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ABSTRACT

ThedisastermitigationbyrefUge丘omrapidlandslidesisverydifficult,andthe

predictionofrapidlandslidemotionisanextremelyimportantsu切ectfbrsociety.There

aremanyfactorsaf飴ctingthemovingspeedoflandslide.Amongthem,themost

importantfactoristhedecreaseofsoilstrengthinducedbyexcessporepressure

generationunderundrainedconditionafterthebeginningoflandslidemotion。

Accordingto``sliding-surfaceliquefaction"proposedbySassaeta1(1996),thegrain

crushingcharacterofsandysoilshasgreateffectontheexcessporepressurebehavior・

Bymeansoftheringshearapparatuses,thefundamentalandapplicationtestsonthe

keyfactors-graincrushingcharacterandexcessporepressuregenerationbehavior,

werepe㎡b㎜ed.

InthefUndamentalexperiments,three-typesampleswereused.Theyare:Toyoura

standardsandconsistingofroundedquartzsands,silicasandconsistingofangularand

sub-angularquartzsands,andOsaka-groupcoarsesandysoilconsistingofangular

quartzsands,fbldsparandmicathatisliabletograincrushing.Theconsolidated-

drainedringsheartestmethodwasusedtoinvestigatethegraincnlshingsusceptibility

ofsamples,whiletheconsolidated-undrainedringsheartest(constant-speedtestand

cyclic-loadingtest)wereusedtoinvestigatetheexcessporepressuregeneration

propertiesofsamples.Itwasobservedthat,undertheundrainedshear,excesspore

pressureisgeneratedfastandreacheshighvalueatsteadystateonthesamplethathas

highgraincrushingsusceptibility.

Accordingtotestresultsofsar【lpleheightchangeinthedrainedtestsandexcess

porepressureratiointheundrainedtests,alongwithsheardisplacement,dilatancy

characterofsandysoilscanbedividedtothreephases.Theyare``initialnegative

dilatancy",``initialpositivedilatancy"and``negativedilatancyduetograincrushing"

Thefirsttwophasesareaffbctedbyinitialstructure,andthelastoneisaffbctedbygrain

crushingsusceptibility.

TheNikawaIandslideinNishinomiyaCity,whichwasinducedbytheJanuaryl7,



1995Hyogoken-Nambuearthquake,andtheJuly10,1997Hariharadebrisslide-debris

flowillIzumiCity,KagoshimaPrefbcture,whichwasinducedbyaheavyrainfa11,

becausebothofthemhaveasimilarcharacterofrapidlandslidemotion,werechosenas

thestudycasesinthisthesis.

Inthegeotec㎞icalsimulationtestontheNikawalandslideloadedwiththereal

seismicwaveoftheHyogoken-Nambuearthquake,itwasobservedthat,afterthevery

shorttimeofthemainshock,sheardisplacementalsocontinued,and"sliding-surface

liquefaction"wasachievedthroughtheaccumulationofresidualexcessporepressure,

whichwascausedbygraincrushing.Intheotherexperimentontheandesiticsample

takenf士omtheHariharadebrisslide-debrisflow,itwasobservedthattheandesitic

sampleiseveneasiertotakegraincnlshingthanOsaka-groupcoarsesandysoi1.During

shearing,becauseofthe``sliding-su㎡aceliquefaction"intheshearzoneandthe

decreaseofthepemeabilitycoef巨cient,anewstructureofsoil艶med.Withthis

stmcture,excessporepressureisgeneratedandaccumulatedeasily,whiledifficultto

dissipate.

Basedonthestudyresults,accordingtothegraincrushingcharacterofsoilsandthe

generationbehaviorof(residua1)excessporepressure,themechanismsoftherapid

landslidemotioninthetwoIandslides,i.e.,theNikawalandslideinducedbyearthquake

andtheHariharadebrisslide-debrisflowinducedbyrainfal1,wereexplained

respectively.Then,themechanismofrapidlandslidesissupposedasfbllows:fbra

slopeatastressconditionnearcriticalstate,withanextemalfbrce,suchasearthquake

andrainfall,thesoilatthepotentialslidingsurfacefailsatfirst.Thisf田luremakesthe

soilmassmoveforacertaindisplacement.IfthesoilattheslidingsurfaceisfUlly

saturated,undertheundrained(evenatlocalizedundrained)condition,initialloose

structurecollapseand/orgraincnlshingcausedbyshearingwillresultinthegeneration

ofexcessporepressure,andintum,makealandslidetravelrapidl)へ
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1.INTRODUCTION

Landslidesalmostoccureveryyearintheworld,becauseofearthquake,rainfalland

otherfactors,suchasengineeringactivities,andsoon.Thoserapidlymovinglandslides

oftencauseseriousdisastersbecausetheyaresorapidthatpeoplehavenoenoughtime

toevacuatef士omthelandslidesiteortaketheirpropertyout.Thedisasterscausedby

landslidesarebeingenlargedbytheurbanizationandpopulationgrowth.Rapid

landslidesoftentravellongdistance,andaffectnotonlytheirsourceareas,butalsothe

travelareasanddepositionareas.Forthisreason,therapidandlongrun-outlandslides

arewell㎞own.TherearemanyexamplesinJapan.TheNikawalandslide,whichwas

inducedbytheJanuary17,1995Hyogoken-Nambuearthquake,killed34persons

(Sassaetal.1995).TheDecember6,19960tarilandslide-triggered-debrisflow,killed6

persons(Maruieta1.1996,Sassaetal.1997).TheJuly10,1997Hariharadebdsslide-

debrisflowinKagoshimaPrefbctureinducedbyrainfall,killed21persons(Sassaeta1.

1998a).Therearealsomanyrapidlandslidesoccurredinmymotherland,C㎞na,in

theseyears.Forexample,theXintanlandslide,whichoccurredonJunel2,1985inthe

Three-Gorgearea,althoughasuccessfUlf樋lure-time-predictionmadenobodybe珂ured,

thelandslidealsocutthenavigationintheYangtzeRiverforoneweek(Wangetal.

1991).TheSalashanlandslide,whichoccurredonMarch7,1983inGansuProvince,

destroyedthreevillagesnearthetoeofthislandslideandkilled227persons(Caol986,

Zhangetal.1992)・Thedisastercausedbylandslideiscruel,butthemechanismofthe

rapidIandslideisnotyetcompletelyunderstood.Therefore,fordisasterpredicationand
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mitigation,itisveryimportanttostudythemechanismofrapidlandslide.

1.1BACKGROUNDFORTHISSTUDY

Generally,1andslideswithhighgravitationalpotentialalwaysmoverapidly,while

thosewithlowgravitationalpotentialmoveslowly.Inspiteofthat,somelandslides

occurredonverygentleslopesalsomovedrapidly.Forinstance,someloesslandslides

inducedbyHaiyuanearthquakeinl920inChina(Zhangl996),andtheNikawa

landslide(Sassaeta1.1996),tookplaceingentleslopes,Itiswel1㎞ownthatwhethera

landslidecanmoverapidlyisaffectedbymanyfactors.Themostimportantfactoris,

duringlandslidemotion,whethertheslidingsu㎡aceisinundrainedconditionorin

drε這nedcondition,Hutc㎞nsonetal.(1971)pointedoutthatundrainedloadingisa

負mdamentalmechanismofmudflowsandothermassmovements,basedonthe

observationmadeinmudslideswithelectricalpiezometers.Seed(1968)concludedthat

landslideduringearthquakewascausedbyliquefactionofsandysoillayerullderthe

undrainedcondition.

Sassaetal(1996)proposedaconceptof``sliding-surfaceliquefaction"tointerpret

therapidlandslideoccuπedinmediumdenseanddenseOsaka-groupcoarsesandysoils

oftheNikawalandslide.Figure1.1illustratesthedifferencebetweenliquefactionand

"sliding -su血celiquefaction"Itwasdescdbedas:"Liquefactionisnomallycausedby

destructionofthemeta-stablesoilstructureinloosesandysoilmass,thatthef田1urewill

occurbefbrestresspathreachesthefailureline,while,``sliding-surfaceliquefaction"

takesplaceonlyalongaslidingsurface,thatneednotdestructionofthestructure.Itcan

takeplaceeveninmediumordensesoilstnlcturebecausegraincnlshingalongthe

slidingsu㎡aceresultsinvolumeshrinkageandporepressuregeneration"

TheconceptproposedbySassaisjustestimation,andtherearetwodefectsinit .

Thefirstoneis,thepropertyofgraincrushingwasestimatedf士omShirakawasandin

KyotobasedonFukuoka(1991),combiningwiththeobtainedeff6ctivestresspathin

theundrainedringsheartest・MeasurementofgraincrushingPropertyonthesandysoil
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take面omtheNikawalandslidewasnotperfb㎜ed・Thesecondis,thecyclic-loading

wasassumedasasinewavewithincreasingamplitudecyclebycycle,withf士equency

ofO.1Hz.Inthecurrentsituation,whetherexcessporepressuregenerationdependson

thef士equencyofcyclic-loadingornot,andhowtheamplitudeofcyclic-loadingaffect

excessporepressuregenerationareunclear.Therefbre,ifpossible,itisnecessaryto

conductageotec㎞icalsimulationtestwitharealseismicrecordonarealcase.

Since1995,twonewundrainedringshearapparatuseshavebeendevelopedinthe

DisasterPreventionResearchInstitute,KyotoUniversitybySassaandhiscolleagues,

whichareabletoloadarealseismic-record.Therefore,itbecomespossibletocarryout

ageotec㎞icalsimulationtestontheNikawalandslidewitharealseismicloadingofthe

Hyogoken-Nambuearthquake,andtoperfbnnafundamentalstudyonthegrain

crushingandporepressuregenerationduringshearingofsandysoils.

1.2AIMANDMAJORWORKSOFTHISSTUDY

Theaimofthisstudyistoco面 ㎜theconceptof"sliding-surfaceliquefaction"and

studytherelationshipbetweengraincrushingandexcessporepressuregeneration.

Drainedringsheartestsisusedtoinvestigatethegraincmshingsusceptibilityof

diffbrentsandysoils,whileundrainedringsheartestsisusedtoinvestigatetheirexcess

porepressuregenerationbehavior.

Them勾orworksareasfollows.

Atfirst,thefUndarnentalstudyonthegraincrushingPropertiesinthedrained

conditionandexcessporepressuregenerationintheundrainedcondition,during

constant-speedshα 垣ngandcyclic-loadingwasperfomed.Therelationshipbetween

graincrushingPropertiesofsandysoilsandexcessporepressuregenerationbehaviors

wasanalyzed.

Moreover,atrialwasmadeonthegeotechnicalsimulationtestloadedwithareal

seismicrecordofHyogok皇n-Nambuearthquakeonthesandysoiltakenfromthe
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Nikawa  landslide. The excess pore pressure generation behavior under a real seismic 

record was analyzed. 

   Finally, to verify the effectiveness of the concept of "sliding-surface liquefaction" 

in the rainfall-induced landslide type, another series of simulation tests on the Harihara 

debris  slide—debris flow was carried out. The grain crushing property of the andesitic 

deposit in drained ring shear test and the excess pore-pressure generation behavior in 

undrained condition and drained condition were analyzed. 

1.3 DEFINITIONS AND RESTRICTIONS 

The followings give some definitions and restrictions used in this thesis. 

Landslide and Slide: According to Cruden (1991), the term "landslide" is used to denote 

"the movement of a mass of rock
, debris or earth down a slope" The movements have 

been divided into five types: falls, topples, slides, spreads, and flows. A slide is a down-

slope movement of a soil or rock mass occurring dominantly on surfaces of rupture or 

on relatively thin zones of intense shear strain (Cruden et al. 1996). 

Grain crushing: A process of soil grain size becoming smaller and smaller when stresses 

imposed on soil grains exceed their strength. It is also called as particle breakage (Lade 

et al. 1996). 

Particle breakage factor. B (Marsal 1967): Marsal (1967) developed a measure of 

particle breakage concerning the design and construction of earth and rockfill dams. 

While performing large-scale  triaxial compression tests, he noticed significant amounts 

of particle breakage. He subsequently developed a breakage index, B, to quantify this 

breakage. His method involves the change in individual particle sizes between the initial 

and final grain size distributions. The difference in the percentage retained is computed 

for each sieve size. This difference will be either positive or negative. Marsal's 

breakage factor, B, as shown in Figure 1.2, is the sum of the difference having the same 

sign  (Equation  1.1). The lower limit of  Marsal's index is zero percent, and has a 
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theoretical upper limit of 100%. 

 B  =  bi  +  b2  +  bs  +  =  Bi+  B2  +  B3  +  Ba  +  Bs (1.1) 

Relative density  (D,): This term is defined as 

 Dr  = ee  x100% (1.2) 
 e  e— 

 where  emax=  viod  ratio of soil in the loosest  condition;  e = void ratio of soil;  e = void 

ratio of soil in the densest condition. In this study,  Dri is the initial relative density of a 

sample set in shear box before application of any load, while  D, is relative density after 

normal consolidation. 

Sample height change: During shearing in the drained condition, the sample in the shear 

box will change its volume. This phenomenon is termed as "dilatancy" Because the 

area of shear zone in the ring shear apparatus is constant in the ring shear apparatus, and 

the deformation is not uniformly distributed in sample height, but mainly takes place at 

the shear zone, the volume change is represented as sample height change. The initial 

value of sample height change is zero at the beginning of shearing after sample is 

consolidated. 

Pore pressure coefficient in direct-shear state, BD: A parameter to check the degree of 

saturation of sample in the direct shear condition. It was proposed by Sassa (1985) 

based on the pore pressure coefficient, B, proposed by Skempton (1954). It is a ratio of 

pore pressure response to the normal stress increment of sample under undrained 

condition. When BD is greater than 0.95, the sample is considered to be fully saturated. 

Seismic coefficient. K: The ratio of seismic acceleration to gravity acceleration, g. 

