for comprehending the distribution of damaged
structures: : :

95FUTUREVIEW

1. ‘Because: lifeline systems arel located ‘overialarge’ region under’the g‘round
seismic zoning is very effective for both- selsmic  inspection and’ réstoration
action just after earthquakes and for disaster prevention programs for future

earthquakes : .

2. Although »seismic zoning‘ of lr‘fground motions and ground hazards has been

<:deseribed in ‘this" paper,

- but-rigorous- méthod: to quar titatively ‘Estimate the magnitude of liquefaction

© induced’latéral spread of the ground in thé future: . ..

3. :Because various” damage of-un e‘rgi'ound structures ‘sueh as’ lifeline facilities is

- caused 'by- variois - ground hazards, 4t Is: necessary ‘fo- investigate the’ relation ‘
'betweéen’ these ground hazards and: the damage level of lifeline facilities inf

- ordér to create useful séismic zoning. ; i
4, The visual information system with the use of a computer system is very: useful
for people who work on earthquake disaster prevention SO that they can
understand the seismic’ information ‘and’ data rapidly and' adequately :

5. For establishing:the useful zoning? of seismic ground hazard and indused: damage-

. ofistructures, fundamental “data: oh ‘the ground ’ and'§tructiires '1s needed.
iEstimates’ of the ground hazard and damage of structures should be establlshed
-in advance - , , R
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Table 9.1 Appllcatlon of Selsmic Ground Motion and
Hazard during Earthquakes

— 1) Urgent and Rapld Inspectlon and Restoratlon Just After Earthquakes.
— (1) Actual Distrﬁ)utlon of Selsmic Ground Motlon.

Based on —

UndergrOund Struatures Induced by Ground
‘Motlon ‘and Hazard.

.q‘.

— (1) Estlmated Dlstljibutlon of. Selsmlc Ground "
Based on — . Motlon and Hazard

e

"":5;—-— (2) Estlmate" Damage of Struct'f""es, Especlally o
o Undergrou 'S Vctures Induced by Ground
Motion and Hazard

Table 9 2 Ground Groups [Ref 9 2]

“““ - L)‘-’.il‘"i’(,i. I S

85833‘1 : Charac ristic of Ground Ta*(s‘eo)
' N Rock Diluvlal Ground Ty
- Alluvial Ground S
: » S (=} .
,H (Medium stiff)’ s 0.2"T <0.8
v . Soft and’ Thick Alluvlal -
m - Ground ‘ 0.6=Ta
' (Soft) -

'Characteristic Value of Ground [See Equatlon (5 22)} ‘




Table 9.3 Relation betweén Topographical Ground

Condition and quuefaction Potentlal
[see Table 6- 7]

Liquefaction , o
Potentlal Geo‘graphlcal Condltlons

(A) llighly Possible |Existing Channcl Exlstlng‘ River Bed,

to be Liquefied |01d Channel,' 01d River Bed, Lowland between
Sand 1ills, Reclamatlon of 01d Water Surface
-{ (Reclalmed ‘Area of Seashore, Lake-shore,
Paddy Fleld, ete.)

(B) Posslble to be . ‘mnter Wet Land Natural Bank Sand Ilill,
- Liquefied Sandbar, Sandy Beach; Other than'the above
(A) and-below (B)

(C) Not Easily to  |Plateau, M1, Fand Land .
be Llquefied : o

‘ Table‘94 ‘Stmplified Meth_od fbr "Eéti:natlng f_LiQuefaction Potential

) Thlckness of quuefiable Layer (m)
Group - |0 S Haz'< 2 2 < ‘Has £5 |5< HAS < 20
oo | C B A

(Note) A :Slte/Zone with- High: Liquefaction POtential
B :Site/Zone with LIQUefactién Poteﬁtial N
., . C:Site/Zone with Negligﬂnle quuefaction Potentlal

B




i Selsmic Ground Motfon | | Earthquake Characteristics
! Observation Data = | (Locatlon. Maznltude etc ) :
i (Acceleration ete.) E
heereeraeane eememaaiae - | | observed Data Estimated Condition :
E In Actual EQ. in Future EQ.
1 ' * s
t | 1) ATTENUATION CHARACTERISTICS Map
e OF SEISMIC GROUND. MOTION — L Lo
2 i ‘ ' Ground Group
- .DIstribution of Selsmic Ground Motion
— : Soll Profile .
| 2 $OIL LIQUEFACTION’ POTENTIAL ol R AR AL A S S
' fl.: CHARACTERISTICS:OF GROUND. [l 1| - i!Inrormatloxi of ! Geologlcal Condltion
f --,---,' Seismic HazZard | :
s - | iof Ground in i  {Above the Sea Level ;
“ | 3) LATERAL GROUND SPREAD . ~ iActual EQ. b : :
: CHARACTERISTICS INDUGED BY' t—| =~ h-eeilioi b
SOIL LIQUEFACTION ‘ '

Distribution of Selsmic Ground Hazard

O T e Rl U Structural" ondltlow}
RN N AN RN RN SR T AP S S L 4 PR S R L. o R R S T SOV SR Of Structu' Vs'(LlfQ—

..+ Information of line Facllities etc.)

