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1 Introduction DTIC QUALrT 1NP• 3

Embankments and Levee's form an important civil engineering construction and

are widely used for supporting transportation lines, construction of earthen dams, dykes

to protect low lying areas etc.,. Construction of a levee is carried out by compacting

layers of soil excavated from close by borrow pits. Due to the construction methods

employed in the field, it is possible for a small loose pocket to be present within a

densely compacted embankment. If the water table is shallow, the embankment may

be under saturated conditions. The seismic behaviour of such an embankment is the

subject of the present study.

During an earthquake the saturated soil is subjected to a rapid cyclic shear stress

variation. This leads to densification of an initially loose soil element causing the pore

pressure to increase. If undrained conditions are assumed during the earthquake loading

the increase in pore pressure is translated into a lowering of the effective stress. This

results in liquefaction conditions when the excess pore pressure equals the total stress.

Presence of such a liquefied zone in an embankment may result in slipping of the slope

of embankment.

In this report a series of dynamic centrifuge tests conducted on sand embank-

ments with loose pockets of sands enclosed in them will he discussed. New modelling

techniques to prepare a loose pocket of sand were investigated in the first series of ex-

periments. In this series two centrifuge tests were conducted in which fine Nevada sand

was poured loosely into a one dimensional freezing box and was saturated with water.

The model was then frozen so that the loose section of the model is not compacted

during the model preparation phase and transportation of the centrifuge model on to

the arm of the centrifuge.

A second series of centrifuge tests were conducted in which 80 cS silicone oil was

used as the pore fluid. This model fluid will simulate the inertial effects as well as the



dliffusionl processes like coiisol id, tloli correctly'. SchIofieldl 19S1 ). duriiig) a cenitrifuge test

cond~ucted under S80' gravitio,~.

In this repo~rt thie facilitirs available at the Cambridge Geoteccinical Centrifuge

Centroe will he (1isciiss(l. The iiistruinienrtatioii used iin the centri'iige tests is out lined.

The iiiaterials used-( ini t he ceintrifuge te~sts wvill be described. The cenltrifuge test iproce-

(luire and the lpresciitatioii (& itst data. will be explained next. The mlodel p~reparation

adlopted for ealch test anld thw ClIta ac(1uire(l dlurinig the test will be presented seIperately

for each test. Some coin'lusi )iis (I-awlvi fronil the test SeTi(es Will be lIr'S('iitedl Lt the end.

2 Facilities

2. 1 Carabridyt, Gvotclt ii ic(ttl C( ittrifi!1 Cctr

The beami cenltrifluge- at thraiiwig Geotechlicilia Cenitrifuige Centre has an

effective radius of' abouit 4.0 ujetrtes and a ilaxiniuniii testing gravity of' 155 g and is a

150 g-ton mnachine. The cenitrifuge( chainber hazs a diamietre of' 10 mnetres. The beamn

centrifuge was c(Jiflinissioiied ini 197-5 and over 1100 miodel tests were carried out using

this facility. The o)pcrationi of the Im-iini centrifuige has 1 enl described by Schofield

(19S0).

22 B117napl Road Earthqiuake Ac tti~ator

The miodel earthquake, in t~le centrifilge tests coiiducte~l ill this series were gen-

orated by the D~iumpy Road Actimrmt . The dletails of the eartit~qtake actuating systemn

were described by N utter ',19S3 ) The mchemiatic diagrani of' the actuator is presented

in Fig. 1. A durialtuiniuniiii box which holds, the mnodel efhlmbakment is suispenided on a,

pair of flexible straps which ('liable the-lat('r-al miovemlent (hiring a mnodel earthquake.

There is at toothed rack fixed to the as of the( stronig b~ox whichl enigages with at counter

part on the biumpy road actuator. A sinusoidal track oil which 10 cycles are machined

is fixed firnihyl to the wall of thec centrifug~e chaniber. Ani earthquake can be triggered at

the desired thute by controlling tlie pressures across a double acting 1)i.9toi which makes

awhee nth cutrocilit'nto eoiatwith the sinusoidal track (see Fig. 1). The
radial inovemnemit of the wheel is, tran. sla ted inito lateral ilnovenmien oftebse ofStrn

box by a 1 whl-crank niechianisiii. Shimc the earthiquake actuator was, put into oper-ation

zin 19S1 about 14100 earthquakes, vvents have beeni recor'ded on at wide range of models.
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2.-Y Strong box

The model container is it strong itnd stiff bIx nmi, , of duraluninum. The inside

dimensions of the box are 0.9 1n ,: 0.48 in 'ý 0.22 Ii and for an SOg centr;fuge test these

dimensions correspond to dimiensions of a soil body of 72 In X 38.4 in x 19.6 zn. The

maximum pay load allowed for a dynamic test, is just below 300 kg for a 80g test. This

corresponds to a soil weight of about 100.000 tons in the prototype.