Critical seismic coefficient. Kc: The critical value of seismic coefficient that makes the 

factor of safety for a slope equal  unity in drained condition. It depends on the 

engineering geology conditions of a specific slope, such as slope angle, groundwater 
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table, friction angle of the sliding surface and so on. 

Seismic coefficient ratio.  K/Kr: The ratio of  seismic coefficient to the critical  seismic 

coefficient for a specific slope. It is used as a parameter of seismic intensity in this study. 

When  K/Kr = 1, it means that an earthquake makes a slope to the critical state in the 

drained condition. 

Exceis2DtepLusum It is the pore pressure generated in soils under the undrained 

condition during soil deformation. The pore pressure change caused by the change of 

normal stress under the undrained condition is not included in the excess pore pressure. 

Excess pore pressure ratio  (ru): It is the ratio of excess pore pressure to the initial 

effective normal stress. It is used as the index to evaluate the degree of high-mobility 

and liquefaction. Theoretically, when  ri,= 1, it means a fully liquefaction. 

Liquefaction: The basic mechanism of onset of liquefaction is elucidated from the 

observation on behavior of a sand sample undergoing cyclic stress application in the 

laboratory triaxial test apparatus. It is generally observed that the pore pressure was 

built-up steadily as the cyclic axial stress is applied, and eventually approaches a value 

equal to the initially applied confining pressure, thereby producing an axial strain of 

about 5% in double amplitude. Such a state has been referred to as "initial liquefaction" 

or simply "liquefaction" (Terzaghi et al. 1948, Ishihara 1993). It was defined by Sladen 

et al. (1985) based on the definition given by Castro (1969) as follows: Liquefaction is a 

phenomenon wherein a mass of soil loses a large percentage of its shear resistance, 

when subjected to monotonic, cyclic, or shock loading, and flows in a manner 

resembling a liquid until the shear stress acting on the mass is as low as the reduced 

shear resistance. 

 Sliding-surface liquefaction: This concept was proposed by Sassa et al (1996) when 

they were in studies of some landslides triggered by the January 17, 1995 Hyogoken-

Nambu earthquake through the undrained ring shear tests. Even with medium dense and 

dense sandy soils, excess pore pressure can be built-up because of the grain crushing 
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during shearing. It is a localized liquefaction phenomenon in an actual landslide. 

 Steady  state  of  deformation: The steady state of deformation for any mass of particles is 

that state in which the mass is continuously deforming at constant volume, constant 

normal effective stress, constant shear stress, and constant velocity. The steady state of 

deformation is achieved only after all particle orientation has reached a statistically 

steady state condition and after all particles breakage, if any, is complete, so that the 

shear stress needed to continue deformation and the velocity of deformation remain 

constant (Poulos 1981). 
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2. RING SHEAR APPARATUS  

   The undrained cyclic-loading ring shear apparatus DPRI Ver.5 and Ver.6 developed 

by Sassa and his colleagues in Disaster Prevention Research Institute (abbreviated as 

 DPRI), Kyoto University in 1995 (Sassa 1997) were used in this study. They are the 

improved types in ring-shear apparatus series. 

   Initially, modern ring-shear apparatus was developed by Bishop et  al. (1971) to 

study the residual strength of soils. Without limit of shear displacement, it is widely 

used to study the mechanical behavior of landslide motion (Tika et al. 1996). Bromhead 

(1979) and Gibo (1994) made ring-shear apparatuses to study residual strength of soils. 

A series of ring-shear apparatuses were developed and improved in DPRI, Kyoto 

University by Sassa et  al. (Sassa et al. 1984, Sassa et al. 1989, Sassa 1995, Sassa 1998). 

From DPRI Ver.3, the basic principle for the ring-shear apparatuses is the same, and 

undrained ring-shear test can be conducted. The new intelligent type dynamic-loading 

ring-shear apparatuses (DPRI Ver.5 and Ver.6) can conduct geotechnical simulation test 

of landslide induced by earthquake. 

  Figure 2.1 is a photograph of the DPRI Ver.6 ring-shear apparatus. The most 

important features of both apparatuses, DPRI Ver.5 and Ver.6, are listed in Table 2.1. 

During test, normal stress, shear resistance, pore pressure, shear displacement and 

vertical displacement are measured and recorded automatically by an acquisition 

system. 
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2.1 STRESS CONTROL AND GAP CONTROL SYSTEM 

  Figure 2.2 shows the electronic control system of the  DPRI Ver.5 apparatus. This 

system is composed of stress control and gap control. Stress control includes normal 

stress-control and shear stress-control. When a normal stress is applied, the control 

signal passes from the computer through a servo-oil valve, and the load cell N1 exerts a 

vertical load,  N1, on the sample. Friction generated between the sample and shear box at 

the inner and outer rings is measured as N2 by load cell N2. The feedback N1-N2 then 

becomes to control signal and controls the normal stress. Shear stress is applied as shear 

torque T by servomotor (DPRI ver.6 has two servomotors, T1 and T2). Load cells  S1 and 

S2 measure the shearing resistance at the shear surface. 

  Gap control is used to keep the upper and lower parts of the shear box in undrained 

condition. The upper ring is fixed to the center axis, which is controlled by a servo-oil-

piston. With high precision of  0.001 mm, the gap-control system keeps the upper part of 

the shear box pressing the rubber edges in the lower part of the shear box under a 

compression pressure of 1.5  kN or so (controlled by gap sensor GS). The friction 

between the rubber edge and the upper rings during shearing is measured, and the value 

is subtracted from the monitored shear resistance in data processing. 

2.2 STRUCTURE 

  Figure 2.3 is the schematic structure of the DPRI Ver.6 ring shear apparatus. The 

circular sample is in the shear box at the middle of the apparatus. The lower half is 

rotated by servomotors (marked as rotating parts in the figure), while the upper half 

(marked as a movable parts in the figure) is restrained by two load cell S1 and  S2 to 

measure shear resistance. The axial is moveable part for gap control. Through oil piston 

OP2 and measured by load cell N2, a pressure acting on rubber edges inserted in the 

lower rings was applied to keep upper ring and lower ring contact tightly. Before 

normal stress is applied, load cell N2 is reset to zero. When normal stress is applied 

through oil piston  OP, and measured by load cell  N,, the side friction N2 between 
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sample and upper ring will generate because of the compression of sample. The actual 

normal stress acting on the sample will be  N1-N2. 

   During test, VD measures the vertical displacement, i.e., the sample height change, 

and SD measures the shear displacement corresponding to the center of the circular 

sample at shear zone. 

   Pore pressure is measured by pore-pressure transducer  P, and P2. Pore pressure 

sealing and measurement are about the same as those were introduced by Shoaei et al. 

(1994). Figure 2.4 is a half section of the undrained shear box and the pore pressure 

gauge. At the bottom of the shear box, there is a porous metal. Through the lower 

drainage line, CO2 and de-aired water are supplied in the process of sample saturation. 

After a filter paper is set, sample is set in the shear box, with different sample-making 

methods depending on the test purpose. Then another filter paper is putted on the 

sample, and then loading plate is located. Before consolidation, space exists between the 

upper filter paper and porous metal of the loading plate. The  "O"-rings keep the sample 

in the undrained condition. Upper drainage line is used to drain air and water in 

saturation and consolidation process, and is also used to supply initial pore pressure on 

the sample when it is necessary. Rubber edge is fixed in the lower ring, before a test, it 

is cleaned and covered by teflon and silicone grease to decrease the friction between the 

rubber edge and the upper ring, and also to prevent water leakage. Pore pressure 

transducer is inserted in the upper ring. Through a water path in the upper ring and a felt 

cloth filter sandwiched by two metal filters, it measures the pore pressure near the shear 

zone. In a test, after sample is saturated, the knob in the pore pressure gauge is opened 

to drain air and water. This secures that there is no air in the water path. The results of 

undrained check on the ring shear apparatus have been presented by Wang et al. 

(1997a). 

  For the following reasons, ring shear apparatus was used in this study. 

   1) It can simulate the stress and deformation situation of soils in the sliding zone of 

     a landslide. 
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2) As a simulation test apparatus, because the stress and deformation parameters 

  can be measured precisely, it is better than other types model tests. 

3) When comparing to the triaxial test, its unlimited shear displacement makes the 

  study possible on the post-failure behavior of landslides. 

4) The sample in the shear zone is enough for the grain size distribution analysis 

  when studying the susceptibility of grain crushing of sandy soils. 

 11



3. PROPERTIES OF SAMPLES  

   Toyoura standard sand, silica sand and Osaka-group coarse sandy soil were used in 

this study. 

   Toyoura standard sand (T-sample) is one kind of Japanese standard sand 

extensively studied by several researches (Tatsuoka et  al. 1986, Ishihara 1993, Bellotti 

et  al. 1997). These researches indicated that the mechanical properties of dry and 

saturated sand are nearly identical. It is predominantly a uniform sub-angular to rounded 

fine sand with approximately 90% of quartz and 4% of chert. 

   Silica sand (S-sample) is construction material for industrial use. It is made of 

weathered silica sand, and has a uniform grain size distribution. The grain is almost 

angular. It consists of 92 - 98% of quartz, and a little amount of feldspar. In this study, 

the silica sand no.7, with a mean grain size of 0.16 mm, was used. 

   Osaka-group coarse sandy soil  (0-sample) was taken  from the source area in the 

Takarazuka landslide, which was also triggered by the January 17, 1995 Hyogoken-

Nambu earthquake (Sassa et  al. 1996). It is located in the Takarazuka Golf Club. The 

deposit of Osaka-group is a limnetic and marine deposit of the Pliocene to the Mid-

Pleistocene distributed around the Osaka area, Japan (Itihara 1996). It is an angular 

sandy soil consisting of weathered granite and is composed of 77 percent of quartz and 

23 percent of feldspar and mica. 

  Some classification and index properties of the employed samples are listed in 
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Table 3.1. It needs to mention that the measurements of these properties followed the 

Japanese Geotechnical Society Standard (the Japanese Geotechnical Society, 1990). In 

the test for maximum and minimum density of sand, because 0-sample is not suitable to 

use the test method for maximum and minimum densities of sands, which is restricted 

by the standard No. JSF T 161-1990, these values for 0-sample are just for reference. 

  To get residual friction angle of the three types of sandy soils that will be used in 

the cyclic-loading ring shear tests, speed-controlled ring shear tests were conducted 

with dry sample. The procedure is as follows. 

 0 Set oven-dried sample in the ring shear box with free-fall deposition method. 

      This method is described in section 4.1 later. 

 0 Consolidate the sample under 490  kPa. 

  © Shear the sample at 3  mm/sec. 

 ® After the residual state was reached, decrease the normal stress to about 0 

      during shearing gradually. The obtained failure line and residual friction angle 

      for the three samples were presented in Figure 3.1 and Table 3.1. 
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4. GRAIN CRUSHING CHARACTER OF SANDY SOILS AND 

 EXCESS PORE PRESSURE GENERATION DURING SHEARING  

   Grain crushing initially used to evaluate and predict the possibility of erosion, and 

was mainly studied with triaxial test and compression test (Marsal 1967, Lade et  al. 

1996). Fukuoka (1991) used ring shear apparatus to study grain-crushing property of 

sandy soil in the sliding zone of the Zentoku landslide. Vankov et al. (1998) found that 

grain crushing depends on the energy that applied on the sample during test. Generally, 

larger energy will result in more grain crushing. Moreover, Wang et al. (1998a) 

investigated grain crushing susceptibility of different sandy soils and found that, grain 

shape and hardness of minerals have great effects on the grain crushing susceptibility. 

The investigation results of the grain crushing property of different sandy soils will be 

reported here. Wang et al. (1997b) presented that sandy soil type greatly affect the 

behaviors of excess pore pressure generation in the undrained cyclic-loading, and 

according to the concept of "sliding-surface liquefaction", it must have some relation 

with the grain crushing. Therefore, in this chapter, grain crushing properties of sandy 

soils are studied by consolidated-drained constant-speed ring shear test. The effects of 

the type of sandy soils and initial density are discussed. Then, at about the same initial 

density of the same samples, the generation process of excess pore pressure is 

investigated by the consolidated-undrained constant-speed ring shear tests. Based on the 

results of both series tests, the relationship between grain crushing and pore pressure 

generation was analyzed, and the possibility of prediction of pore pressure generation 
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based on  sample height change in drained tests was discussed. Moreover, to investigate 

the effect of grain crushing susceptibility on pore pressure generation in cyclic-loading, 

a series of undrained cyclic-loading ring shear test was performed. Besides the sandy 

type, the effects caused by other factors such as frequency of cyclic-loading and the 

initial density of sample were also discussed. 

4.1 TEST PROGRAM AND PROCEDURE 

   The three types of sandy soils, 0-sample, S-sample and T-sample were used in this 

test program.  Free-fall deposition method was used for preparing loose samples, while 

dry tamping method was used to make  0-sample (dense). With free-fall deposition 

method, oven-dry sample is poured with a cup or plastic bottle from the top of upper 

shear box. While, with dry tamping method, after oven-dry sample is poured with a cup 

from the top of upper shear box and a thin layer is formed, tamping is applied lightly 

with a rubber flat-bottom tamper. At the mean time, the compression index,  Cc, for them 

was obtained by consolidating the sample under normal stress of  pi = 98 kPa and  p2 = 

196 kPa, respectively, and calculating the corresponding void ratio,  el and e2. The 

compression index  C,  is expressed as Equation (4.1). 

 e.— 
 Cc  =  (4.1) 

          log  p2  —  log p1 

  The relative densities of the samples and the compression index are listed in Table 

4.1.  D, is initial relative density of a sample before application of any load, while  Dr is 

relative density after normal consolidation. 

4.1.1 Consolidated-Drained Constant-Speed Ring Shear Tests 

   The consolidated-drained constant-speed ring shear tests on wet samples were 

conducted to investigate the sample height change during shearing process. After 

shearing for a long shear displacement, grain crushing may occur at the shear zone. 
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Thereafter, the sample at shear zone was taken out, then grain size distribution was 

analyzed and the grain crushing susceptibility was investigated. 