I i S Damage of i ‘

SEISMIC GROUND MOTION Anp U e-iStructures In ¢

HAZARD ~ I ] T Actual EQ

Occurrence/Dlstrlbutlon of Damage of
(Undergr‘ound) Structures

Selsmic z{;’mng ‘ ! ; NOTE: . |
! : i L \
L ! ] . . [ ]
"I' N T ;‘Ir’ifdrmé't'fé"r’x'”frOm the[;
Y e 7 1 Slte in Earthquake ¢
Urgent Inspectﬂon and S nnir 1§ ¢ ke L B LC T T PP PR P !
Speedy Restoratlon of Disaster Preventlon B . o _ Arrnn :
Earthquaké Hazard " “In’ Future Earthtluakes CrTaae Y pata Base Prepared
In Actual Earthquakes . in Advance

Establishment of
Estlnatldn Meth’od

Fig. 9.1 Flow of Infornatlon Related to Seismic Ground Motlon/Hazard
' and Induced—da-age of Structurw ~
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j’Ph(:)'t}ﬁb. 91 .?EXternal ‘Appear‘anc‘e of Visual Information Pilot-system
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Photo. 9.3 Display of Maximum Ground Surface Acceleration and Seismic
Intensity Estimated in Map A (Southern-Area of Kanto-District

: 158kmx 130km, 196 cells)
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Photo. 9.5 Display of Map B of the Topographical Ground
Conditions to Estimate Liquefaction Potential
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Liquefaction potential: low
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'Photo. 9.8 Display of Map' C of the Location of Structures
: and Liquefaction Potential '
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1. LESSONS IN TIE 1990 PHILIPPINES EARTHQUAKE

We can learn several important lessons on the civil englneerlng structures from
-the 1990 Philippines Earthquake as follows:

(1) The slope fallures occurred at a number of sites in the mountain area and the
trunk roads for economic activity and soclal life were collapsed and damaged
severely [Photos. R.1.1 and R.1.2] . The rapld restoration and opening of the
trunk roads were needed to transport the rellef goods and construction machines
for rescue person's lives. The necessity of disaster reduction for highways in
the mountain area has been recognized again.

(2) Soil liquefactlon occurred at many sites underlain by poor alluvium deposits
and Induced severe damage and collapse of buildings and civil engineering
structures such as bridges and river-dykes [ Photos. R.1.3 and R.1.4] . The
countermeasure for reducing the disaster by soil liquefaction has been
recognized.

(3) The flow out of woods and mud fallen with slope fallures occurred by rainfall
after the earthquake, and the flood also occurred at the cave-in area liquefied
during the earthquake by the rainfall [ Photos. R.1.5, R.1.6 and R.1.7] .
Therefore, the secondary disaster such as flow out of woods and mud and flood by
rainfall after an earthquake should be noted.

(4) The characteristics on the damage of structures are summarized as 1) Large
active fault on the ground surface [Photo. R.1. 8] y 2) Damage of buildings, bridges
and river-dykes induced by soil llquefactlon, 3) Cave-in by liquefaction and
flood, 4) Slope fallures and roads damaged in the mountain area, 5) Damage of high
and middle-high buildings in the highlands.

REFERENCES

R.1-1)Japan International Cooperation Agency, "Philippines Earthquake (1990. 7.16)
_ - Report by Expert Team of Japan Disaster Relief Team", August 1990.
R.1-2)Shimazu A., Director of. Construction Method and Equipment Department,

Public Works Research Institute, Japan, who was a member of Expert Team of
Japan Disaster Rellef Team for the 1990 Phillppines Earthquake.

R.1-3)Okahara M., Head of Foundation Divislon, Public Works Research Institute,
Japan, who was a member of Expert Team of Japan Disaster Rellef Team for the
11990 Philippines Earthquake,

R.1-4)Yamada T., Head of Earthquake Disaster Countermeasures Division, National
Land Agency, Japan, who was a’ member of Expert Team of Japan Disaster Relief

Team for the 1990 Philippines Earthquake.
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~Photo.. R.1.1 Many Slope Fallures Occurred at the mountanious Area
... Along the Santa Fe River [Ref. R.1-2] :

iy §;

e R e

Large Slop’t_a‘ F;‘;iur' Occurred at the Dalton Pass
of the Pan Philippines Highway [Ref. R.1-2]