3 Instrumentation

3.1 Accelerometers (ACC)

In the centrifuge tests re rted here iilnizature 1piezoelectric aeccelroineters man-

tifactured by D.J.Birchall were used to iieasure the accelerations in the soil as well as

the input acceleration of the strong box. The device has a resonant frequency of about

50 kHz and a maximum error o)f 3 V. The weight of the transducer is about 20 grams.

Fig.2a shows the dimensions ,of the amccelerometer. The accelerometers embedded in

the soil were sealed with silicone rublber.

The accelo-roineters were calierare(l before ,'aclh test by subjecting them to a

saturated -2g' acceleration anid l ,asiuinig the otutput generated on a cathode ray os-

cilloscope. The caliberation constant for e•ch accelerometer was expressed in the units

,of V/g*.

"8.2 Pore press'i'e t'aytnd'ttce.•s (PP T)

Pore pressures in the saturnted soil wevrc monitored by Druck PDCR S1 pore

pressure transducers. This type (if pore pressure transducers have a linear range upto

300 kPa and weigh aibout 10 grams. The corner frequency of the dynamic response

of the transducer is 15 kHz. The inaxinmum error is 0.2 (Y,. In the centrifuge tests

reported here. the active diaphrlan of thc PPT is covered with a porous brass stone.

The dimensions of the PPT arn presenitd in Fig.21,.

All the pore pressure transducers were ealiberated by applying standard water pres-

sures on the active diapliram. The output genernted by the device was measured using

a digital voltmeter and ca!iberartion constant was ohtaineld in the units of 'kPa/mV'.
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4 Materials

4.1 Sand

Two grades of sand were used in the ceitrifuge tests reported here.

4.1.1 LB 52/1100 wid

Leighton Buzzard 52/100 medium dense sand was used to construct the dense

section of the levee of all the centrifuge models. The nominal size of this sand is 0.225

mm. The specfic gravity of the sand is 2.05 and the maximum and minimum void

ratio's are 0.9S and 0.5SO respectively. This sand was supplied by D.J.Ball and Co..

Colworth and was employed in tily a cen'rifuge tests conducted in Cambridge. The

grain size distrilbtion of' LB 52; m00 salnd i- -hown ill Fig.3a.

4.1.2 Nevada s4and

The loose pocket of the levee was constructed by using fine grained Nevada sand.

The specific gravity of this sand is 2.GS aid thie maximum and minimum void ratio's

were 0.S94 and 0.316 respectively. This sand was supplied by Earth Technology corpo-

ration and the laboratory tests oi these sands were reported 1)y them.

4.2 Silicone oil

The pore fluid used in the cntritfuge tests GEM .3 to 6 was silicone oil. The

viscosity of this oil was SO cenrisrokes in all of these centrifutge tests. A centrifuge model

saturated with high viscosity pore fluid -atisfies tlhe dynamic time scale relationship

and the consolidation timhe rate effects sinitiltaileoiusly.

4.3 Water

\,ater was used as pore fluid in ,eimtrifuge tests GEM-1 and 2. The loose section

was sustained in that state by firezing the section. Hence water was used as the pore

fluid. Deionised water was used for tihese t,,sts.

5 Testing procedure

A standard testing procedur' was emnlployed for all the six centrifuge tests reported

here. After the saturation was completed the centrifuge model was transported very

carefully onto the centrifuge rwin. hmiinediately after the loading procedure was comn-

plete the strong box was fixed to nmak the centrifuge model level. Pre flight checks



were <(<m pl<.rd at riii .. agc. hist 1if r, .--ra iu,_, 1 lie ,','utrif'I:t., Ilml t, , ( . thSetr,010

box was released to hamng freely at the (i.ol tl" ite irili.

The centriftge' avceleratifc %N-as increased in steps of 20g,40g,GOg and 80g. At

,each stage the pore pressulres within the imodel were noirit orud us+ing a DVNI. After

the testing acceleration of SOg was achieve.i at the ceutroid of the model the steady

acceleration was maintained for 20 minutes before any earthquake was fired. The pore

pressures were nlonlitored again after thl 20 minutes. An earthquake was fired and the

data was plotted. The strength oft tie xtiii)s<queuit earthlluakes was graduially increased.

Wheni the rt.t was ijnislidHi the, c'<,rrifi.-. was .showed d(wn and stopped. The model

was recovere+d froli thie pit caretf illvy .11ld the lepost test profile of the levee was measured.