   In these series tests, after the sample set in the shear box, water was supplied 

through the lower drainage line until water flowed out of the upper drainage line. It is 

believed that, the fine particle caused by grain crushing can be kept at the shear zone, 

and does not fall down to the bottom of the shear box in wet condition. 

   At first, the samples were normally consolidated under the normal stress of 196  kPa. 

The shear speed was 3  mm/sec. The shear displacement was 42 m considering the 

sample quantity for grain size distribution analysis. 

  It need to mention that, to evaluate the grain crushing susceptibility caused by 

shearing only, samples of the same relative density with that in the drained ring shear 

tests were prepared, and consolidated under normal stress of 196 kPa. Then grain size 

distribution analyses were performed on the consolidated samples. 

4.1.2  Consolidated-Undrained Constant-Speed Ring Shear Tests 

   The consolidated-undrained constant-speed ring shear tests on the fully saturated 

samples were conducted to investigate the pore pressure generation in different samples 

under the undrained condition. 

  The following procedure is adopted in the saturated undrained ring shear tests. 

     Weigh dry sample and set it in the shear box with free-fall deposition method 

      for loose sample and dry tamping method for dense sample. 

 0 Pass CO2 gas through the sample from the bottom drainage line to the top 

      drainage line. 

 0 Under a minimal pressure, slowly infiltrate de-aired water into the sample from 

      the lower drainage line, to replace the CO2 in the sample pores, until the water 

      flows out of the upper drainage line. 

 ® Consolidate the sample under 50 kPa normal stress. 

 0 Confirm the degree of saturation. Apply a normal stress increment,  Aa = 50 
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      kPa, in the undrained condition, and measure the increment of the excess pore 

      pressure,  .6u. Calculate BD (=  du/  tia), the pore pressure parameter in the 

      direct-shear state. A high BD value indicates a high degree of saturation. 

 ® Consolidate the samples normally under the normal stress of 196 kPa or so. 

 0 Shear the sample at the shear speed of 3  mm/sec. Final shear displacement was 

      determined as 500 mm considering that excess pore pressure will have no great 

      change after sample is sheared for so much shear displacement. 

4.1.3 Consolidated-Undrained Cyclic-Loading Ring Shear Tests 

   The undrained cyclic-loading ring shear tests on the saturated samples, which 

conducted by Wang et  al. (1998b, c), are referred here to show two results: (1) how the 

pore pressure generate with the shear displacement under cyclic-loading, and (2) the 

effects of frequency of cyclic-loading, initial void ratio on the generation behavior of 

excess pore pressure under cyclic-loading. 

  The undrained cyclic-loading ring shear test simulates the stress condition of a soil 

element in the sliding zone of an infinitely long slope subjected to a horizontal seismic 

force. Among the many cited examples of landslides induced by earthquakes (Sassa et 

 al. 1996, Zhang 1996), landslide thickness generally ranges from 15 to 40 m, with 

occasional large landslides have thickness exceeding 100 m. Most of these landslides 

occurred on slopes of 15 — 40° before failure. To represent an "ideal" slope, and 

considering the capability of the ring shear apparatus, slope height is assumed to be 30 

m and slope angle to be 25° 

  Figure 4.1 shows a schematic diagram of the undrained cyclic-loading ring shear 

test. The unit weight  7, =20  kN/m3 is taken as the unit weight. Thus, the weight of the 

soil element is W 544  kN/m2 The seismic force is assumed to act from the back of the 

landslide in horizontal direction. The critical horizontal seismic coefficient in a drained 

condition case,  IC, is given by Equation (4.2) 
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   Kc= tan(O—0)— [tan + tan(O —0)]oU COS 0  (4.2) 

Where, 0 is the angle of internal friction of the sample (in degrees), u0 is the initial pore 

pressure, because groundwater often exists above the sliding surface in earthquake-

induced landslides with high-mobility. An example is the Nikawa landslide. The initial 

pore pressure for the "ideal" landslide is assumed 20 kPa in the saturated condition. 

   The seismic coefficient ratio,  K/K,, is designated as the cyclic stress-magnitude 

parameter. Cyclic-loading of constant magnitude lasted for 10 cycles with frequency of 

0.02 Hz, 0.1 Hz or 0.5 Hz (Figure 4.2). The cycle number at which failure occurring can 

be detected from the monitored data of shear resistance and shear displacement. 

   The test condition, including the sample name, initial density state, frequency of 

cyclic-loading, initial slope angle, and the amplitude of cyclic-loading are listed in Table 

4.2. For example,  0(Dense)-F(0.1)-25° means this test is to simulate a 25° slope 

consisted of dense  0-sample subjected to a cyclic-loading of 0.1 Hz. Except  O(Dense)-

F(0.1)-25°  (K/Kc= 2), the  K/Kc value for the other tests is 1.5. 

   The following procedure is adopted in the cyclic-loading ring shear tests. 

     Set, saturate the sample and confirm the degree of saturation as described in the 

     previous section. 

 0 Consolidate the sample under the planned initial normal stress,  aa 

 0 Apply the planned initial shear stress,  To, under the drained condition as slowly as 

     possible, avoiding generation of excess pore pressure. 

 ® Apply the initial pore pressure u0 through the upper drainage line. 

 0 Close all the drainage valves, change the shear box to the undrained condition. 

 © Simultaneously apply the planned cyclic normal-stress increment,  do-, and cyclic 

     shear-stress increment,  AT. 

4.2 TEST RESULTS 
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4.2.1 Consolidated-Drained Constant-Speed Ring Shear Tests 

   Grain crushing properties of four samples were investigated. The results include the 

grain size distribution analyses, and the sample height change during shearing. 

   After the drained shearing was over, the shear box was opened. It was observed that, 

in the tests on the 0-sample (loose) and 0-sample (dense), grain crushing mainly 

generated in the shear zone of 10 – 20 mm thick. Figure 4.3 shows the results of the 

grain-size distribution analysis of samples after consolidation and samples taken from 

the shear zone after shearing. Then, Marsal's breakage factor, B, was calculated to 

quantify the grain crushing susceptibility. The B value for T-sample is 2.8%, for S-

sample is 4.3 %, for 0-sample (loose) is 9.0% and for 0-sample (dense) is 9.0%. It can 

be concluded that, the 0-sample is the easiest sample to be crushed, while the T-sample 

is the difficult one to be crushed. 

   The relationship between sample height change versus shear displacement is 

presented in Figure 4.4. In contraction (shrinkage), sample height decreased; while in 

dilatancy, sample height increased. In the four samples, the 0-sample (dense) shows a 

typical curve. The sample height change along with shear displacement can be divided 

to three "dilatancy" phases — "initial negative dilatancy", "initial positive dilatancy" 

and "negative dilatancy due to grain crushing" by the border point "A" and  "B" During 

the "initial negative dilatancy", when the shear displacement is small, it is volume 

shrinkage caused by the position adjustment of soil grains. The other three samples also 

show the "initial negative dilatancy" after the onset of shearing. During the "initial 

positive dilatancy", when the shear displacement increases, until the peak strength of 

soil is reached and the soil fails. This part is volume dilation caused by shearing in a 

medium dense or dense soil. A loose sample like 0-sample (loose) does not show 

"initial positive dilatancy" The word "initial" used in the two phrases above means that 

the two phases of dilatancy are mainly affected by the initial density (initial structure) of 

soils. It is believed that, for extremely dense soils, the "initial negative dilatancy" would 

not exist, while, in extremely loose soils, the "initial positive dilatancy" would not exist. 
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During the "negative dilatancy due to grain crushing", after the initial dilatancy that 

mainly affected by the initial density completed, the sample height changes dominantly 

decided by the grain crushing susceptibility of soil. In Figure 4.4, although it is difficult 

to extract exactly the part caused by grain crushing, combining with the result in Figure 

4.3, it can be estimated that the last part in the curve of sample height change is mainly 

caused by grain crushing. 

   The Marsal's breakage factors, B, as well as the compression index,  , of samples 

at a certain relative density, against the final sample height changes, are plotted in 

Figure 4.5. It is indicated that a relationship exists among the sample height change with 

the particle breakage factor, B, and the compression index, C. The sample, which has a 

large compression index and can be easily crushed, will generate large change in sample 

height during shearing. From this figure, it is also found that, after a rather long shear 

displacement, the Marsal's breakage factors, B, for 0-sample (loose) and 0-sample 

(dense) become to a certain value. It indicates that the initial density of sample has not 

obvious effect on the Marsal's breakage factors for long shear displacement. The 

difference of the final sample height changes between 0-sample (loose) and 0-sample 

(dense) is caused by the initial density of sample. Therefore, it is reasonable to use the 

sample height change as a relative index to evaluate the grain crushing susceptibility, 

while considering the effect of initial density of sample in mind. 

  According to the previous study (Lade et al. 1996), grain crushing is affected by 1) 

the stress level (proximity to failure), the stress magnitude and the stress path, 2) grain 

size, 3) particle angularity, 4) uniform coefficient, 5) mineral hardness, and 6) 

introduction of water. In this test result, it is confirmed that, under the same stress 

condition, the internal affecting factors on grain crushing are: 1) mineral hardness. 

Sands consisting of hard minerals such as quartz are difficult to be subjected to the grain 

crushing than those consisting of feldspar and mica. 2) particle angularity. Sands with 

angular shape are easier to be crushed than those with rounded grains. S-sample and T-

sample are mainly composed of quartz, but S-sample was easily crushed. It is probably 
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because S-sample is angular, while T-sample is sub-rounded. 

4.2.2 Consolidated-Undrained Constant-Speed Ring Shear Tests 

  The initial relative densities of samples in undrained ring shear tests were tried to 

keep as the same with drained ring shear tests (see Table 4.1). Excess pore pressure ratio, 

 rift), is expressed as the ratio of excess pore pressure increment to initial effective 

normal stress in this test condition (Equation 4.3) (Popescu et al. 1997). 

 ru(t)=-14(t)11° (4.3) 
 Qo 

   In Figure 4.6, the excess pore pressure ratios during tests are presented. Effective 

stress paths for all four tests are shown in Figure 4.7. Let us analyze the excess pore 

pressure curve of  0-sample (dense) in Figure 4.6. At the beginning, when sample was 

sheared for 0.3 nun, the sample began to be contractive due to the position adjustment 

of grains. Under the undrained condition, it resulted in the excess pore pressure 

generation. Therefore, the excess pore pressure ratio increased until a peak point "A", in 

correspondence to the drained test, this phase is also called "initial negative dilatancy". 

After the shear displacement reached 4 mm at point "A", because of the positive 

dilatancy character of dense soil, excess pore pressure dissipates and excess pore 

pressure ratio decreases to -0.16. Obviously, this phase was affected by the initial 

density, and is correspondingly termed "initial positive dilatancy". For S-sample and T-

sample, because of relatively loose initial state, excess pore pressure ratios just 

decreased a bit. For loose sample of the  0-sample (loose), there is no negative excess 

pore pressure generated. When excess pore pressure ratio reached the lowest value, 

noted as point  "B", it means the end of the "initial positive dilatancy". After the "initial 

positive dilatancy" is over, because excess pore pressure ratio decreases to the lowest 

value, effective stress would reach its maximum value. It means that, the shearing 

energy acting on the grain particles during shearing reaches the maximum value. It is 
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liable to perform grain crushing for the sample at the shear zone. Therefore, along with 

the grain crushing taking place at the shear zone, there is a tendency of volume 

 shrinkage, and results in the generation of excess pore pressure. This process will 

continue until the effective stress is small enough that no grain crushing will take place, 

i.e., until the steady state of deformation is reached. The phase from point  "B" is named 

"Negative dilatancy due to grain  crushing" At this phase , the sample difficult to be 

crushed like T-sample will show no change in excess pore pressure ratio. S-sample 

shows a little increasing tendency, because it is also difficult to be crushed. 0-sample 

(loose) does not show a positive dilatancy, but at the last phase, because of grain 

crushing, the excess pore pressure ratio also increased. The curves of 0-sample (loose) 

and 0-sample (dense) nearly reach to a same value at the end of tests. This result 

indicates that, for a long shear displacement, the initial structure of sample has no 

obvious effect on the pore pressure generation in the steady state. 

   Figures 4.7 show the effective stress paths for all these tests. The shear 

displacements at some points were plotted in them. Figure 4.7(a) shows effective stress 

path of 0-sample (loose). From beginning, because of the generation of pore pressure 

caused by negative dilatancy, the effective stress began to decrease after sheared for 5.0 

mm. Then, because of the grain crushing, the stress path decreased to a very low level 

along the failure line. Figure 4.7(b) shows the effective stress path of 0-sample (dense). 

Because of the generation of pore pressure caused by the negative dilatancy, the 

effective stress began to decrease until point  "A". Then due to positive dilatancy, 

negative excess pore pressure generated from point "A" to point  "B". Thereafter, 

because of grain crushing, stress path decreased to a low level about the same with that 

for 0-sample (loose) along the failure line. Figure 4.7(c) is effective stress path of S-

sample, after generation of pore pressure caused by the negative dilatancy, the effective 

stress began to decrease until sheared for 5.0 mm. Then due to the positive dilatancy, 

negative excess pore pressure was generated until sheared for 97 mm. Thereafter, 

because grain crushing is difficult to take place in S-sample, the stress path decreased a 
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bit along the failure line. Figure 4.7(d) is effective stress path of T-sample, because of 

the same mechanism as the previous ones, the effective stress path began to decrease 

until sheared for 4.23 mm. Then due to positive dilatancy, negative excess pore pressure 

generated until sheared for 124.7 mm, this phase is very large when compared with S-

sample. Because T-sample is the most difficult one to generate grain crushing in all of 

the samples used in this study, the stress path just decreased a very little bit. 