Photo. R.l.
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Photo. R.1.3 Soil Liquefaction Occurred at
the Carmen Bridge [Ref R.1-8]
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Photo. R.1.5 Flow Out of Woods and Mud at
the 2nd Puncan Bridge [Ref. R.1-2]

the Buedo River [Ref. R.1-2]
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Photo. R 1. 7 Settlenent of Ground Induced by Soil
Liquefactlon and Flood [Ref R.1-4]

Photo R.l 8 Fault(Maxllu- Lateral Displacenent' About 5 n. ‘Maximum
Vertlcal Dlsplacenent' About 1 3m) Appeared Across
the Pan Phillppinw }Iighway at Digdlg [Ref. R.l -2]
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2. VIEW POINTS IN RECENT EARTHQUAKES

The characteristics of the phenomena and the damages by earthquakes are
different In each earthquake and depend on the location of earthquake, the
damaged site condition, the conditions of ‘structures, and so on. The typical
earthquakes occurred recently In the World and Japan are represented in Table
R.2.1. The characteristics of recent earthquakes are as follows.

(1) Soft Ground and Damage

In the 1989 Loma Prieta Earthquake,_ the elevated ' 1-880 ‘Cypress viaduct was
collapsed at the northern end and also damaged but not collapsed at the southern
end. The northern end of ‘the viaduct is underlain by soft to medium stiff recent
estuarine deposits of silty marine clay known locally as Bay Mud, and on the other
hand, the southern end’ of it is underlain by stiff alluvium. Fig. R.2.1 shows the
relation between the geological condition and the collapse or damage of the
Cypress viaduet, and 1t ¢an be seen that the soft ground such as Bay Mud seems to

affect the behavior of structures.

According to progress of urbanization near the coast, the reclaimed land has been
spread rapidly. The dynamic behavior of the reclaimed land and ‘soft alluvium is
generally amplified during earthquakes, ‘and the structures constructed at these
ground are possible to be damaged such as the 1989 Loma Prieta Earthquake.
Therefore, it is necessary pay attention to the selsmicity of poor ground during

earthquakes from now on.
(2) Soil Liquefactiohﬁiiducéd Laté'ral Gr'ou'li‘d:" F10w and Damage :

The soil liquefaction occurred and caused considerable damage at a number of
sites such as the Sani’Francisco Bay area»in the 1989 Loma Prieta Earthquake and
the Dugpan City in'the‘ ! "_Philippines Earthquake ' Fig R.2.2 shows the
distribution map- of liquefied sites 4t ‘Marina Distriect in San Francisco where many

buildings and lifeline facilities were damaged.

Because the saturated loose and sandy layers will be certainly liquefied by the
strong ground motion with suitable magnitude, ‘it must be noted that the
possibility of liquefaction should be estimated in advance to construct the
structures and the effect of it should be applied to earthquake design of

structures.

Furthermore, the lateral ground flow induced -by soll llquefdction occurred
largely and induced severe damage of structures in the 1990 Philippines
Earthquake. Because the lateral ground f1ov ”‘is likely to’ be “affected by
geographical ‘conditions' ‘sich as a’sloped su e ground 6" liquefiable solls, it
is necessary ‘to pay attention’ ‘to the'sites néar by a'river. :
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(3) Slope Failure and Damage

When the earthquake occurs in and around the mountain area, many slope faflures
are Induced, and the structures such as roads are damaged severely. The slope
fallures and damage of structures occurred in many earthquakes such as the 1990
Phillppines Earthquake, the 1990 Iran Earthquake, the 1989 Loma Prieta
Earthquake, the 1984 Nagano-ken-Seibu Earthquake and the 1978 1zu-Ohshima-Kinkai
Earthquake.

Because the roads in the mountain area are very important lifeline, the damage of
them isolate the towns and villages from other area and the reconstruction of
them Is generally very difficult and takes much time, Therefore, it is noted that
the countermeasures of structures such as roads for earthquake disaster and
reconstruction plan must be examined beforehand.

(4) Lifeline Damage

The lifeline facilities such as water-supply , sewage, gas, electric power and
telephone are very important fundamentals for soclal life at present. Because
the lifeline facilities are generally constructed under ground, thelr damage
Induced by earthquakes s related to the dynamic behavior and damage of
surrounding ground.

In the 1989 Loma Prieta Earthquake, the water-supply system and sewerage system
were damaged severely In Marina District. Fig. R.2.3 shows the location of major
water pipe and sewer break in the District and it can be séen that the network
system were damaged at the soft ground condition sites,

As mentioned above, ‘because the damage of lifeline facilities by earthquakes
influence social life directly, it will be needed to consider the countermeasure
for the lifeline facilities still more. : ‘

REFERENCES

R.2-1)Seed, R. B.," et al., "Preliminary Report on the Principal Geotechnical
Aspects of ‘the October 17, 1989 Loma Prieta Earthquake", Report No.
UCB/EERC- 90/05 “April 1990.