6 Presentation of test data

FLY- 1-1 �irv teof pr•,grimtis wav.s u t' , <ligirise the data reecm-ded itsiig a 14 channel

Racal tape nr.order. Thi' vrthdlak(' i ir".h isth i xpi.(ss('d(l as a pCrcenltage of tile cen-

trifugal acceleration. The accelera tin trime histories are presented with the transducer

number which recorded the trace. Th, excss pore pressures generated were presented

in the units of kPa ai1d are showni with the transducer number. Each of these traces

contains 1024 data point., ,.,,di.cted ini a time of 200 ins giving a data point spacing of

1.95 x 10-' -4,mluis. rhl(' Nyvui•t frequency of the data is 2.56 kHz.



Whe~4moodsW?%eV4 disengages

10 s une wcye bumzs
polyn~omial Po~ynomtol

Litnor romp rom~p Linear

Schematic diagram showing the transitional curves before and
after the sinusoidal wave track

__________________________Direction of

rotation

Direction of
high gravity

Fig . 1 Schematic view of Bumpy road shaking system with
the strong box in swung up position

(after Kutter, 1982)



9.5

unit: mm mass: 0.005 kg

Fig.2a Typical dimensions of an accelerometer
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Teflon tube

Outside dja 2.3

/

58 /

/- Filter
icerfamuc)

Red Supply positive"6 8Blue Suupply negative

i Yellow Output positive
Green Output negative

unit: mm

mass: 0.004kg

Fig.2b Typical dimensions of an pore pressure transducer
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7 Centrifuge test. GEMY- I

7. 1 Confiquiution of thfr tcst.

The seismnic te*Spolsv of an ciiihaiikinciit with a 1oo )se sand~ deposit. onl one si(I was

investigated 1w condlilctillg. at Oiiaiiiic Crlltriftlgw test GEMI-I. rhe water table was kept

Plush with the top of the em11banikmient In this test. In a subsequent test a draw down

onl the down ýtrvaiii side of the enibankilient is included and the loose sand deposit

wa placedl on lhe up stream sIne i this cenitrifuige test a, neCw mod4celling technique

of freezing l1 oove salidl deposit alnd p)lacing it onmi a arraY of Peltier Heat Pumps was

inivestig~ated. The 1O( )((. dep)osit is pl'rc~(t(d Fromi delllihfcatioli dueI to any~ disturb~ances

(during mnodel preparation and tranlfer oif ceviLrifugo' inod('l on to) the centrifuge arm.

The sclt iomatric ýwctioii of* the inodel tiisod In Hai-S centrifugec test is shown in Fig.7.la.

This report discusses thme new immooellinig teclumuques used ini tins test to construct a loose

section of sand Iin a relatively dene eibamukiliemir Als~o, the data fromn this centrifuge

test will be presented.

7.2 Gonstructiun of the nirdel

7.2.1 Loose .;ectlitn )ff hc vi,,hwukitent

The problem of preparing a loose sand miodel is that it is likely to be densified

due to sonic unavoidable (list urba lices dutring the transit of the strong box from mnodel

preparation roumi to the centrifuige armn. During the cenitrifuge- test GEMN-I the loose

section was I)prepare ini a -one dinivinsional freezing- box' with a mietal b)ase, plywood

sides and a polvsterene top. The -Nevada 120 sanld was raimned inlto the freezing box

and the inistrumiients, are placed at r'equired positions is shown in Fig.7. lb This loose

model was theni carefullyv satlratedl. Once the saturation was completed the freezing

box was transfered into a tdeep freeze and1 was nmaintainedl at -20'C. The water in the

loose soil sample freezes fromn the hase~and this ice front propagates upwards. Care wvas

taken to align the PPT's properly ,(o that the diaphram of the transducer does not get

damiaged duie to the ammin~ialouis expansion of water betweenm VC and OOC. Thermistors

were used to mionitor the temnparature of the s.oil mimodel.

7.2.2 Peltier Dct'iceS

The frozen loose umodel is theni tramisfered onto an array of Peltier Heat Pumps.

These devices aire mused to puinp heat from tue frozen soil sample to the strong box which

was itsedl as mu large heat sink duiring- this centrifuge rest. Time design and construction
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of the Pelticr Heat Pumping Aray (PHPA will he discussed in a subsequent technical

report.