   Comparing the results of consolidated-undrained ring shear tests with the 

consolidated-drained ring shear tests, the process of pore pressure generation with shear 

displacement in consolidated-undrained ring shear test, is similar to the process of the 

sample height change with shear displacement in the consolidated-drained ring shear 

tests. Although it will be affected by some other factors, both shear processes can be 

divided to three phases. They are "initial negative dilatancy", "initial positive dilatancy", 

and "negative dilatancy due to grain crushing" In "initial negative dilatancy", the 

sample is contractive in the drained condition, and positive pore pressure is generated in 

the undrained condition.  If the initial density is large enough, the contraction of soil 

grain will not occur. In "initial positive dilatancy", the sample is dilative in the drained 

condition. When the sample is not so loose, a negative pore pressure will be generated 

in the undrained condition. In "negative dilatancy duo to grain crushing", because of the 

grain crushing, the sample is contractive in the drained condition and positive pore 

pressure will be generated in the undrained condition. 

4.2.3  Consolidated-Undrained Cyclic-Loading Ring Shear Tests 

  The time series data and the stress paths were listed in the Appendix 1. The detail 

description can be referred to Wang et al.  (1998b, 1998c). Only the relationship between 

pore pressure generation and shear displacement at different test conditions were 

analyzed in this thesis. 

  In the time-series data of  0-F(0.1)-25° described in Wang et  al. (1997b) (Figure  A-1 

in Appendix 1), after the sample reached the steady state, pore pressure varied in the 
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same phase with  normal stress, and large pore pressure is always generated when large 

shear displacement occurs. According to Sassa et al. (1998b), under the undrained 

cyclic-loading, the measured pore pressure can be divided into two components: cyclic 

component and residual component. The cyclic component is mainly caused by 

variation of normal stress increment. It is almost equal to the increment of normal stress 

under fully saturated condition. The residual component is mainly due to deformation. 

As an example, Figure 4.8 shows that the measured excess pore pressure is separated to 

the two parts with test result of  0-F(0.1)-25° The residual components refined from the 

measured pore pressure for cyclic-loading ring shear tests were then used to calculate 

the residual excess pore pressure ratio,  r,(t), which is defined as Equation (4.4). The 

residual excess pore pressure ratio is an index to evaluate the "sliding-surface 

liquefaction" susceptibility of sandy soils with shear displacement under cyclic-loading. 

 riu(t)=   u(t)  -14°-  Lbacr(t)                                                   (4.4) 
           60 

Where,  r„(t) is residual excess pore pressure ratio. u(t) is measured excess pore pressure. 

u0 is initial pore pressure.  Ao- (t) is the applied normal stress increment.  co' =  cro -  u0  is 

initial effective stress. BD is pore pressure coefficient in direct-shear state. In this series 

test, BD  �0.95 for all of the saturated samples, and in the calculation of the residual 

excess pore pressure ratio, BD was dealt with as 1.0 for simplicity. 

1) Residual excess pore pressure ratio of various samples in the undrained cyclic-

  loading ring shear tests at the same  K/Kc value and the same frequency 

  To show the different behavior of excess pore pressure generation affected by 

samples themselves, the residual excess pore pressure generated in test  0-F(0.1)-25°,  T-

F(0.1)-25°, and S-F(0.1)-25°, the undrained cyclic-loading ring shear tests on  0-sample, 

T-sample and S-sample at  K/Kc  = 1.5 with cyclic frequency = 0.1 Hz, are presented in 

Figure 4.9. 

  The pattern of the residual excess pore pressure generation with shear displacement 

                        24



is almost the same as that in the consolidated-undrained constant-speed ring shear tests. 

At the end of cyclic-loading, the residual excess pore pressure ratio of  0-F(0.1)-25° was 

0.87, of T-F(0.1)-25° was 0.2 and of  S-F(0.1)-25° was 0.6. It is in the same order as that 

of grain crushing susceptibility. It is indicated that, in cyclic-loading, grain crushing also 

strongly affects the residual excess pore pressure behavior of sandy soils. 

2) Excess pore pressure ratio of 0-samples at various frequencies of cyclic-loading at 

  the same  K/Kr value 

   Frequency is an important index of seismic wave. To investigate how the frequency 

affect the pore pressure behavior under the undrained condition, frequencies of 0.02 Hz 

and 0.5 Hz were used in the undrained cyclic-loading ring shear tests on 0-sample. The 

results were compared with that of 0-F  (0.1)-25° and shown in Figure 4.10. Despite 

different frequencies, 0-sample reached the steady state of deformation at 100 mm of 

shear displacement for all tests. Before that, although test data with 0.5 Hz can not be 

clarified because of possible measurement lag of pore pressure in high frequency, the 

residual excess pore pressure ratio of 0.1 Hz is larger than that of 0.02. However, in the 

whole process, the effect of frequency is not so obvious, and only the shear 

displacement affects the residual excess pore pressure ratio. 

3) Residual excess pore pressure ratio of 0-sample at different initial relative densities 

   Figure 4.11 shows the residual excess pore pressure ratios of 0-sample (loose) at 

 K/Kr = 1.5, 0.1 Hz and 0-sample (dense) at  K/Kc  = 2, 0.1 Hz (The test with 0-sample 

(dense) did not fail when  Kik= 1.5). The loose sample almost had no pore pressure 

dissipation in the whole shearing process. It went to "sliding-surface liquefaction" 

directly. While, 0-sample (dense) generated negative residual excess pore pressure 

before 10 mm of shear displacement, due to the positive dilatancy resulting from the 

initial dense state. Thereafter, the residual excess pore pressure was generated rapidly 

from 10 mm to 100 mm of shear displacement. This phenomenon is similar to the  0-

sample (dense) in the consolidated-undrained constant-speed ring shear test. It is 

indicated that, on the soils susceptible to grain crushing, "sliding-surface liquefaction" 
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could generate even at  a relatively dense state, and for a long shear displacement, the 

effect of initial density is not so obvious. 

  The residual excess pore pressure generation in the undrained cyclic-loading ring 

shear tests on various samples shows the same trend with that in consolidated-undrained 

constant-speed ring shear  tests. The soils susceptible to grain crushing are prone to the 

"sliding -surface liquefaction" in the saturated-undrained condition. The residual excess 

pore pressure behavior obviously depends on the grain crushing characters during 

shearing. For different frequency, higher frequency causes excess pore pressure 

generation a bit quickly, but the effect of frequency is not so obvious. "Sliding-surface 

liquefaction" can generate in soils susceptible to grain crushing, even at a relatively 

dense state. For a long shear displacement, the initial density has no obvious effect on 

the final residual excess pore pressure ratio. 

4.3 POSSIBILITY OF EXCESS PORE PRESSURE PREDICTION IN 

  UNDRAINED CONDITION BY DRAINED RING SHEAR TESTS 

  From the results obtained in the ring shear tests with different sands and sandy soils, 

it is found that grain crushing can be evaluated with the sample height change in the 

consolidated-drained ring shear test for a certain shear displacement. The sample height 

change provides a good relationship with Marsal's particle breakage factor, B. Although 

the initial density of sample will affect the final sample height change, those sandy soils 

with high particle breakage factor, B, will achieve a high final sample height change. 

Moreover, the excess pore pressure generation behavior of sandy soils in the undrained 

condition has a similar tendency with the sample height change in the drained condition. 

Both (sample height change in the drained condition and excess pore pressure ratio in 

the undrained condition) of them can be mainly divided to three phases: "initial negative 

dilatancy", "initial positive dilatancy" and "negative dilatancy due to grain crushing" 

(see Figure 4.12). Therefore, it is supposed that the pore pressure generation behavior in 

the undrained condition can be estimated based on the results of consolidated-drained 
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ring shear tests. 

   By means of triaxial compression tests, some achievements were carried out. For 

example, Groot et al. (1997) presented a mathematical description of the "dry" 

properties and used it to predict the specific stress path found in undrained triaxial tests 

for loose sand. The theoretical foundation is that, the constitute properties of soil 

skeleton of loose sand most relevant for predicting liquefaction flow-slides are 

contraction and elastic compressibility. In the drained and undrained ring shear tests 

presented above, it also shows that, along with the shear displacement for sandy soils at 

the same density, when the contraction happened in the drained test, positive pore 

pressure generated in the undrained test; while, when the dilation happened in the 

drained test, negative pore pressure generated in the undrained test. The volumetric 

change of undrained sand, if it is fully saturated, can be considered to be zero, because 

the volumetric change of water can be ignored when the stress level changes in a small 

range. This means that the decrease in volume due to grain crushing and compressibility 

etc, will be compensated by the increasing of volume due to a decreasing mean effective 

stress and generation of excess pore pressure. 

  Grain crushing will affect the soil property. Assuming that the effect of grain 

crushing on the soil property can be ignored during a small range of shear displacement 

(such as 500 mm), it is believed that a relationship could be constructed between the 

sample height change in the drained ring shear test and the pore pressure generation in 

the undrained ring shear test. As discussed in Section 4.2.1, in the consolidated-drained 

ring shear test, the sample height change mainly consists of two parts: one caused by 

grain crushing; the other caused by compressibility. There is a near linear relationship 

between them. In addition, both of them have a linear relation with the normal effective 

stress. Therefore, the sample height change in the drained ring shear test can be 

presented as a function of normal stress. Because all of the drained ring shear tests were 

conducted under a constant normal stress, the assumption above can not be verified. 

  There is a test program in planning to compare the results of consolidated-drained 
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ring shear test with the consolidated-undrained ring shear test. In this program, we will 

make two samples with the same relative density. On one of them, perform the 

undrained constant normal stress constant-speed ring shear test at first, then take the 

effective stress in this test and use it as a control signal of normal stress to conduct a 

consolidated-drained constant-speed ring shear test on the other sample. So, the excess 

pore pressure generation of sandy soils could be estimated by the sample height change 

behavior in drained ring shear tests. This makes possible the prediction of "sliding-

surface liquefaction" behavior of failure even by means of drained ring shear test which 

can be done by the conventional ring shear apparatus (Bishop et al. 1971), even at a 

landslide field. Because this program can not be achieved in the current control system 

of the ring shear test, it is recommended to conduct later. 
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5. A GEOTECHNICAL SIMULATION STUDY ON THE NIKAWA 

  LANDSLIDE INDUCED BY THE JANUARY 17, 1995 

 HYOGOKEN-NAMBU EARTHQUAKE IN JAPAN  

   The January 17, 1995 Hyogoken-Nambu earthquake in Japan killed more than 

5,500 persons, destroyed about 200,000 houses, and induced some disasters of 

landslides. The Nikawa landslide is one of the largest geo-disasters of the earthquake. It 

destroyed 11 houses and killed 34 persons. According to Sassa et al. (1995, 1996), the 

landslide volume was 110,000-120,000 m3 The moving distance was 175 m. No 

observation data of the sliding speed is available. However, it is believed that it was a 

high-speed landslide, because no one could evacuate from the destroyed houses and all 

34 residents were killed. 

  As an example of rapid landslide induced by earthquakes, the Nikawa landslide was 

studied by Sassa et al. (1996), with an undrained ring shear apparatus, DPRI Ver.3. In 

that study, normal stress was kept as constant, and shear stress was applied as a sine 

wave at 0.1 Hz that the amplitude increased cycle by cycle. In undrained condition, 

sample was sheared and effective stress path was obtained. Basing on the study, Sassa et 

al (Sassa et al. 1996) proposed a concept termed "sliding-surface liquefaction" Sliding-

surface liquefaction can take place even in medium and dense soil layer because grain 

crushing in the shear zone results in volume reduction and generation of pore pressure. 

  It was confirmed that in the undrained condition, frequency of cyclic loading has no 

obvious effect on the pore pressure generation (Peacock et  al. 1968, Yoshimi et  al. 1975, 

                       29



Tatsuoka et  al. 1986). Loading frequency between 0.05 Hz and 1 Hz were generally 

used as the frequency of cyclic loading in the undrained triaxial test (Tatsuoka et  al. 

1986), simple shear test (Peacock et  al. 1968) and ring-shear test  (Yoshimi et  al. 1975). 

However, according to Newmark's "sliding-block theory" (Newmark 1965) and Arias 

intensity measure (also termed accelerogram  -energy, is the sum of the energy absorbed 

by a population of simple oscillators evenly spaced in frequency) (Arias 1970, Kayen et 

 al. 1997), a cycle of cyclic-loading with low frequency means high energy. Tests in 

lower frequency correspond to greater energy to the soil than those given by an actual 

earthquake. Therefore, a controversy was arisen. To clarify the question and investigate 

the dynamic behavior of landslide during earthquakes, it is necessary to perform a test 

using a  real earthquake record. To study landslide induced by earthquake, an improved 

undrained ring-shear apparatus, DPRI Ver.5, which is possible to load real seismic wave 

was developed in 1995 (Sassa 1997). This apparatus was used in this study. 

  This simulation test will be the first one to reproduce shear failure in direct shear 

state under a  real seismic record by ring-shear apparatus. The objective of this study is, 

through the simulation test loaded with the seismic record monitored in January 17, 

1995 Hyogoken-Nambu earthquake, to examine the mechanism of the Nikawa landslide 

induced by the earthquake, and through the drained ring-shear test to investigate the 

grain crushing property of the tested sample, which will be the key factor of pore 

pressure generation in the sliding zone of an actual landslide. 

5.1 THE NIKAWA LANDSLIDE 

  The details of the Nikawa landslide were introduced by Sassa et  al. (1996). Figure 

5.1 is a photograph showing the whole area of the Nikawa landslide. The landslide 

occurred on a gentle slope, and moved for a long distance to the nearby residential area. 

Figure 5.2 shows the plan of the landslide area before the landslide occurred. The 

sliding direction of this landslide is about N60°E. Location of borings and excavation 

pits  P1 and P2 for observation and sampling point  S1 are plotted. Standing ground water 
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was observed at secondarily moved debris. Although January in this area was very dry, 

the Osaka-group layer composing the slope retained ground water. The table of ground 

water was confirmed later by ground water level monitored in them, because the ground 

water takes a very important role in landslide motion. 