R.2-2)Hough, S. E., et. al., "Did Mud Cause Freeway Collapse 2", EOS Transactions,
American Geophysical Union, November 21, 1989

R.2- 3)Ceologica1 Survey, "Effects of the Loma Prieta Earthquake on the Marina
District’ San Francisco, California Open File Report '90-253, April 20, 1990.
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Table R.2.1 Recent Earthquakes in Japan and thé Worid

Earthquake M Country Date Eplcenter | Damaged Area | Phenomena Typical Damage
Philippines EQ 7.8 Philippines | 1990, 7.16 Inland Mountalin, Strong Motion, |Bullding, Bridge,
Urban Liquefaction, [ Slope(Road)
Fault ' : L
Iran £Q 7.7 Iran 1990. 6.21 Inland Mountain, Strong Motion, |Building, Bridge
Urban Fault Slope(Road) .
Loma Prieta EQ 7.1 U.S.A. 1988.10.17 | Inland Mountain, Strong Motion, |Bridge, S16pe (Road),
Urban Liquefaction, Bullding (Flre)
Fault -
Spitak EQ 7.0 U.S:S.R. '1988.12. 7'] ‘Inland Mountain; Strong Motion, Building, Liféline
) ‘ Urban Fault Lo,
Mexico EQ 8.1 Mexico 1985. 9.18 | Ocean Urban Strong Motlon Building, Lifellne
Nagano-ken-Sefbu EQ 6.8 Japan 1984, 8.14 | Inland Mountain strong Motlon Slope (Road)
Nlhon-kal-Chubu EQ 1.7 ~ 1983, 5.26 Ocean - Urban, - Liguefaction; " | Levee,: Road: Banking, -
Coast Tsunanmi Port and Harbor,
Bullding
Miyagl-ken-0ki EQ 7.4 ” 1878. 6,12 | Ocean Urban Strong Motion, | Bridge, Levee,
) : Liquefaction "' [ Banking
Izu-ohshima-Kinkai EQ 7.0 ~ 1978. 1.14 Ocean Mountain Strong Motion | Slope (Road)
Niigata EQ 1.5 " 1964. 6.16 | Ocean Urban, | Liguefaction, |[Building, Bridge,
. : : ! : ; BRI ‘Coast Tsunami ‘| 011 Tank(Fire) .

. Fis. R2.1 Rel““ml Botween Geolozical Conditlons and. .

N

TREASURE 15,

MAP AREA

ANTA ROSA |

SACRAMENIO

@SAN JOSE ' ¢

 FRANCISCAN £

HOLOCENE MUD ‘o'-40m THICK -
OUATERNARY ALLUVIUM .0- 50m mrcK
onm ON; SANDSTONE AND
“SHALE WITH 'GREENSTONE, CHERT -

. LIMESTONE,, CONGLOMERATE. AND .
ME‘I’AMORPHIC Rbtks S

LEES

Danage of Cypress Viaduct in the 1989 Loma
Prieta Earthquake‘ [Refs. R.2-1 and R.2-2]
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Fig. R.2.3 Locations of Major Watér Pipe and Sewer Breaks
at Marina District in the 1989 Loma Prieta
Earthquake [Ref. R.2-1]
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3. URGENT AND TEMPORARY REPAIR METIIODS FOR DAMAGE

The structures damaged by the earthquake are required to be repaired, reinforced
and renewed properly for rapld restoratlon of soclal and economic activity to
earthquake disaster. Hereupon, the urgent and/or temporary repalr Is necessary
and effective to prevent the secondly Induced damage by aftéer-shock and the
spread of ‘damage by maln shock as emergency measures. The urgent and temporary
repalr methods should be examlned and guided for one of methods to reduce
post- earthquake disaster and retroflt before earthquake temporarlly Based on
the investlgatlon of reconstruction methods for earthquake disaster in the past
earthquakes,‘ "Manual for Repalr: Methods of Civll Engineerlng Structures Damaged
by Earthquakes [Ref. R.3-1] are proposed In Japan.

1) Dighway Bridge

Table R.3.1 shows' genéral ‘classification 'of urgent and/or temporary repair
methods for highway bridge just after earthquakes.

Photo. R31' shows the temporary bridge under ¢onstruction, neighboring
Magsaysay Bridge WhOSe girders weré fallén ‘in the 1990 Philippines Earthquake.
The temporary. bridge was made by driving wood piles and putting steel truss

girder and wood - plate

Photo. R.3.2 shows the ‘temporary retrofit of plers of elevated two-level viaduct
at the section of Interstate 101 in San Francisco damaged in the 1989 Loma Prieta
Earthquake. The plers wthhfwere?n'c‘St collapsed but cracked were tightened with
use of steel cables and guide wood Plates.