7.2.3 Main ameb(Sbankicmt s,:cti

The dense section of the e(mnhankmlent was constructed around the loose frozen soil

model. The PHPA devices help rhme loose model to sustain in a frozen state during this

operation. The LB 52/100 sand was rained fromi a sand hopper from a predetermined

height and the embankment section was gradually constructed after placing the instru-

ments in the soil body at required levels. After the preparation of the embankment was

completed a vacuum lof -27.5 mmi o)f Mercury was applied to the model. The embank-

ment model was saturated with water under this vacuum while the PHPA devices were

still on. The water table ar the (.ld of saturation was maintained plush with the crest

of the embanknient. The nmodel was then transtered to the centrifuge arm keeping the

PHPA devices running and mainrtaininmg the vacuum. The PHPA devices are switched

off once the model was securely liming at the end of the centrifuge arm. The vacuum

pressure was slowly released When rle frozen section of loose sand has completely

thawed the centrifuge was started. It was assumed that, on thawing the frozen loose

sand sample would retain its high void ratio if it was not subjected to any disturbances,

Smith (1991).

7.3 Centrifuge test data

The centrifuge was accelerted to S- g and a total of three earthquakes were fired

such that the strength of thie earthquake was gradually increased. The placement of

transducers is shown in Fig.7.11. The time histories recorded hy these transducers are

presented in figures 7.2 to 7.7. The accelerations are expressed as a percentage of the

centrifugal acceleration and the ,.xce.,s pore pressures are given in kPa units.

The first earthquake had a strength of 6.3 V as measured at the base of the em-

hankment by ACC 1552. This is shown as the bottom trace in Fig.7.2. The accelerom-

eter situated in the crest of the enibankment recorded large acceleration indicating the

movement of the crest towards t-e loose section side of the embankment. Excess pore

pressures were generated within the enibankmnent and the traces recorded by various

PPT's are shown in Figs. 7.2 and 7.3.

The acceleration andi( excess pore pressures observed during earthquake 2 are pre-

sented in figures 7.4 and 7.5. The Iase. acceleration is again represented by ACC 1552.

Large suction lpressures were observed near the surface of the embankment as indicated
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Plate 7.1 Placement of the Peltier heat pumping devices
and instruments

4

Plate 7.2 Construction of the dense section



Plate 7.3 Frozen loose pocket placed on PHPA devices

Plate 7.4 Final profile of the levee before saturation



Plate 7.5 Settlement of the crest after the earthquakes

Plate 7.6 Section showing the loose Nevada sand (observe the PPT head)
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8 Cenitrifuge test GEIV-2

8. 1 Configutration of the: test

The seis1iiQ resp~onse of all c-ibiihaikineiit witli a loose sanld deposit onl thc upstream

sidle was investigalted bNy co~lilucrilg at (ynainic centrifuge test GEM-2. A draw down in

the, water level oin the' (owil strevaii ,io-e was achiev'ed after the centrifuge has accelerated

to -SOg' and the model has stidhilized. A thin latex rubber b~arrier was used to prevent

tile seepage of water through the cen-trifuge model (see Fig.8.lit). The water table was

kept plush with thle top of* the emb~ankmlent at the start of the test. In this centrifuge

test the eaIrlier mnlodehllng technique of freezing at loose sanld deposit and placing it on

anl arra of IN* tier Heat Pitiiin1 , was uised as described earlier. Tile loose deposit is

I-otec'te(i f1r)11l dcl'*icaitoi~i(d thie to im I'sttlI-baucc, liiringi modlel preparation and

tranifer of centirifuige mlodel oii ro th14 etiue arin.

Thie 'ý(ci~eiiatic section of thec miodel used inl this vc-itrifuige test Is shown in Fig.S. la.

This report cliscuisses the mievw nincd(ehllng techniques, used inl this test to construct a loose

Section of sanld inl at relatively ueleise vinlballklllelit. Also. tile data from this centrifuge

test will b~e p)resenIted(.

8.2 constrituctwi (,f the, modcl

8.2.1 Loose seCttiWL of the viibankuinet.

The problemi of p)rep)arinig at loose sand model is that it is likely to be densified

(iic to somie uniav-oidable (list irh-a iici -ý (hlrillg the transit of the strong l)ox from model

p)reparation roomn to the centrifuge,-( arml. During the centrifuge test GEMI-2 the loose

"eCtl(IOI was Irla(1ill a -(1( die d1ci~4Isi )Ial free-(zing b~ox with a metal base, plywood

sidles aild a pl~)yst('1v'l( top. The -Nevada 120 sand was rained into the freezing box

anid thme ilvrililliemlts are )lcdat rq irel o.itioils ais show'n in Fig.S.lb). This loose

umodel wast-- theni careffully satuiratedl. Once' thev saturation was completed the freezing

box was tranisfered Inito a dleep) freeze and1 was mnaintainmed at -200C. The water in the

loose soil sampl)e fi ezes froin the 1), se anmd this ic front propgates upwards. Care was

taken to align the PPT*. pr1'o)(rly so( that tihe diaphrammi of the transducer does not get

(alamaged duel( to time alnonlialoiti vxpaii.ioli of'water 1)(tm-enl VC amid V0 C. Thermistors

were tsedl to nionitor the reniplJraftul1V of tihe soil niodel.