   Figure 5.3 is the A-A' section shown in Figure 5.2. It is drawn based on the ground 

surface survey, boring investigation and the ground water monitoring at the boreholes. 

The average angle of the sliding surface was about 20 degrees. The base rock of the 

slope was granite. The Osaka-group layer, a terrace deposit distributing on the slope, 

overlaid on it. In this section, the Osaka-group layer is shown as a single layer. In fact, 

three sub-layers were observed in field. They are rocky sub-layer at the base (Ob sub-

layer), sandy soil sub-layer  (0,/,  0 ,2 and  0S3), and clayey sub-layer  (0c2). In the upper 

part and lower part of the slope, the Osaka group layer was overlaid by the terrace 

deposit. On the old slope surface, landfill consisted of the distributed Osaka-group layer. 

The landslide is believed to have occurred in the landfill. According to the standard 

penetration test, the N value at the landfill was smaller than 10, which showed a 

relatively small resistance. Test sample was taken from the landslide mass just above the 

sliding surface by excavating the landslide debris, namely the same materials (Osaka-

group coarse sandy soil) in which the sliding surface was formed. 

   The ground water was observed to flow out from the headscarp of the landslide. To 

investigate the depth of groundwater table, some boreholes were drilled immediately 

after the landslide. The ground water table existed in 6-7m below the ground surface 

near and outside of the landslide area in three boreholes from February to March 1995 

(Sassa et al. 1996). 

5.2 INPUT OF SEISMIC LOADING 

  There are many earthquake records of the Hyogoken-Nambu earthquake observed 

at different locations. Unfortunately, there was no one located at the Nikawa landslide 

area. Theoretically, it would be best to use a seismic record monitored at the landslide 
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 site, but it did not exist. Among these seismic records, the seismometer at the JR 

Takarazuka Station is the nearest one from the Nikawa landslide. Therefore, the real 

seismic wave monitored at the JR Takarazuka Station was used in this study by courtesy 

of Japan Railway Technical Research Institute. 

   There are two important elements in the input seismic wave. One is the peak ground 

acceleration, and the other is wave shape. Concerning the peak ground acceleration, an 

attenuation equation (Equation 5.1) proposed by Fukushima & Tanaka (1992) was 

employed. 

    logA = 0.42Mw -  log(R + 0.025  x  10° 42Mw  ) - 0.0033R  +1.22 (5.1) 

Where A is the average of two peak horizontal acceleration in cm/s2, Mw the moment 

magnitude and R the distance from an observatory station to the fault rupture in km. 

Although this equation is for the horizontal acceleration, because vertical acceleration 

also attenuates following the same law, the correction of the vertical acceleration is also 

processed with this equation. 

  According to the Active Fault Map in Urban Area published by Geographical 

Survey Institute of Japan (1996) and Irikura et  al. (1995), the distance from the active 

fault, the Koyo active fault, to the JR Takarazuka Station and the Nikawa landslide are 

about 7 km and 0.5 km, respectively. The peak acceleration for the moment magnitude 

(Mw) value for the Hyogoken-Nambu earthquake was 7.0. By calculation, the peak 

ground acceleration at the Nikawa landslide was about 1.4 times to that at the JR 

Takarazuka Station. 

  Fukushima & Tanaka (1990) also found that, in general, the mean curve of the peak 

ground acceleration for loose soil was 140% times of the average curve. The seismic 

measurement system was set in stiff layer at the JR Takarazuka Station. While, as 

mentioned above, the Nikawa landslide mass was consisted of landfill of the Osaka-
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group coarse sandy soil that had a low standard penetration number in the standard 

penetration test, i.e., a low N value. So the peak acceleration in the landslide consisted 

of landfill was assumed to be 1.4 times of that measured by seismometers at the JR 

Takarazuka Station. Considering the two factors, 2.0  (1.4x140%  ,---. 2.0) was selected as 

the amplifying coefficient of the peak ground acceleration. It means the applied peak 

ground acceleration is 2.0 times of that monitored at the JR Takarazuka Station. 

  Concerning the wave shape and loading magnitude, through the following 

procedure (Based on Fukuoka et al. 1998), the seismic wave acting on the soil element 

in the sliding surface was obtained. 

(1) Determine the horizontal seismic acceleration  (aHR  (t)) in the sliding direction of the 

  landslide. By means of NS components  (aNS  (t)) and EW components  (a, (t)) of the 

  earthquake (Figure 5.4(a)) (Equation 5.2). 

 am (t) =  (am,  2 (t) +  a0,2  (t))'2  cos 6 (5.2) 

(2) Determine the two components in parallel direction and normal direction to the 

  sliding surface, by  summing the horizontal component aHR  (t) and the vertical 

  component  aup(t) (Figure 5.4(b)). The component in the normal direction to the 

  sliding surface, aNR (t), and the component in the shear direction of the sliding 

  surface,  asH  (t), are obtained as: 

 aNR  (t)  =  ago  (t)  cos  0 - aHR(t)  sine (5.3) 

 asH  (t)  =  au', (t)  sin  0  +  aHR(t)  cos  0 (5.4) 

(3) The three components of the earthquake, i.e., UD, EW and SN monitored at the JR 

 Takarazuka Station were used to calculate  aNR  (t) and  a  sH (t), the acceleration parallel 

  and normal to the sliding surface of the Nikawa landslide. Then, considering the 

                        33



  distance effect and the difference caused by bedrock and landfill, these two 

  components were timed by 2.0, and then two acceleration components, i.e., the 

  component in the normal direction to the sliding surface, ANR (t), and the component 

  in the shear direction of the sliding surface,  ASH  (t), are obtained as: 

    ANR (t) =  2.0  x  cbm(t), ASH  (t)  =  2.0  x  asH(t) (5.5) 

(4) Calculate the initial stress and the seismic stress on the sliding surface. A soil 

  column with a unit width along the slope was considered in Figure 5.4(c). So, the 

  self-weight of a unit column is: 

   W =  (y,(H  —  h.,)+72h,v)cos0,  m=W/g (5.6) 

    The initial stress condition can be determined by: 

 60=WcosO,T0=Wsin0 (5.7) 

    Moreover, the seismic stresses can be determined by:. 

 Au  (t) = mARR(t), At (t) =  mAsH(t) (5.8) 

(5) Calculate the test stress parameters. Here, we use the following values based on the 

  field investigation. H = 14m, 9 = 20°, y, = 17.6  kN/m3,  y,= 20.6  kN/m3, respectively 

  (Kawasaki Geology Corporation 1995). The pore pressure table above the sliding 

  surface was assumed to be about 5m (at least), because the ground water table 

  outside the landslide area was  6-7m below the ground surface. Accordingly, the 

  initial normal stress  co was 231.0  kPa, the initial shear stress  r0 was 84.0  kPa, and 

  the initial pore pressure  uo was 49.0 kPa. 
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   Eventually, the dynamic-loading stress input was obtained as shown in Figure 5.5. 

The seismic wave lasts for 40 seconds. The main shock distributed between 3 second 

and 7 second. After the seismic wave is over, the stress state of the soil element returns 

to the initial total stress state. Figure 5.6 is the stress path obtained from control signal 

of the normal stress and shear stress. The failure line drawn in this figure was the 

residual failure line obtained from the following simulation test. Some points locating 

above the failure line means that the earthquake loading gave the greater stress over the 

failure line. 

5.3 SAMPLE PREPARATION AND TEST PROCEDURE 

   Grains greater than 4.75 mm are about 7% of the sample. They were eliminated 

after dried in oven, considering the size of the shear box. The physical properties of the 

sample are shown in Table 5.1. It needs to mention that the measurements of these 

properties followed the Japanese Geotechnical Society Standard (the Japanese 

Geotechnical Society, 1990). In the test for maximum and minimum density of sand, 

because the sample is not suitable to use the test method for maximum and minimum 

densities of sands, which is restricted by the standard No. JSF T 161-1990, these values 

for the sample are just for reference. 

  The seismic loading simulation test on the Nikawa landslide was performed by 

following procedures: 

© Weigh and set the dry sample in the shear box with free-fall deposition method, and 

   then saturate it. The degree of saturation is then confirmed by  13, value, a pore 

   pressure coefficient in direct shear state (Sassa 1985). The BD value at this test was 

   0.98. It means a high degree of saturation was achieved. 

 0 Consolidate the sample at the initial normal stress,  cro and then apply the initial 

   shear stress,  To at drained condition. 

   Apply the initial pore pressure u0 from the upper drainage line to simulate the 

   ground water condition. The relative density of the sample then was 147.2 percent. 
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   Following this procedure, the test sample was a bit over-consolidated. 

® Change the shear box to undrained condition, because the soil element at sliding 

   surface will be under the undrained condition during earthquake loading. Load the 

   dynamic wave of normal stress and shear stress simultaneously, as shown in Figure 

    5.5. 

During the test, the data acquisition rate was set as 200 readings/sec, the maximal data 

   acquisition rate. 

5.4 TEST RESULTS 

   Figure 5.7 shows the time-series data of monitored parameters of normal stress  o-, 

pore pressure u, shear resistance r and shear displacement. In Figure 5.7(a), the normal 

stress monitored is almost the same as the control signal. Figure 5.7(b) shows the 

variation of pore pressure. During the main shock (3-7 sec), the excess pore pressure 

changed rapidly in response with the loading stresses. The bottom of pore pressure 

value indicated the pore pressure built-up during the main shock. It is noticed that pore 

pressure is increasing to a certain value after the cease of main shock. Figure 5.7(c) 

shows the variation of shear resistance and shear displacement. During the main shock, 

the sample failed because the loaded shear stress exceeded the shear strength of the soil. 

Shear displacement was observed. However, it was so small during the main shock that 

can not be visible in this figure. The mobilized shear resistance changes rapidly, but the 

maximum value did not decrease so much during the main shock. It is quite remarkable 

that the shear displacement accelerates. It is apparently resulted from the decrease of 

shear resistance to a certain low value, reasonably corresponding to the tendency of 

pore pressure built-up after the main shock. This is the same phenomenon observed in 

the previous research in the 0.1 Hz cyclic-loading ring shear test for the same soil 

sample (Sassa et  al. 1995). It would be a localized liquefaction in the shear zone. 

  To check the monitored data more precise, the time series data from the start to 10 

seconds were presented in Figure 5.8. Pore pressure varied with the same phase with the 
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normal stress with an increasing tendency. From 3.5 second, the shear displacement was 

generated, it means that the sample failed. From about 4 second, the shear displacement 

increased rapidly. However, the shear displacement was only 5 mm when the main 

shock was over (at about 7 second). A very important phenomenon is that, the shear 

displacement continued to increase after the  main shock, and the excess pore pressure 

continued to be built-up as clearly found in Figure 5.8(b). This naturally resulted in the 

reduction of shear resistance, and caused the rapid landslide with high-mobility. 

Considering the susceptibility of the Osaka-group (weathered granitic coarse sands) to 

grain crushing during shearing under a certain normal stress, it is believed that the grain 

crushing occurred in this process. Grain crushing causes the volume reduction of the 

sample; in turn, it causes the excess pore pressure generation under the undrained 

condition. 

   Figure 5.9 shows the stress path obtained in the simulation test. ESP means the 

effective stress path, while TSP means the total stress path. Because of possible delay of 

pore pressure measurement during the period of high frequency, some stress points 

distributed above the failure line. Although it is difficult to follow the process of each 

stress path with this figure, referring to the time series data, it is reasonable described 

the stress path as following. At first, the stress path reached the peak strength failure 

line  (O = 38.3°) and the soil failed. The state of shear zone became to residual one. 

During the progress of shearing after the failure, the effective stress path turned to the 

residual failure line  (Or = 36.2°). Shearing under a high effective stress should cause the 

grain crushing and then result in the generation of excess pore pressure. Thereafter, with 

the generation of great excess pore pressure, the effective stress path descended along 

the residual failure line to a very low effective stress level. The grain crushing process 

goes to close, until the effective stress became small enough that grain crushing can not 

take place any more. This is somewhat different from the usual liquefaction, in which 

the stress path instantaneously reduces to a very low stress level without reaching the 

peak strength failure line. It is consistent with the phenomenon of "sliding-surface 
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liquefaction" In it, the excess pore pressure, which caused by grain crushing in the 

shear zone during shearing is emphasized. The grain crushing makes volume reduction, 

and results in the built-up of excess pore pressure. To examine the concept, the built-up 

of residual excess pore pressure with shear displacement is presented here, and the grain 

crushing property of the sample is investigated later. 

  Figure 5.10 shows the built-up process of residual excess pore pressure ratio with 

shear displacement. Here, the residual excess pore pressure ratio  (r,(t)) was obtained by 

Equation (4.4). It is shown that, although there is some noise between 0.2 mm and 3 

mm, the increase trend of  rur(t) with shear displacement is clearly observed. Especially, 

after 10 mm, it is convinced that, the excess pore pressure is generated with the 

increasing of shear displacement. When the shear displacement exceeds 1000 mm, the 

excess pore pressure ratio becomes greater than 0.8. It means that the liquefaction 

phenomenon occurred with the progress of shear displacement. The process between the 

shear displacement and the liquefaction in the shear zone was further confirmed. 

5.5 GRAIN CRUSHING PROPERTY OF THE TESTED SAMPLE 

   After the simulation test, the drained constant-speed ring-shear test was carried out 

on the same kinds of sample to investigate the grain crushing property of the tested 

sample. 