(2) Highway Banking

Table R.3.2 shows - general classification of urgent and/or temporary repair
methods for highway banking just after earthquakes.

(3) Slope Neighboring Highway |

Table R.3 3 shows general classiflcation of urgent and/or_ temporary repair
methods for slope neighborlng hlghway Just after earthquakes ‘

Photo. R.3.3 shows the surface water drainage work wlth sheets for highway
banking i in danger of progress of ‘collapse  in ‘the 1984 Nagano -Ken-Seibu

Earthquake The opening and unstable portion of cracks were covered with vinyl ’

sheets welghted with sand bags to prevent lnflow of water.
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(4) Levee

Table R.3.4 shows general classification of urgent and/or temporary repair
methods for levee just-after earthquakes.

Photo. R.3.4 shows the prevention work of leakage of ground laying under the
levee damaged during the 1983 Nihon-Kal-Chubu Earthquake, Because the
penetration of ground leakage was feared, cut-off steel piles were driven Into the
ground to prevent the leakage and to lower the pore water préssure. The levees
were also reinforced by banking with earth and piling with sand bags.

REFERENCES

R.3-1)Public Works Research Institute, "Manual for Repair Methods of ' Civil
Engineering Stx‘uctures Damaged by Earthquakes", Technical Note of Public
Works Research Institute, Vol. 45, Décember 1986.

R.3- 2)’l‘owhata, » Assistant Professor of Tokyo Unlversity, Japan.

R.3- 3)’I‘amura, K Chief Researcher of Public Works Research Institute, Japan,

R. 3 4)Sasakl Y., Senoo, K., Yoshimatsu, H. and Obinata, N., "First Report on Damage
due to the Nagano- Ken-Seibu Earthquake of Sept 14, 1984",' Journal of Civil
Engineerlng‘ Material, Vol 26, No. 11, November 1984 (in Japanese).

R.3-5)Murakami, Y. » et. al., "Report on the Disaster Caused by the Nihon-kai-chubu
Earthquake ‘of 1983" Report of Publlc Works Research Institute, Vol. 185,
March 1985 (in Japanese).
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Table R.3.1 Temporary Repair Methods for Highway Bridge [Ref. R.3-1, Compile]

Sht 1 of 2

Main purpose

" Kind of method

.+ Deseription of work

Example of patten

3)

of refnforced .
member

Installation:
of alternative
member

13y Membér. cutted or losing Its«i+

Relnforcement | 1) Welding of rib [ 1) Member buckled or cracked L ///
of member should be reinforced by | Weldlng of
welding ribs. . relnforced b
2) Installation” | 2) Member butckied should ho

.- Feinforced by Installing
members.

section should be reinforced
by lnstalllng members and
gussct plate.

. Installatlon of : /s
' relnt’orced member

3) Installatlon of alternatlve member

- Installation
of member

: 2) Installatlon of relnf‘orced membcr 4l

-y

SN e SRl s Ty

vy

Falling-of(~
prevention

1) Connectlon of .

gfrdc'rs _

2) Installatlon

of stoppers

3) Binding of

pler crest '

4) Glrder

support

1 End of. girders should be
connected by weldlng wlth
steel plate or cable

2) Pler crest should be attached
with stopper of stcel '
bracket.

3) l’ler crest cracked should be
relnforccd by blndlng wlth
-steel plate and wire ropes.

4) Glrder ln danger of falllng—
off should be supported by H-
shape steel, steel pipes and
woods.’

el

f‘ i A ’""‘Mani glrder
B IR ET W IEE > SO | RS
r L}

Fnd of glrder to be, welded

l'“ wlth steel plate B
H J : .

[, |

Bridge pler

1) Connedtion of glrdefs

Joint section(Covering plate+ -

"[asphalt plastering)

Gravel

’ ]l{ shape steel

Coverin'"g 'blate

4-1) Temporary glrder holder

Broken member

4-2) Glrder temporary support

‘Steel plate ¥

Steel plate

Main girder

Stéel
bracket

o]
‘ [EEPPPPPPIA 3

trrmnry

2) lnstallation of stoppers

[ Wire rope

3) ’l‘enporary blndlng of pier
crest c_onerete by cables
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Table R.3.1 (Continue)

Sht 2 of 2

Maln purpose

Kind of method

Deserlption of work

Example of patten

1) Covering of

Covering plate

Correction 1) Gap ocecurred on bridge
of bridge plate surface should be covered Asphalt
surface with plate. plastering
) s ) - . I_..geii’ LIS
2) Filling of 2) Step differénce should be - ] Glrder
step filled with ecarth, gravel . Eclrder rde
asphalt, I 1
Bridge pler
1) Covering work
‘Eérth filling
2) Repalr of step difference
Repalr of. 1) Coverlng . [1) Handrall damaged should be ——_—
handrail plate and pipe repalréd with steel bar, plpe Single pipe

and plate.