S . !.Pelt irr Dcm'ier'4

The frozen loose mnodel is thmen tranisfered onito ill array of Peltier Heat Pumps.



rt'lvo Ut.

A thin latex rUiiber liec4t n-as2 lPl 14:1 at th le 44'Iiti4' Of' the Mode1l: of* the IiiOdel as
shown(schematicaflly ill Fig' 5. 1a. The latex Alpeet (-I-, -waled at its ends asingslicn(

rllIdwr to previmt any linkage' San( )l tv 11mla W'1k. ~ aing, was provided alonig the

has~e tdfthe latex Wliee The14 htif-lhi~vs At th 114' o "lark~2' 81ir ill t.11( (hil'4:thi~ of the mnodel

aisitliqiiaia xvas ;vISUliiIC(l I to be' Ii4:gljgjl 44.

S.:2.4q Aralan, Ii /b(ltkliIt caiflt wi

Thev 414s use Mction(41 ) Ii' th -ialbankint 'nt %va'- i* )ir,trl le(t(,(l a101111(1 the loose frozeni

devices help tlu 114: bc ch to4 U10(41 Mh>1t8l ini ;I him,41 s~tate darli this operation. The

LB .52/ 100 sand( was raititil 114 din it -,and~ hopper( fromi a predeltermined:( heig.ht and the

e1111)ailknl4:ilt 'ectjoll was grdlly(O~t'l~(datrpaii the instrumrents in the

~Oil body1 at r4:(lllired levels. After the preparartion41 of the eni111flfkinlelt was completed

a vaoitnlit o -27.3 1111141 of 14 ci-cry was applied to the ijiodel. The embankment model

was nat~llrated with water al11(e1 Asii %1aciluii while the FPHPA devices were still oin.

The water tahle at the vwti (it sanlan 118111was niuiiitaiiieti phtisli with the crest of the

4'11hnlikmneit . The 1114 ( [c wit, rw lieu rl>Wl' to the oeuitifligeC flrf keep:~ing the PHPA

d1e vices ruinijung aind nmaintaininig tihe vaciiiiii. The PHPA d1ev ices tire switched off once

the 1110(10 was securely hll-,,,. at tiic end of thlee iriue arnn. The v'acunin pressure

nos slowly released. Muie the hrimi eioi nw of loohue sand has romphlieely thawed the

centrifuge was started1. It wa>, ;isuniiie that, Onl thawing the froven loose sand sample

wColild leta1(11 its highl '(4 i( la tio if' it n-a-> 114 t sabijcct( d to aily disturbances, Smnith

4 ~8.8 Cenutrufage test. data

The centrifuige NwI accelerated to SO) g, aiid a total of threve ('arthiciliakes were fired

-,1ichi that the str'engtlh of the cartlljuiaki- wa-. giad[ually increased. The placement of

traimsdiicers is, hownm in -ig.8. 11,. The tiniviie i~torie' iOrecorded by tes transducers are

nI esenlted1 In figures 8,2 to 6.3. Time ;wieli'rat i( ns all, cxI~lvessd as a percenitage of the

rentrifuigal accelerati in ;aiid the exess ju" Irelssuis an- givenl hi kPa units.
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1024. data points per transducer, plotted after 2 Tmoothing passes
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The ceiit rfifuge I- ýpiii upt t11 N) 0li ( julilec~tc Ielitri-fi "igl I accelerat loll of' -SO a'. After

the centrifugal model has obtained a .tcadiy state conifiguration. thle dirains on the

dlown stream side of' the enibanikinent wvere reieas.e(i by operating a pnulematic valve.

The pore pressure tranisducers onl the upstreamýti side and the down stream side of the

emlbankmenit were monitored. Onl achievingp tihe reqjuired draw down of water level on

the dIownv streanisid the piflIeiliatiC 1' airalkve is operated aigalin and thle drains were

close(1. The centrifuge mlodel, was ahlowed to awhcluve i steady state and two earthquakes

were fired uising, the Bumipy Road excitatioli) s\-steiiiI.