   Under a normal stress of 196  kPa, and shear speed of 3  mm/sec, the sample was 

sheared for 42 m in drained condition. Figure 5.11 is the sample height change during 

the shearing. During the shear displacement from the start to 10 mm, the change of the 

sample height is very small. From 10 mm, the sample height reduced with the shear 

displacement at a direct logarithm relation. Volume reduction may occur without grain 

crushing, however, it will soon terminate within a small shear displacement as proved 

by triaxial tests and shear box tests. The volume change presented in Figure 5.11 seems 

to be great different from that, such large volume reduction is unlikely caused without 

grain crushing. Wang et al. (1998) conducted a series test to compare the grain crushing 
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susceptibility of Toyoura standard sand, silica sand and Osaka-group coarse sandy soil 

taken from the Takarazuka Golf Club landslide, which was also induced by the January 

17, 1995 Hyogoken-Nambu earthquake. It is found that the Osaka-group coarse sandy 

soil taken from the  Takarazuka Golf Club landslide is easily crushable. Comparing the 

result in this study with those results, it is indicated that the Osaka-group coarse sandy 

soil taken from the Nikawa landslide is also with high grain crushing susceptibility. 

   In order to investigate the state of grain crushing in the shear zone, the sheared 

sample after the drained test was excavated and the cross section was exposed. Figure 

5.12 is the photograph showing the cross section of the sample in the shear box. It is 

clearly that a grain-crushing zone was formed at the shear zone. The pins show the 

upper and lower boundary of the grain-crushing zone. Then, the samples in the shear 

zone, and that at the upper part and lower part of the shear box were taken out, and 

grain size distribution analyses were conducted on them. Figure 5.13 is the result 

comparing to the original sample. The samples at the upper part and lower part have just 

the same grain size distribution with the original one, while that in the shear zone was 

much finer. It is indicated that grain crushing only took place in the shear zone, and the 

sample height change dominantly resulted from the grain crushing in the shear zone. 

Based on this result, it is reasonable to interpret that the built-up of pore pressure is 

resulted from the grain crushing in the shear zone. Therefore, the liquefaction proposed 

as "sliding-surface liquefaction" can be distinguished from the usual liquefaction. 

5.6 ANALYSIS 

  The mechanism of the Nikawa landslide was investigated. The landslide showed 

high-mobility even it took place in a very dry period. Sassa et al (1996) explored its 

high-mobility from the localized liquefaction phenomenon in the shear zone based on 

the undrained ring shear test of 0.1 Hz sine wave. Questions raised as that loading of 0.1 

Hz corresponding to greater earthquake energy. Then, earthquake loading using the real 

seismic record was loaded in this research. Test results presented that shear 
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displacement started during the main shock, but it was very small. The major 

phenomenon representing the rapid motion of the landslide occurred after the main 

shock. Shear displacement increased rapidly, pore pressure was built-up continually and 

shear resistance reduced to a very low value after the main shock is over. The grain 

crushing process was estimated from the  sample height change in progress with shear 

displacement and confirmed carefully by grain size distribution analysis of the soils 

taken from the shear zone after test. 

  This study provided a reasonable interpretation of the highly mobile Nikawa 

landslide in a very dry period, also presented an objective experimental data of grain 

crushing and sample height change in the shear zone. 
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6. A SIMULATION STUDY ON THE JULY 10, 1997 HARIHARA 

 SLIDE-DEBRIS FLOW INDUCED BY A RAINFALL IN 

KAGOSHIMA PREFECTURE, JAPAN  

   During the rainy season in July 1997, heavy rainfall occurred in Kagoshima 

Prefecture, Japan. This rainfall caused many landslides and debris flows. The most 

catastrophic disaster was a rapid debris slide—debris flow at the Harihara torrent,  Izumi 

City that occurred at about midnight on July 9 and the early morning on July 10. 

   The name of the Harihara debris slide—debris flow is given according to Cruden et 

al. (1996). To identify the multiple types of material and movement involved in the 

complex landslide,  and provide clarity in the description, a dash known as "en dash" is 

used to link the two stages. The "debris slide—debris flow" means a slide takes place at 

first, and then it changes to a debris flow. 

  Figure 6.1 shows the location and the outline of the debris slide—debris flow 

(Shimokawa, 1997). A slide with a volume of about 2x105  m3 moved into the Harihara 

torrent and spread over an alluvial fan and overtopped an almost completed check dam. 

The debris mass destroyed 19 houses and 11 non-residential buildings on the alluvial 

fan. 21 residents were killed and 13 were injured. The total precipitation from July 7 to 

10 at  Izumi City was 613.5 mm, and precipitation in 24 hrs before the failure was very 

heavy  (Salsa et al. 1998). 

  Figure 6.2 is an oblique aerial view of the rapid debris slide—debris flow. As seen in 
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this photo, an initial landslide moved down the valley. In the middle of the course, a 

check dam (14 m high, 85 m wide, and 22,000 m3 in storage volume) had been almost 

completed. The moving mass filled the storage area, overtopped the dam, and flooded 

the channeled small stream on the alluvial fan. Through field investigation, Sassa et al. 

(1998a) confirmed that it was properly called a rapid long run-out landslide. The 

collision with the dam apparently caused the mass to break, after which it was 

transformed into much more of a fluid. 

6.1 INVESTIGATION  AND  SAMPLING AT THE INITIAL LANDSLIDE 

  The investigation team from DPRI, Kyoto University investigated the initial 

landslide. After the landslide mass went out from the slope, a valley, which smoothly 

continued to the main stream of the Harihara torrent, appeared like a tributary. The 

concave bedrock surface formed a subsurface valley; and it was recognized that the 

landslide was caused in the rock debris by pore pressure increase in this subsurface 

valley (Figure 6.3) (Sassa et al. 1998a). To investigate the initiation mechanism of this 

landslide by means of ring shear apparatus, a sample was taken from the sidewall of this 

valley (location marked as "Sampling point" in Figure 6.4). The sidewall included large 

boulders, gravel and fine soil. Sample excluding grains larger that 9.5 mm was taken in 

the field. The sliding surface was formed along the ground water path connecting the 

Harihara torrent as imagined from the contour map on Figure 6.3. Figure 6.4 shows a 

longitudinal section through the initial landslide and the resulting path of the movement. 

The section of source area is drawn by field survey, while the section of the deposit area 

is based on the topographical map. The initial stress condition of the soil element at the 

sliding surface then was estimated according to the field survey in the source area. 

6.2 SIMULATION TEST UNDER UNDRAINED CONDITION 

  The ring shear apparatus used in testing was DPRI Ver.6, and the medium-speed 

gear was used (maximum speed using this gear was 33  cm/sec). The Harihara debris 
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slide—debris flow was initiated by heavy rainfall. Grains smaller that 0.074 mm were 

removed in the laboratory by sieving because fine soils are eroded from the torrent 

deposits and from the parts of slope in the ground-water paths of subsurface valleys 

(Hiura et al. 1985). To simulate this landslide by means of the ring shear apparatus, the 

following procedures were followed: . 

 0 Apply the initial normal stress and shear stress corresponding to the initial 

      stress state at the sliding surface in the slope to the saturated sample which was 

      set in the shear box with free-fall deposition method. 

 0 Increase the pore pressure at a slow constant rate (100 kPa/1300 sec) 

      corresponding to the rise of ground-water level caused by the rainfall in the 

      field. 

 CD Change the shear box from the drained state to the undrained state soon after 

      the shearing begins in order to measure effective stress path. 

 ® After reaching steady state motion, change the shear box to the drained state 

      again to examine the speed of pore pressure dissipation. 

  Figure 6.5 shows the stress path (A) and the time series data (B, C) of the test, 

"Start" in (A) shows the initial stress corresponding to the stress along the potential 

sliding surface in the slope. The horizontal shift of stress path is due to pore pressure 

increase corresponding to the rise of ground-water table. The increase of normal stress 

and shear stress caused by the rise of groundwater table was ignored for simplification. 

When the shear displacement began to increase, the shear box was changed to the 

undrained state, as indicated. The effect of closing the pore pressure supply appeared as 

slight decrease in pore pressure, because the average pore pressure in the shear box was 

a bit smaller than the supplied pore pressure. However, excess pore pressure was 

generated rapidly with the progress of shear displacement. Then, a rapid shearing began 

with the drop of shear resistance, as shown in Figures 6.5 (B, C). The mobilized 

apparent friction angle in the steady state was only 2.0° as shown in (A). After sufficient 

shearing at the steady state, the shear box was changed to the drained state. The stress 
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path shows that excess pore pressure dissipated. However, the mobilized shear 

resistance remained at a very low level. This indicates the pore pressure maintained in 

the shear zone although drainage from the shear zone should have occurred. When the 

pore pressure dissipates and the effective stress thus tends to increase, further grain 

crushing and  comminution will take place, until a certain critical effective normal stress 

is reached. Under the critical effective stress, grain crushing does not occur. The volume 

(sample height) reduction after the change to the drained condition found in Figure 

6.5(C) supports this interpretation. 

   Figure 6.6 shows the variation of excess pore pressure ratio and shear resistance 

with shear displacement. For the beginning to 10 mm of shear displacement, excess 

pore pressure ratio increased as the result of the simulation of the rise of groundwater 

table. Because of creep deformation, shear displacement of 10 mm was generated. After 

the shear box was switched to the undrained condition, because the "initial negative 

dilatancy" was completed, the excess pore pressure ratio decreased at once and shear 

resistance increased showing a behavior of "initial positive dilatancy" Thereafter, 

because of grain crushing, excess pore pressure was generated and shear resistance 

decreased rapidly with the progress of the shear displacement. When the shear 

displacement reached 1000 mm, the excess pore pressure ratio reached 0.85 and then 

became a constant. It is believed a "sliding-surface liquefaction" phenomenon took 

place. 

6.3 SIMULATION TEST UNDER DRAINED CONDITION 

  To investigate the effect of grain crushing at the shear zone in this andesitic debris, 

another test using the original sample without sieving out grains smaller than 0.074 mm 

was performed, as shown in Figure 6.7. In this test, the pore pressure was gradually 

increased from the initial stress state of point "A" until the stress reached the failure line 

at point  "B", at which point the shear displacement began to increase. However, the 

drained state of the shear box (upper drainage line was open) was still maintained after 
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the initiation of post-failure shear displacement (B-C), and the extent of decrease of the 

apparent friction angle after failure was observed. As seen in the stress path, the 

apparent friction angle decreased to 5.3°, even though it was slightly greater than the 

value of  2.0° determined in the undrained test of Figure 6.5. The upper drainage line 

was closed to measure the excess pore  presSure after point "C" (bottom of the stress 

path) was reached, and the stress path reached the failure line at point "D" The excess 

pore pressure generated in the shear zone seemed to be distributed throughout the entire 

box. Because the effective stress should be the point "E" corresponding to the total 

stress point C, this estimation will need further examination. Permeability was measured 

before and after the test by supplying water from the bottom of shear box and 

monitoring the water discharge from the top of shear box. Therefore, this measured 

value of permeability was an average value that included the shear zone. The value 

changed from  1.0x104 cm/sec before the shear test to  4.8x10"7 cm/sec after the test. 

  In the drained condition, it is impossible to measure the pore pressure at the shear 

zone. Figure 6.8 shows the shear resistance and sample height change with the shear 

displacement during the drained period. The decrease of shear resistance can be looked 

as the increase of pore pressure. However, in the drained condition, the generated pore 

pressure would dissipate. If the rate of dissipation equals the rate of generation, the 

shear resistance would keep as a constant. From the beginning to 2 mm shear 

displacement, the sample height change shows a dilatancy, and in this phase, the shear 

resistance increased. From 2 mm to 15 mm, although the sample height change shows a 

contractive tendency, the shear resistance does not show so much change. It is estimated 

that the dissipation rate of pore pressure in this phase equals to the generation rate of 

excess pore pressure. From 15 mm, the shear resistance decreased rapidly to a very low 

value, about 27  kPa, and at the mean time, the sample height shrank rapidly also. It is 

verified that, grain crushing happened in the shear zone and it has two important 

functions. One is resulting in the pore pressure generation, another is to decrease the 

permeability of soil. Therefore, even in the drained condition, if the pore pressure 
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generation rate is faster than the dissipation rate of pore pressure, a localized "undrained 

condition" can be formed, and this will result in the "localized liquefaction" at the 

sliding surface. 

   After the test described above, the sample in the shear box was sheared for other 

purpose (including measurement of the friction angle, and so on) and the total shear 

displacement reached 113 m. Then the shear zone was exposed and carefully observed 

(Figure 6.9). The shear zone was very silty, while the samples above and below this 

layer were in their original states. Then, the sample from the shear zone was taken out 

to perform the grain size distribution analysis. Figure 6.10 shows the results in 

comparing with the original sample. It is obvious that remarkable grain crushing took 

place. The Marsal's particle breakage factor, B, for the andesitic sample sheared for 113 

m is 74.8%, showing the andesitic soil has high susceptibility for grain crushing. 

6.4 ANALYSIS 

  In the two experiments on the andesitic sample taken from the Harihara debris 

slide—debris flow, it was observed that it is even easier to develop grain crushing in the 

andesitic sample than in the Osaka-group coarse sandy soil. During the shearing, grain 

crushing happened, and it caused localized liquefaction in the shear zone and the 

decrease of the permeability. The formation of the soil structure, in which excess pore 

pressure is generated easily and is difficult to dissipate, was observed. 
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7. CONCLUSIONS  

 1. Comparing the results of the consolidated-drained ring shear tests and the 

      consolidated-undrained ring shear tests on the three types samples: Toyoura 

      standard sand, Silica sand, and Osaka-group coarse sandy soil, it was observed 

      that, in sandy soils with higher grain crushing susceptibility, excess pore 

      pressure generates easier in the undrained condition. 

  2. Along with the shear displacement, for dense crushable sandy soil, like Osaka-

      group coarse sandy soil, sample height change in drained condition and excess 

      pore pressure generation in undrained condition can be divided to three phases. 

      They are "initial negative dilatancy", "initial positive dilatancy" and "negative 

      dilatancy due to grain crushing" The sample height change in the drained 

      condition has a good correspondence to the excess pore pressure generation in 

      the undrained condition. Based on this observation, the prediction of excess 

      pore pressure generation based on sample height change result in the drained 

      ring shear test becomes possible. 