P e me——

A

Z
Repair of handrail
covering plate

Substitute of
falled girder

1) Temporary
‘glrder

2) 3Temporary
bridge

1) Girder fallen down should be
changed with temporary
girder of steel members.

2) Temporary bridge should be
constructed neighboring
collapsed bridge:

3) Berry bridge should be
carrled into and costructed.

Lt Covering plate

H steel

Steel pipe
pile

Fon
o

2) Temporary bridge

at Kinou bridge
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Table R.3.2 Temporary Repair Methods for Highway Banking [Ref. R.3-1]

’

~ypical drawing

Méiﬁ purpbsé

Type 6f ;6rk

A9¢scr£étion:df wo;k

AR

of sample

Ptevention of collapse
by rainwater infil-
tration .

sand f£illing
Asphalt seal
Sandbag, pilinq
Eaxth curb

vinyl sheet laying
Temporary drainage

To préevént ‘not only’ the inundation of
rainwater to-the crack and collapse of
gurface and slope of banking face but

also the collapse of banking,

Seatvlaylnq

Prevention of embank-

ment _collapse by
traffic

Banking'
sandbag laylng
Sheet pile ‘driving

:hooden piling

Increase stability of embankment to
prevent the collapse of banking by
traffic.

Priving sheet pile.

Retaining
wall

oecuring of traffic
(Securing of. width -
and establishment of
detouvr)

i

Banklng and pavement
Sheet pile dtivinq
Pier ‘and temporxaxy
bridge (Bailey bridge)
Construction work of
detour

Securing of width to ensure passage.
Works for detour will be done when
damage is heavy.

Secuting of safety

for passage (Treatment

Jof; faultlnq and’
difference

‘step’

i
}

Grading works,
Sediment: fllling
Asphalt patching

Treatment for damage of Eaulting for
jointing of bridge and etc. shall be
done to secure safety for traffic.

Grading work

_ﬁ;j__‘__

:

'
i
H
H
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Table R.3.3 Temporary Repalr Methods for Slope Nelghboring Highway

[Ref. R.3-1, Co-plle]

'-I;Ybe ,o-f Detall of . Ty-f)ICai dt“awing
construction | construction Descrlptlon of work of sample
Removal of Removal of Colluvlal depos'lt and: rockfall
colluvial colluvial piled ‘on' the road shall bé ! remova | s
deposit Femoved dnd traffic funotloh of ) AW

.. | deposlt

road shall b provided.

'Surl‘ace water
dralnage work

Surface ﬁat‘er
dralnage work

’l‘emporary drainage ditch shall be
provided with vinyl sheet and U- .

i covering with

shect

(Temporary type ditch and surface water shall |
drafnage) be dralned :
Works of’ ":and unstable portlon "

of ciacks shall be dovéred
wlth vinyl sheet so as to prevent
Inflow of water.

Cutting work

Ciitting Work °

of lnstabllity
portion : -

éut slope ‘sUfféred’ from damage
shall be removed by cuttlng

[Netting )vc'ii;k

Netting § vyork

| board ¢ coh-

structlon)

am | and steel sheet pile shallibe 1ald -
| deross and éatches small Scéle

slide soll ete.

(rockfall. .
prévention | with synthetic r‘esln néet or 'wlre i
work) ; net to prevent movement of small
scale unstable portlonA ‘
slide protec- .Colm'vl'a'l 'sxmpn'ﬂed"fénciﬁg:stx‘-‘iict’“‘Pé" ‘sh'all‘ L
‘tlon work y 'deposlt - | be made co 'blnlng wire nett] AP I Yy
preventlon wlth logi nd ecaffoldlng plpe and
: fen ng. work provldlng the road and catches
o ‘(’I‘empo ‘a’ry small scale slide sofl ete.
protecthe
fenclng Work) : ‘ - '
[H-steel i .| Hosteel pil 'shall be dFtven' to' the; “H=gtéel sheet p| Ie
‘sheet plle road and plne log. piné sheét. plle an i |

or log-

| Pifing works

WOod pmng

work

¢

’ Wood plle shall bé drlven to fix

the shallow sofl layer whlch was
,noved to the hlll R

'Counter-
: weight fill
work .