The first eartiiqjuake lia(1 ;t >trengtii (if 2:3.1 ',a;s nieaurc(L at the b ase of the em-

I)anknilelit by ACC 1532. This j>--siowni as the k ottolin trace Ini Fi" S .. 2. The accelerom-

eter sltituated ill the crest of tihe (.1iibal11iklieiit 1(111Q Zrilag cceleration indicating the

ifovlOieiilit (if'the (Ts t wair( IstII(- . ii M''el il J e (id th ie l)iihinkililt . Excess pore

iC5i(5Were _.eIcI;1(1(1te wi thiiitie r m1 ini iikiiieiit a iid tile cs i IrIe~v variouis

PPT"> z~re sihewii iil Fis,,-.S)2 ;inl S.3.

The�e te,,,zler i at iin I ll pol( r ir. 5>1(J )1 1>1 iv1 durlinig earithquake 2 are pre-

III hfiiits1e- S.4 ;111(1 1~j 11 hiue I Icci elezl latoli Is,,,a, l represeiited l~y AC.C 1532

a iid was, 2.5.G ''( uring thins iIaie .LargeC ' !Ctiol1 rsue were ob servedl near

time surfaice of the ('iilbailikiiieht ;i-s Iii(1I(iat(I1 I~v PPT G 159 In Fig.S.4. The profile of the

embaiiknkent was iiicasuiredl ljhcf ;ire ;1 idfter thle cenltrfifuge( tes-,t. These are presented

ill figuIre S.G.



Plate 8.1 Seepage barrier in centrifuge test GEM-2

Plate 8.2 Settlement after the earthquakes in centrifugze test GEM-2
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1024. data Points- per transducer, plot-ted after 1 smoothing pass
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9Discussion onl centrifuge tests EM\-1 an;ud C EN'I-2

Ba~se'd oil the resultls froni ilt eiit ritigt it*tGEM-i and CENI-2 it was observed

that thle PHPA ti viccs wecre aithle to riiiisf'Cr lt' lwitat fr'omi the frozen loose pocket

of sand to the hecat slink (stroll") itix. A,, it result thle loose sand section was not

(lisrurl-be~ldui tl. la odlel opi-l;ara r it, tn > ell its tranmsportation onl to the centrifuge

armn. For t he freeziiit teelini qile to ]),t eiiiployet i it is obvious that water mnust be used

as pore fluild. However if pore fluid. is water tihe e'x(css pore pressures generated within

the soil bodyN dlissipate rapidly. For tlie ctorrect ilodelling of dynamic t'ime scaling and

tI lU,01(lt )jd iil jplt ct ý'55t's' th lipllot t1iI rt, itiild iiitistit h-N' t ulies more viscous t~han water

(The petrmtitwlility beln) ,aiieiiw the lilt t ;t'lti~lt thli piortyIttpe wh-i'le the mnodel is only

1 'N of the sýizeý of' tiit' porotttvjtt' Sihicoiw it ,vi0-, .-i> ;co~slty isý SO cS is used as pore

Four cut'ifitiligt tt't> t re pl~iiilit i %viti i>ltol il it- thje pore filid. It was pro-

ptlsetl to sliliiiltte tilt tratIl~l', t) tftXt' ( tt'j tscr' iii the loose pockets of sand

(ll'1(1v thedi prt'st'm'e tf 11 illitriiwit'i ilit >traitl a lt 0111(1 tlit Im wet. Soft Lasagne sheets

were ilsed tl, as w tle ~ijlt'liitit lIt 1;i('I. Li1w ptilllithilility tf' the Lasagnie laver was die-

tiliietIiiidt'r 1- oiditiiti i>l~lil a111" ait li lWit' PtlIt'.1-t iclieter. These experimenits

10 Model control tests

Twto illottI tt,'>t> welt'etiluctctti iiitlt' 1-- tt iititittii tol investigate the various

iilettlotls til platingl ;II iiiiittrlit';iltlt ;ivelt' tf L ;týaguit' in thie sanid embankment. The

Mod ttels, went.' it utt' t'at t,ýHit, >;,itc >ptetifictitltii itsý th li'eeitriflige test. models

Figs. 10.1 it ;tilid h. TFvt- I t hiii t ira~l jlih; \V- T 1t'rt' ti~t,'>f ie plates for the loose section