  3. Study on the cyclic-loading behavior of sandy soils shows that: It is the grain 

     crushing susceptibility of sandy soils that affects the residual excess pore 

      pressure generation behavior after failure; the frequency of cyclic-loading has 

      not so much obvious effect on the residual pore pressure generation with the 

      shear displacement, but some small localized tendencies were observed; and 

      the initial density state has some effects on the residual excess pore pressure 
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   generation at the beginning period of shearing process. For a very long shear 

   displacement until steady state is reached, only the sandy type (grain crushing 

   susceptibility) mainly affects the pore pressure generation behavior. 

4. In the geotechnical simulation test on the Nikawa landslide loaded with the real 

   seismic wave of Hyogoken-Nambu earthquake, it was observed that, after the 

   very short time of main shock, shear displacement also continued, and the 

   "sliding -surface liquefaction" was achieved through the accumulation of the 

   residual excess pore pressure caused by the grain crushing during shearing. In 

   the other geotechnical simulation tests on the andesitic sample taken from the 

   Harihara debris slide—debris flow, it was observed that it is even easier to take 

   grain crushing than Osaka-group coarse sandy soil. During shearing, because 

   of the localized liquefaction in the shear zone and the decrease of the 

   permeability, the formation of a soil structure, in which excess pore pressure is 

   generated easily and is difficult to dissipate, was observed. 

5. It is confirmed  that "sliding-surface liquefaction" is a localized liquefaction 

   phenomenon. It depends on the behavior of grain crushing susceptibility of 

   sandy soil when the soils are sheared for a long shear displacement. When the 

   initial structure of sandy soils is medium or dense, it is impossible for the 

   "sliding -surface liquefaction" to take place in those samples that are difficult to 

   be crushed. 

6. The mechanism of rapid landslide is proposed as: for a slope at a stress 

   condition near critical state, with an external disturbance, such as earthquake or 

   rainfall, the soil at the potential sliding surface would fail at first. This failure 

   makes the soil mass move for a certain displacement.  If the soil at the sliding 

   surface is with high susceptibility for grain crushing, under the saturated 

   undrained (even at localized undrained) condition, grain crushing caused by 

   shearing will result in the generation of excess pore pressure, and in turn, cause 

   a rapid landslide. 
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Contents of this thesis are based on papers as follows: 

1. Wang, F. W. and Sassa, K. (1998): Experimental study on the factors affecting high-

 mobility of landslides by ring shear tests. Proceedings Eighth International IAEG 

 (International Association of Engineering Geology and the Environment) Congress, 

 Vancouver, Canada, 1998, pp. 1819-1826. (Chapter 4). 

2. Wang, F. W., Sassa, K. and Fukuoka, H. (1998): Geotechnical simulation test for the 

 Nikawa landslide induced by January 17, 1995 Hyogoken-Nambu earthquake. Soils 

 and Foundations (submitted). (Chapter 5). 

3. Sassa, K., Fukuoka, H. and Wang, F. W. (1998): Mechanism of rapid long run-out 

 motion in the May 1997 Sumikawa reactivated landslide in Akita Prefecture and the 

 July 1997 the Harihara debris slide—debris flow, Kagoshima Prefecture, Japan. 

 Journal of Japan Landslide Society, Vol. 35, No. 2, pp. 29-37 (In Japanese with 

 English abstract). (Chapter 6). 
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CAPTIONS 

Tables 

Table 2.1 The most important features of the DPRI Ver.5 and Ver.6 ring shear apparatus. 

Table 3.1 Classification and index properties of the employed samples. 

Table 4.1 Relative density and compression index C, of test samples in the drained ring 

        shear tests and the undrained ring shear tests. 

Table 4.2 Sample relative densities and amplitude of cyclic-loading for the consolidated 

        undrained cyclic-loading ring shear tests. 

Table 5.1 Physical properties of the test sample of the Osaka-group coarse sandy soil. 

Figures 

Figure 1.1 Stress path and illustration of (mass) liquefaction and "sliding-surface 

        liquefaction" (modified from Sassa et al. 1996). 

         P.F.L.: Peak failure line, R.F.L.: Residual failure line. 

Figure 1.2 Definition of Marsal's breakage factor, B. It is a sum of the difference having 

      the same sign based on the grain size distribution analysis results of original 

      sample and tested sample (modified from Vankov et al. 1998). 

Figure 2.1 Photograph of the DPRI Ver.6 ring shear apparatus. 

Figure 2.2 Electronic control system for the ring shear apparatus. 

Figure 2.3 Schematic structure of the DPRI Ver.6 ring shear apparatus. 

Figure 2.4 A half section of the undrained shear box and the pore pressure 

           measurement. 

Figure 3.1 Ring shear test results for residual friction angle on three samples (shear 

       speed = 3  mm/sec). a)  0-sample,  Dr= 117.6%; b) T-sample, Dr = 34.8% and 

        c) S-sample,  Dr  = 59.3%. 
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Figure 4.1 Schematic diagram of the cyclic-loading ring shear tests. 

 Ao: Initial stress state in dry condition.  ao =  Wcos  0,  To=  Wsin  0; 

 Po: Initial stress state when initial pore pressure,  uo, exists; 

       Critical stress increment  KEW:  Z2  o,  ICl/I/sine,  LIZ, =  K,Wcos0. 

Figure 4.2 Stress pattern used in the  cyclic-loading tests (case of frequency = 0.1 Hz). 

Figure 4.3 Grain-size distribution of samples after consolidation and samples taken 

        from shear zone after shear finished. 

        Dotted line: sample after consolidation; solid line: sample from shear zone 

         after shearing. 

Figure 4.4 Sample height change during consolidated drained constant speed ring shear 

         tests.  D, for T-sample was 39.7%, for S-sample was 60.8%, for 0-sample 

        (loose) was 87.1% and for 0-sample (dense) was 100.8%. The numbers in 

        bracket show the sample height at the beginning of shearing. 

Figure 4.5 Relationships between final sample height change and Marsal's breakage 

        factors, B, as well as the compression index,  C, of samples at a certain 

        relative density. 

Figure 4.6 Excess pore pressure ratio of various samples in consolidated-undrained 

         constant-speed ring shear test. 

         Shear speed = 3  mm/sec.  D, for T-sample was 45.9%, for S-sample was 

        63.6%, for 0-sample (loose) was 93.5% and for 0-sample (dense) was 

         98.0%. 

Figure 4.7 Stress path of various samples in consolidated undrained constant speed ring 

         shear test. 

        Shear speed = 3  mm/sec. (a) 0-sample (loose), (b)  0-sample(dense) , (c) T-

        sample and (d) S-sample. 

Figure 4.8 Process showing pore pressure divided to cyclic component and residual 

        component, and the definition of "residual excess pore pressure ratio" (with 

        the data of 0-F(0.1)-25°). 
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Figure 4.9 Residual excess pore pressure ratio generated in the consolidated undrained 

        cyclic-loading tests on 0-sample (loose), T-sample and S-sample at  K/Kr  = 

        1.5 with cyclic frequency = 0.1 Hz. 

Figure 4.10 Residual excess pore pressure ratio generated in the undrained cyclic-

        loading tests on 0-sample  (loose)  atfrequencies of 0.02 Hz, 0.1 Hz and 0.5 

 Hz  at  K/Kc=  1.5. 

Figure 4.11 Residual excess pore pressure ratio generated in the consolidated  undrained 

        cyclic-loading tests on loose 0-sample (loose) at  K/Kr = 1.5, 0.1 Hz and  0-

        sample (dense) at  K/Kr = 2.0, 0.1 Hz. 

Figure 4.12 Comparison of sample height change in the consolidated drained ring shear 

         test and excess pore pressure ratio in the consolidated undrained ring shear 

         test on 0-sample (dense). 

Figure 5.1 Photo of the Nikawa landslide (Taken by K. Sassa, 1995.1.21). 

Figure 5.2 Plan of the slope before the Nikawa landslide occurred and the outline of the 

        landslide area (from Sassa et al. 1996). 

Figure 5.3 Geological section of the Nikawa landslide along A-A' line in Fig. 5.2 (from 

        Sassa et  al. 1995). 

Figure 5. 4 The synthesizing procedure from seismic loading to normal stress and shear 

          stress. 

        (a): Transfer the horizontal (EW and NS) components to the horizontal 

            slope direction. 

        (b): Transfer the horizontal component along the slope direction and the 

           vertical component (UD) to the component along the sliding surface . 

 (c): Sum up the initial stress (W) and the increments of normal stress  (%o) 

           and shear stress  (At) acting on the sliding surface by multiplying 

            acceleration and mass of the soil  columns . 

Figure 5.5 Loading stresses on the sample of the simulation test on the Nikawa 
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          landslide. 

         (a): Normal stress, (b): Shear stress 

 Figure 5.6 Stress path of the control signal in the simulation test on the Nikawa 

         landslide. 

         The residual failure line obtained from the geotechnical simulation test. 

 Figure 5.7 Time-series data of the simulation test on the Nikawa landslide. 

 BD  = 0.97,  Dr  = 147.2 percent 

         (a): Normal stress; (b): Pore pressure;  (c): Shear resistance and shear 

            displacement 

Figure 5.8 Time series data during the main shock in the simulation test on the Nikawa 

        landslide. 

        BD = 0.97,  Dr= 147.2 percent 

        (a): Normal stress; (b): Pore pressure; (c): Shear resistance and shear 

           displacement 

Figure 5.9 The stress path for the simulation test on the Nikawa landslide. 

        ESP: Effective stress path, TSP: Total stress path 

 BD  = 0.97,  Dr  = 147.2 percent 

Figure 5.10 The relation of residual excess pore pressure ratio with the shear 

          displacement in the simulation test on the Nikawa landslide . 

Figure 5.11 Sample height change with the shear displacement of Osaka-group coarse 

         sandy soil taken from the Nikawa landslide under the drained ring shear test. 

         Normal stress = 196 kPa, shear speed = 3 mm/sec . Initial relative density = 

         152.8 percent 

Figure 5.12 Photograph of the sample after sheared for 42 m in the drained test . 

         A trench cut in the shear box. Pins show the upper and lower boundary of 

         the grain crushing zone 

Figure 5.13 Grain size distribution analysis results for the original sample , sample at the 

          shear zone, at the upper part and the lower part of the shear box after 
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         sheared for 42 m under 196 kPa normal stress, shear speed = 3 mm/sec. 

Figure 6.1 Location and plan of the Harihara debris slide—debris flow (from Sassa et al. 

      1998). 

Figure 6.2 Aerial oblique view of the Harihara debris slide—debris flow (from Sassa 

      1998). 

Figure 6.3 Plan of the initial landslide in the Harihara debris slide—debris flow (from 

       Sassa et al. 1998). 

Figure 6.4 Longitudinal section along the moving path of the landslide mass in the 

        Harihara debris slide—debris flow (from Sassa et al. 1998). 

Figure 6.5 Ring-shear test results for the andesitic debris from the Harihara debris slide— 

        debris flow (from Sassa et al. 1998). 

        The shear box was switched from the drained state to the undrained state 

        immediately after the initiation of failure, and returned to the drained state 

        after the steady state of shearing.  BD  =  Au /  Acr = 0.96 

       a) Stress path, b) Time series data of normal stress, pore pressure and shear 

        resistance, c) Time series data of shear displacement, sample height and 

         shear speed. 

Figure 6.6 Excess pore pressure ratio and shear resistance change with shear 

         displacement in the undrained period in the test of Fig. 6.5. 

Figure 6.7 Test results for the andesitic debris (from Sassa et  al. 1998). 

        The shear box was maintained in the drained state after the initiation of 

        failure. It then was changed to the undrained state after the shear-resistance 

        value had almost stabilized.  Bp= Au /  Au = 0.96 

        a) Stress path, b) Time series data of stress. 

Figure 6.8 Shear resistance and sample height change with shear  displacement in the 

        drained period in the test for the Harihara debris slide—debris flow of Fig. 

           6.7. 
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Figure 6.9 Photo of section through the shear zone after the test of Fig. 6.7 (from Sassa 

        et  al. 1998). 

        Pins show the border between the shear zone and less-disturbed zones. 

        The shear zone was very silty. The total shear displacement was 113 m. 

Figure 6.10 Results of grain size distribution analysis on the original andesitic sample 

        from the Harihara debris slide—debris flow and the sample at the shear zone 

        in the shear box after shear for 113 m. 
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Table 2.1 The most important features of the DPRI Ver.5 and Ver.6 ring shear 
        apparatuses. 

                                            Ver.5 Ver.6 

Shear box 

 -inner diameter (mm) 120 250 

 -outer diameter (mm) 180 350 

Maximal normal stress (MPa) 1.0 2.0 

Maximal shear speed  (cm/sec) 10 214 

Resolution of gap control system (mm) 0.001 0.001 

Maximum data acquisition rate (readings/sec) 200 200 

Maximum frequency of cyclic-loading (Hz) 5 5 

Possibility of undrained test Yes Yes 

Possibility of simulation of monitored seismic wave Yes Yes 

   records by normal stress and shear stress 

Automatic safeguard and alarm system for Yes Yes 

mishandling  

Table 3.1 Classification and index properties of the employed samples. 

 Classification property T-sample S-sample 0-sample 

Mean grain size,  D50(mm) 0.18 0.16 0.80 

 Effective grain size,  D10  (mm) 0.11 0.09 0.28 

Uniformity coefficient, U, 1.7 2.1 4.7 

Maximum void ratio,  emax 0.98 1.30  1.17* 

Minimum void ratio,  emu, 0.61 0.71  0.66* 

Specific gravity, Gs 2.64 2.64 2.61 

 Residual friction angle, 0 (degree) 32.8 32.8 34.5 

* Not standard test result . 

 — Based on the normal -consolidated constant-speed ring shear test . 
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Table 4.1 Relative density and compression index  C, of test samples in the drained ring 

       shear tests and the undrained ring shear tests. 