' Plling sou
" sack

(Soll saci(

[ piting worl) -

Sand back which has simllar]

: functlon as’counterweight £11
shall: be plled instead ot‘ banklng. -

-161~




Table R.3.4 Temporary Repair 'Hethqu' for Levee [Ref. R.3-1]

Main purpose

Kind of method

Explanation of method

Example of pattern

Prevention
of
lnfiltration
of rainfall

sand filling,
banking
Cutback

*To prevent rain water from in-

filtration . into bank through
damaged spots and prevent the
bank from weakening,

Cutback

Securing of
levee crown -

height

Sand filling,
banking ]
Cutback, banking
Sand bag piling
Temporary cofte—
rdam :

To reinforce damaged spots with
earth and sand to stablize the
bank against high water, etc.
In large scale damaqe, emerqen—
cy coffetdam should be studxed.

1

B

CHWLL L cofferdam

Banking

. Temporarcy

Prevention
‘of leakage
of- bank

Sand filllng,
banking i

sand bag piling
Cutback. ! .
Protection wlth
good soll(outet.
slope) i

(Outer slope,
position) :

Leakage is feared because of
cracks, etc. on bank, and the
bank ‘should be reinforced with
earth-and sand, and covered
wlth infiltration material
to.prevent the bank from water

1nfiltration and from weakening ’
Cut-off sheet Bile" ‘

‘Cut-0ff sheet
‘pile
gl

Hw.L

Cutback

Prevention
of leakage
of ground

Cut-off sﬁeét
pile(bottém of
outer slope).

When penetration of ground
leakage is-feared; leakage of
1nnet ground - is prevented and
pore.,.; water pressure . is

lowered to stabllizé the bank.”:““

SR S
Cut-off sheet pile

PreVent}on

To prevent bank ftom scouring

sand bag piling

of scour Pointed concrete . ahd collapsing by: rain, water
Repair of ‘o . { and river flow.and. waekening
damaged bhlk- N : .
head - : .

: Sand b ' I U
Secufip9jif Couﬁtezgegéééng*7 “To’ stabilize bank: by '¢olinter-
stabilizatdi-| £i1i: 1 4 Welght:: to'damaged banki " | :

on of bank

Sheathing sheet‘
‘plle .

+In,case (drea: is -not: wide: ‘ehough,
-earth: :supporting work should be
considered. ST '

qaﬁ'bf jdint
of special
levee

Az

.sand bag filling
. Pointeq c0nctete
. Tempoxary co££e~

rdam

To. repait'ukéénély damaged‘spot

of damaged cut-off functioﬁ ‘of
special levee, or building up
temporary cotferdam.

i -
W | sand bag
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Photo. R.3.1 Telporary Bridge Constructed Neighborlng Main
: Bridge in the Philippines Earthquake [Ref. R.3- -2]

Photo. R.3.2 're-porary Retrofit of Brldge Pler in the 1989
Loma Prleta Earthquake [Ref. R.3-3]
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Photo. R.3.3 Surface Water Drainage Work in the 1984
Nagano-Ken-Seibu Earthquake, Japan [Ref. R.3-4]

Photo. R.3.4 Prevention Work for Levee with Sand Bags
and Steel Sheet Piles [Ref. R.3-5]

St g e s
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4. RETROFIT METHODS

Based on the experience in the past earthquakes, many lessons can be obtained as
for both prellminary retrofit methods before earthquakes and permanent retrofit
methods after earthquakes which are effective for reducing earthquake damage of
existing structures. Several examples on the effect of prelimlnary retrofit
countermeasures can be learned in the 1990 Phiiippines Earthquake.

The retrofit methods to reduce the earthquake induced damage of highway bridge,
highway banking, slope neighboring highway and levee can be shown in Tables
R.4.1, R.4.2, R.4.3 and R.4.4, respectively, based on the lessons In the past
earthquakes in Japan. C

REFERENCES

R.4-1)Public Works Research Institute, "Manual for Repair Methods of Civil
Engineering'structu'res Damaged by Earthquakes", Technical Note of Public
Works Research Institute, Vol. 45, December 1986.

R.4-2)Japan Road IAs‘s;'éciatl(‘)n, "Manual for Earthquake Disaster Prevention of
Highway Facilities", February, 1988 (in Japanese).
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Table R.4.1 Retrofit Methods for Highway Bridg'es“
[Ref R.4-1 and R.4—2 Co-pile]

Structures - Kind of Method- Co : Typical pattern -

Foundation Increaslng plles and footlngs
| -Setting up underground
continuous wall and continuous
cbeams n T e s
s Steel sheet p}le cofferlng work
Ground lmprovlng work
-Edrth’'anchor work,
-Consolidation work of foundaclon Increading piles”
-Replacement,

Expanslon of 5
/footlng '

Expansion of
footing

Consolidation

,.,I\Yn‘clreaks:iné,'pllle“s‘

RC pier Injection of resln puttying. o

Anchor,“bax‘
r——L1
resin mortar repair,concrete repair RC lining
Abutment -RC linlng - #

-Steel plate lining
Increaslng wing walls »
-Bonding band steel'plate
,Reinforcing anchor
‘Increasing aseismic walls
-Replacement S steel plate
: ',linlng

Bolts | * *

/.