LB 52/100(H salitil was ra jut 't;iat it 1) (,Jtrttltt ' ijit tt irt. auh aii l s hopplt~~ler. Afteir the

rtt' i m thtle ii~rt pili~i-t >1 t \\ii inI Fig.1 10.1la X.*It> tiiiptlt'ttl the' nit iei was vacuumil

levelled to li t t i d'Sirt' 1 trt fili. A tict'titn tii rt'ssur f' -T k-:3t'ilt tf uIlri(rlirv was app~lied -anti

modael was, tholta tll"1v t It ;1 irt 't .S i' ilt'ol ()t oIf"Si) tS \-v' I si t\' wasI- admiittedl carefully. at

tliiial plates wt'iv u-natCtl'; t';trt'tmuh itiltl ;11 tilt tttisll4*1tltttil tit illa.,v if tf the inod('l was



clarlc iti01 hv itauiiijn the LB - 2, 100) (I: I .>hirhd li(L. 0i1 comple)(tionl of the

COIistriet ionl Of thle levee. tilie 111o(1 i .v `;(1-1ii hvele1 to thle prof i)Ole. Again

ai slict 101 of, -30 ciii of, iiielcI11V \vW-;I ;1I~ihi ' I tliol SýIlll Iii oil 'w'i' aplliied ;l SicoHl i

ws allowed at the I ase of the tinon hi i nit ii tihe tilol i vis comp1le)ltely saturatedI an( h

oil -(ea has reachedl thle hilial des ins h' 1,-l

The mlodel was t henll\51 to -standi foi ;it least 12 hours oin the laboratorv floor

after v.hIichi it wvas carecfull1y tuaii~iolrtII to t~ie eentri-iuge cliitnller and was loaded oil

to the aril of, rihe cenitrifug~e. Ill the easew of cetitrifinre tests GEM :3 to 6 the suction

pressureil wals graýduallyv tliseid'11 ll(,h iu:titititielits were conineetedl to the data slip

ringsvia met11 i 1 ~IX. he 1 Ut 11-1it, 'X;ý punttup li ftl r 1pre Hiliht checks ais dlescribed

t'arli( r. HI wever. ili thle ease ti tI c)irit LIII 1 t~ll niodlll i thieti unloadled from the

;1it-111~ a ;iii li([ I)I( i~it[ r !I~ k~ t - ti ý )()1 an I th I , II, Ttioi )it e-sslire vvas, Lra (IiiaII

i'Illci.'~i The1 1c plhlI lte ie)f vl' ;ni~ iied 1(l th crrttieiiieiit waS: e timate. For

th lic iitl te 11111 rt . th ot,()(l Cote('e4 tr lea; I I, waI s 0.2 iiiiii a t It ile crest of, the levee arid nlo

Base~ ( )ii thlese co ro itLII (St, it \V:V- II i Cl((l tha1t t lie iioeltr f' loading- a model

"iiihlilikliieit With h1> pokckt ) -;tlit i hieiiiainltainmu11( the sýuctioil pressure was



Dense sand Loose sand

Fig. 10. 1 a) Phase I construction

........... . Dense sand t~
Loose sandand

Fligy.10. 1 b) Phase!11 construction
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11 Centrifug-e test GEM-3

A >eiiai etoiof th cttrug model GEM-3 is pre-sented Iin Fig. 11. la. The
loci.-ionl of the transducers ii idicated inl Fig. 11. lb. Ill this test teloepce a

ai thiickniess of 30 1111 anid wals 1 710 mil lonig. The loose section was placed along the

widlth of, the strollg box an1d was- 4S0 mmi wide. Thec silicone oil with a viscosity of 80

cS wals uised a1> pore. fluid anld the level of' the oil sea was kept plush with the crest of

the levee.

11.2 Cott~sfx~ttioi. of~ Mc wmodlel

The leii~cmt tionu to nit 1,it ;1t( and right ofthelicloo> lpocket of.ii snd shown in Figr. 1.la

wais t' li1Ttrllctol Itv railijle ,i LB3 -52 1010 ,iiiid nhiimoiig ýi and1 hiopper. Formier plates

wvere fixed Ill poýt sil t1iu >11L; a)tl) vr wtlU.Ltex ii uhher shieet. were' placed onl the

Sides of, th lWititis ktcl*:t> t )1 t 'tilt tlt, t 1151 Iplt a )li t if*cs port, pressure(. At the

(11(1d of pliltse I tit clust rrlictitii tltcscrl a ti iii sectloio 4.0 thin Latsaigne sheets which were

'Softeiit't 1~ 1w sat ioia Nitvi ri pli~i otlin hr lit' per surfii e of the loose pocket of sand

(see Fig. 11. lii. Phias.e 11 coli-str'lltiOlI wasl CarrieCl out as dlescrib~ed earlier. Instruments

were placed car-efuilly ait the r(it(llevelsie thuringt the construction of the embankment

and filial saturattoion wa-s t~itrit'th ot alfteri Pliaist 11 construction was carried out as

describet (,I 'trlitr. Lut uui u> tB da t 1tait 'fiily ait the req1 uiredl levels during the

cntruc~t~io~ In td tlit tinl, Iaiiknlilt Ia111(1 filial 5i1tulrattol u,.was -lricd out after Phase 11

eolistrlttlolu \'it5 toitliplctett.