  Test type Sample  Dr;  (%)  Cc Dr(%) 

  Drained T-sample 21.6 0.037 39.7 
 Ring  S- sample 40.7 0.047 60.8 
  Shear  0- sample (loose) 2.94 0.066 87.1  
  Test  0- sample (dense) 81.4 0.103 100.8 
 Undrained T-sample 25.1 45.9 
 Ring S- sample 38.8 63.6 
  Shear  0- sample (loose) 2.94 93.5  
  Test  0- sample (dense) 81.4 98.0 

Table 4.2 Sample relative densities and amplitude of cyclic-loading for the consolidated 

        undrained cyclic-loading ring shear tests. 

    Test No.  Dn(%)  Dr(%) 0 (°)  (kpa)  AT (kPa) 
  T-F(0.1)-25° 32.7 43.2  _ 32.8 0.128 48.5 104.1 

  S-F(0.1)-25° 51.6 67.8 32.8 0.128 48.5 104.1 
 0-F(0.1)-25° 22.8 111.1 34.5 0.157 59.7 128.1 
 0-F(0.5)-25° 22.8 117.6 34.5 0.157 59.7 128.1 

 0-F(0.02)-25° 22.8 115.4 34.5 0.157 59.7 128.1 
 0(Dense)-F(0.1)- 111.2 119.8 34.5 0.157 59.7 128.1 
 25°  (K/IC.= 1.5) 

 0(Dense)-F(0.1)- 111.2 119.8 34.5 0.157 79.6 170.8 
 25°  (K/IC = 2)  

Table 5.1 Physical properties of the test sample of the Osaka-group coarse sandy soil. 

 Specific gravity,  Gs 2.60 

 Maximum void ratio,  eniax  1.57* 

 Minimum void ratio, emin 0.90* 

 Uniformity coefficient,  U, 75 

 Average grain size,  D50 0.50  mm 

 ": Not standard test result . 
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Figure  2.1  Photograph of the  DPPJ  Ver.6 ring shear apparatus.
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 Figure 2.4 A half section of the undrained shear box and the pore pressure 

              measurement.
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          (with the data of  0-F(0.1)-25°).
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Figure 4.9 Residual excess pore pressure ratio generated in the consolidated undrained 

        cyclic-loading tests on 0-sample (loose), T-sample and S-sample at  K/Kc= 

        1.5 with cyclic frequency = 0.1 Hz.



     1   ^  .  I  ̂^  I  I  ^  I  1  1  1  I  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  ^  1  I  1  1  1  1  1  I  I  1  1  1  1  1  1 

 0 

   0.8              O-F (O. 5)-25° (25.- 
 92 

     i O-F (O. 1)-25° %I 
 2 0.6 

0...,  _ . 

2_/,                                          ,• 

o  1 
 ca.  _ 

 (II 0.4 - 
U) . 
o V  x 

 a) 'I I _  ill,111 
 (73 0.2 - • - -.i 1• --.c1 
               73  -  A (7) _ 

a) 0—F  (0.  02)  -25° 

         0.1  1  10  100  1000  104  105 

              Shear displacement (mm) 

Figure 4.10 Residual excess pore pressure ratio generated in the undrained cyclic-

        loading tests on 0-sample (loose) at frequencies of 0 .02 Hz, 0.1 Hz and 0.5 

        Hz  at  K/K,  = 1.5.



1   

 o ....7.  -  0  ( I  oose)-F  (0 .  1)-25°  
, co L--0 .8- K/Kc =  1.  5,  O.  1 Hz  - 2 

= . cn 

_ cn 

20.6 
0. 

2 a 0.4 -  
cn            it1/. cn 
N 
o,I. 

X0.2_  
To „. 
= . 

   0.. 
                   ....• 

-o 
—-  

                   jv  0 (Dense) -F (O. 1) -25° 
                                K/Kc = 2, O. 1  Hz  --  -1 2 

 0.1 1  10 102  103  104 

             Shear displacement (mm) 

  Figure 4.11 Residual excess pore pressure ratio generated in the consolidated undrained 

          cyclic-loading tests on loose  0-sample (loose) at  K/K
c = 1.5, 0.1 Hz and  0- 

          sample (dense) at  K/Kc  = 2.0,  0.1 Hz.
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Figure 4.12 Comparison of sample height change in the consolidated drained ring shear 

          test and excess pore pressure ratio in the consolidated undrained ring shear 

          test on 0-sample (dense).
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 Figure  5.2  Plan  of  the  slope  before  the  Nikawa landslide occurred and the outline of the 

          landslide area (from Sassa et al. 1996).
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Figure 5.3 Geological section of the Nikawa landslide along A-A' line in Fig . 5.2 (from 

        Sassa et  al. 1995).
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Figure 5. 4 The synthesizing procedure from seismic loading to normal stress and shear 

          stress. 

        (a): Transfer the horizontal (EW and NS) components to the horizontal 

           slope direction. 

        (b): Transfer the horizontal component along the slope direction and the 

          vertical component (UD) to the component along the sliding surface. 

       (c): Sum up the initial stress (W) and the increments of normal stress  (do) 

          and shear stress  (dr) acting on the sliding surface by multiplying 

           acceleration and mass of the soil columns.
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Figure 5.5 Loading stresses on the sample of the simulation test on the Nikawa 

         landslide. 

       (a): Normal stress, (b): Shear stress
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Figure 5.6 Stress path of the control signal in the simulation test on the Nikawa 

        landslide. 

       The residual failure line obtained from the geotechnical simulation test .
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 Figure 5.7 Time-series data of the simulation test on the Nikawa landslide. 

 BD = 0.97,  Dr  = 147.2 percent 

         (a): Normal stress; (b): Pore pressure; (c): Shear resistance and shear 

            displacement
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Figure 5.8 Time series data during the main shock in the simulation test on the Nikawa 

         landslide. 

 BD = 0.97,  D,= 147.2 percent 

         (a): Normal stress; (b): Pore pressure;  (c): Shear resistance and shear 

            displacement
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       Figure 5.9 The stress path for the simulation test on the Nikawa landslide. 

              ESP: Effective stress path, TSP: Total stress path 

 BD= 0.97,  D  r= 147.2 percent
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Figure 5.10 The relation of residual excess pore pressure ratio with the shear 

         displacement in the simulation test on the Nikawa landslide .
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Figure 5.11 Sample height change with the shear displacement of Osaka-group coarse 

        sandy soil taken from the  Nikawa landslide under the drained ring shear test. 

        Normal stress  = 196 kPa, shear speed = 3  mm/sec. Initial relative density = 

        152.8 percent
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 Figure  5.12  Photograph  of  the  sample  after  sheared  for  42 m in the drained test. 

        A trench  cut  in the shear box.  Pins  show theupper and  lower boundary of 

         the  grain-crushing  zone
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Figure 5.13 Grain size distribution analysis results for the original sample, sample at the 

         shear zone, at the upper part and the lower part of the shear box after 

         sheared for 42 m under 196 kPa normal stress, shear speed = 3  mm/sec.



                                                                               Landslide 

(;):, 0 0 ? . --_____ 
    Kyushu  a  • 

                                                                                                                                                  - -                   e6 
                n 

                                                                                        ,--     Q4...._ .;       4Alluvial Fan ,,_.... 

                Houses                                                                                       H
arihara  T.          M                                    Chec 0

0k Dam.."-''"idi                                            ,." ..._.---_,.-.Pondlc.•,•,•,  a Q 

 0t3°200 m r 
 ,,.-.•... 

                                    ...•                                                           ....... 

 ,/---' 
                                  -

,}.-----; 
             Figure 6.1 Location and plan of the Harihara debris slide—debris flow (from Sassa et al. 

                      1998).



         - 4 r t , .'" ' Y ' 7 , ' I'l Ar 4"1" .'' -  

? N..(4,.f,                                                                                                ff1  I 

 A  14 

 I 

                                � 

                                                                                                                                       '''' 

 /I 

           

• 
,, '. 

                                                                                       " a 

 1 

 ...?  1 w                                                                              't  .........4 
, - 

---        , 
-  

 Check Damg7e...1::1,-_. ..,-...,/
,.„... 

 _. 

                                                                                                                                                                                               , 

                                                                                     ,c____\\                                                                                                                               fst,k-   ,,__  .                                                 -
,',..,- 

                                                                                                              •,„,,
•I   --tA\

\II 
                                                                   \. 

             .-4Voint .. 11  4'Z--a .4..,..10,4,0+,,1*''^                            ' 
• A".--." '4, e ''' 1,1%; ''',4 ,r, ,,, ,           - \41d.. ' 

ter -31 -, , .4,..:,,,se- tol--...,sitrea.                      - ...; 4. 4 , , 0 t.44,. 4,'„-e,56..iriba- gir                            s .... ,.. . ,...."k, -4.- ;.,'^ 4 -Ar" ' .:-.W ':                                     1'4,1#•-•t,- t”.?7--, -*Atite/",s - - r • -                      .,-,- • , ,se, - , 1 "' . "•:',...,...                ' - ..'' ", ,,:' "N. ,,,, , - , ,...-4 r iii - : - 1, __.' - '' • _ 

                                ' ''' ..e...4•A' ' 4.1"C '`.." - ;:f..-- " ;": "-----+- -t-'- -                           ,*C.."44"'(1'*4"1r---t-,7.:--,S                               ',--,'r'%-.v 4z17                             ,,,,-- 
                                                                                                                                                                                  \---                                                         

, , 

                     /..''''',--kith,.,,r--'', 
   mi                                         ot     ,1'            A 1 

 

. ----- Y W l• ,..? , . 
 INI 16-' .,; - . 4- .. • ' , , 

                                            ilk . 
                                                                                                                                                    fl                                                                                                                

, 
                                                               ..j       Mt                                                • -,' - 

, -i-g 

 '''',  ,  1;.:1)'  /  /  -  °  It'  •••  t,  -  . ,  ' •r'-.•\t''- .'rAr.,,, ,,, 
              It ,,-..,-'                                                                                              

, , ,,,,:,,,;_:*,,-;,:,,,., f A., , 41 • :11.,      .,

.. , 

• 

Figure 6.2 Aerial oblique view of the Harihara debris slide—debris flow (from Sassa 

      1998).
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        Figure 6.4 Longitudinal section along the moving path of the landslide mass in the 

                Harihara debris slide—debris flow (from Sassa et al. 1998).
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Figure 6.5 Ring-shear test results for the andesitic debris from the Harihara debris 

        slide—debris flow (from Sassa et al. 1998). 

       The shear box was switched from the drained state to the undrained state 

       immediately after the initiation of failure, and returned to the drained state 

        after the steady state of shearing.  BD =  Au/  Ao- = 0.96 

      a) Stress path, b) Time series data of normal stress, pore pressure and shear 

        resistance, c) Time series data of shear displacement, sample height and 

        shear speed.
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Figure 6.7 Test results for the andesitic debris (from Sassa et al. 1998). 

       The shear box was maintained in the drained state after the initiation of 

        failure. It then was changed to the undrained state after the shear-resistance 

        value had almost stabilized.  BD  =  Au/1.o- = 0.96 

       a) Stress path, b) Time series data of stress.
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Figure 6.10 Results of grain size distribution analysis on the original andesitic sample 

        from the Harihara debris slide—debris flow and the sample at the shear zone 

        in the shear box after shear for 113  m.
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 Time series data and stress path of the consolidated undrained cyclic loading ring shear tests 
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 Fig. A-1 Time series data (a) and stress path (b) of  0-F(0.1)-25° 

     TSP: Total stress path, ESP: Effective stress path.
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Fig. A-2 Time series data (a) and stress path (6) of  T  -F(0.1)-25° 

     TSP: Total stress path, ESP: Effective stress path.



 a) 
  600   „  ,  r  „  , , , , { ,  1 I  I  I  / 1200 

      _ Normal stress 

                 _ 

 Tu, 500  I_  ... .. ....  ..  ....  ..  ....  ..  ....  ..  ....  ...........  ....  .  ....  ..   .  .  1  000 
a. 
..- E 

                   _ ;212 400 -   800  E  -
c' cn _ 

cs)a) _ 

 2E 
a_- Shear resistance Pore pressure 

_ 
                  _ 2300

:El
in 6008 

0 0_ co 
-0

, c 

as200 ------ ..... -  -  -  -  -  -- ....... -  -- - 400 ,t0;  co 
 cn 

El..)  ci) 
ci) _       100 

-  ........  ..--  -  -  ----  --  ---  -  -  - 

                    \ .:-200 

                 _ 

                 - 

                _                                            Shear disp. 
   0  - 1  ^  I , I  .  „'  ' 1  '  I 0 

  0 20 40 60 80 100 
                      Time (sec) 

b) 

                                                                                                                                             _ 

                                                                                                                                             _ 

              _ 

 - St
art  -  300  

_ 

200   or. sw, 

 _ a_ 
 ESP-Ii'1'11:11, 1 V!• TSP  - a)-.1'fdel%...r.6'S,. 0-''''i --iiiiki 

C a)  ,                    , ,..i .....                           isir 1 _ 
               _ ._                              giellift co .,, 

               _ 'il2 
- .  --12 . 9° 

 co   ..   f.,.-  
a)100^•  

_c .-  •  --  - 
ci) - E

nd ----.-- 
                                                                     ..• .  - 

. 

 _ . 

                                                    .-. 

     _ 33. 6° 

  0 100 200 300 400 500 600 
                   Normal stress (kPa) 

  Fig. A-3 Time series data (a) and stress path (b) of 
      S-F  (O.  1)-25° 

      TSP: Total stress path, ESP: Effective stress path.
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Fig. A-5 Time series data (a) and stress path (b) of  0-F(0.5)-25° 

    TSP: Total stress path, ESP: Effective stress path.
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 Fig. A-6 Time series data (a) and stress path (b) of  0(Dense) 
 —F(0.1)-25° at K/Kc =  1.5. 

        TSP: Total stress path, ESP: Effective stress path .
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Fig. A-7 Time  series data (a) and stress path (b) of  0  (Dense) 
 -F(0 .  1)-25° at K/Kc = 2.  O. 

      TSP:  Total stress path, ESP:  Effect  ive stress path .
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