Steel pler Method of stuff instde” - - Stiffening plate
-Method of splice the stiffening ; YN ]
platé from outslde : 1 add

Replacement ’

STT




 Table R.4.1 (Continue)

Superstructure | Concrete bridge

repairing
-RC libing .

-Rebuilding

-Injection of resin, putty 7
repalring, resin mortaring :
repalr and resinous concrete

-Adhesion of steel plate

Stiffening plate

Concrete anchor bolt

Steel Bridge

-Rebui_lding

-Modlfylng deformatlon
- $plicing of reinforcemem
| -Replacement of member

> Replacement of rivet and

.{ Supporting
section

:blanket

_ »‘steel plate

-Expansion of pier crest with
reinforced concrete | K
| : Expansion of pier crest with 1.

- Steelior reinforced con ete 'l
stopper set on the pier: crest"" o
-Connectlon of girder wlth
glfder, pier and abutment bv
wire cable, steel bar and

L

New stiffener
/

[

S

pomm————d o
1 L

[ Girder )

Pier

" Steel ;e,eo'ppe@r
Anchbr bolt
 Wire cable or steel bar

Girder

Abuthent

Wire cable or steel bar

' Girder
4
i

Reinforced concrete stopper

Girder Girder

e
e

lf’ierl/ ‘

_ Abutment

Girder |

| ! f
. Expansion of reinforced
. concrete or blanket.

Steel plate
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Table R.4.2 Retrofit Methods for Highway Banking
[Ref. R.4-1, Compile]

Main purpose

Kind of method

Typlcal pattern

Treatment of rain water

-Drainagé ditch
~Earth curb -

i Dréinage

Securlng of road
function ‘

:Banking ‘and pavement °
-Approach cushion board
-Asphalt sealing

-Asphalt grouting to

cavit"y

Banking
Reteining
wall

Securlng of embankment
stability in‘case
embankment comes into
question

'Retalnlng wall
-Crib work

‘Banking

Rotalnlng
woll

Cl‘ib woek:

Provlslon of banking
'stability ih case of
‘ground problem

g Counterwelght i
/,-Grotmd improvement
: ;V-Ground water dralnage

IS ALY,

. _Shee€ ﬁ(llng'

f Ground
- improvement

Couhterweight
fiil

R
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Table R.4.3 Retrofit. Methods for Slope Neighboring Highway
[Ref R.4-1, Conpile]

Main purpose

Klnd Of method

Typlcal pattern

of ‘erosion, collapse
and rockfall - .
(try not to be effected
by rainfall etc.)

- Dralnage work
-Turfing work

- Spraying work
: Pitching work
-Crib work
~Partlal cuttlng

Control of occurrence

Stone/Block
laynng ..

Piapnting

Framé work -

Mortar/Concrete
Spraying

Undérground
Water g
drainage

Surface Water
drainage

Cuttingwork

Control of occurrence
of collapse and
rockfall -
(balanclng of force)

:Retaining wall work =~
-Anchoring work

- Piling work
-Counterwelght fill
+Rockfall preventlon

oy
'

work::

Anchorlng/ 'l;jl
Lockboltnng' B
work.

CcunﬁerWeight
fill work

1

Retaining’

Anchoring work

Piling Work:,

ya

Wire rope "
plaoing
work

Control an&yfeéfralhtf :
- |'-Wire cylinder-. ., :

-Fencing work .

P'ene@ﬁk

,Protectlon for col—
lapse and rockfall
(not to cause damage
even if collapse ‘and
rockfalloccurred)

- Netting work

“Fencing work -

-Work for retalning wall

Netting_work

Fencnng w0rk

Retaining
wall
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Table R.4.4 Retrofit Methods for Loves [Ref. R4-1]

Main purpose

Kind method -

Typlcal pattern

Securing strength of
levee

‘Cutback and Bank(n’g

Cutback

e Yy

Pfeventlon of
leakage of bank

-Cutback%hﬁ'ﬁéﬁkiﬁé ‘

Cutback

Pfevention of ground
leakage

-Cut~off sheet pile

(toe of outer slope)

L s,
AN

Cut~off sheet plle

Prevention of scour

~Révetment B ‘

_Revetment

Securing
Stabilization of
levee

-Coxii‘h:‘t;é'.l‘Welgﬁtr £i11
:Improvement of -

ground

Cou.nteryelqﬁc

HW.L

ImproVement. of qroundw
H. \V L L

of ground

i & \
’ Impmvemnt

‘Securing
stabjlization of
special lévee

: Constl’ 'tlon of

retalning wall e

. Relnforclng of

retainlng wall':

-Repairingiofii: . -

retalning w_all

Retaining ‘wall \
) ;
H w+ [ 77
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