1ot ur t'; iit iquiuak, V , efr t i t' oin this initale. Tlche I ix wcelera t it i was recorded by

ACC 3436. Thell r'ntli tivit ii tart i-thqu;,kt N\iis Hiivititst ht~loil 17-.1 tXi il the first earth-

quake to 21.2 ', Iiu the foiirth earithiiqiakc. Large excess ptne pre~ssures were generated

within the lilt/i ii ltvtt ;111(1 atic it It rtc let)Y varoitins PPT s indicaited in Fig. l1.lb). The

ceuutrifuge tt'st dit l i is O pptiitt I Iiii F Ius,. 11.2 tt 119.9 After thet celitrifuige test the filial

profile of'th t\t a illc'tt~ 'Iie itlitd 1 It is tt's-t Ilivt.J'o"igatiOlis were COlidllctCel. The

finual proihb t f' thet levee aItc itt tit, n t is pit'seuttl Iin Fig. -11.10.



Plate 11 1i Placement of instruments and former plates in test GEM-3

Pl1ate 11.2 Phase I construction



Plate 11 .3 Impermeable Lasagne sheets on the top of loose pocket

Plate H .A Concoidal Slip sur~face observed during centrifuge test GEM-3



Plate 11.5 Slip surface observed from the crest towards upstream side

Plate 1.6 Floatingy of accelerometer due to liquefaction in concoidal slip
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1024 data points per transducer. piat ted after 2 smoothing passes
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1024 data points per transducer, plotted after 2 smoothing passes
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1027. data points per transducer, p7otted after 2 smoothina passes
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Fig. 11.11 Concoidal failure slip zone observed
in centrifuge test GEM-3 on the loose

sand pocket side of the model



GEM-4



12 Centrifuge test GEM-4

12.1 Configuration of the test

A schematic section of theQ centrifuge iniodcl GEM-4 is 1)resenited in Fig.12.1a. The

location of the transducers is indicated in Fig,.12.Ib). In this test the loose pocket had

a thickness of 40 mmn and was 13.3 11111 long. The loose section was placed along the

wi'dth of the str-ong b~ox and was 4S0 nunii wide. The silicone oil with a viscosity of 80

cS was used as pore fhuid and the level of the oil sea was kept p)lush with the crest of

the levee.

12.2 Cons:tructio,,. of thcx rflUocl

The dense section to tlie left anid ri1gir of the ho osc poc'ket of sanid shown in Fig. 12. la

was constructed 1w raillingý of' LB .52,1(00 sýand~ thron-gh a sand hopper. Former plates

\verv fixed In po sitio u sn g o wedIge>. Latex rui ebbr sheets were p~laced on the

sides of the loome po ckets to prevelnt t lie dissipation of* excess por1e prIessure. At the

enld of' phlase~ I of'cntuto dtoscrill o In iiisctoion 4.0 thdin Lasagne sheets which were

"SOftelie~t by Sat uratlonl Wore plaicco onl thcuppe11r suirface of' the loose p)ocket of sand

(see Fi,-.12.in . Phaise 11 -oiitriou(*,oi was ciarrieol out as, olescrilbed earlier. Instruments

were piaceol caret ifllv at the required~ levels during" theo eonstru'lction of the embankment

and finial satuiraitoion was carrieol out aifter- Phiase- 11 construction was carried out as

olescrib e(1 earlier. III.stiiiiiieits, wer lace car-efuilly iit the required levels during the

eohistrIl lctloll ( f* t lie (ill1 aniikinta iid filial >aitura tionial ari~ out after Phase II

constructa iona W;1( OIl~lelte( .

12.,'Y Tes.,t daota

.Four eairtliqulakes, were firedl ii thils iiiodel. The 1b0ox acceleration was recordcd

by AC'C 34:36. The streii-grh ofdtii( earthiquako' wa-s increased fromn 15.1 %/c in the first

earthyia kol~ too 2-1.4 in the fourrt cii(rtll(1 liake. Larlge exc(55 pore 1) ress tires were genier-

a te(l wi tiiiii tl( Ia iiodio levee 1i1lo i1( are to o(c rbiY 1v ariouis PPT's indicated in Fig. 12. lb.

The oceirrifitgo, te',t (ILit i> I'iuioo iii Fl,, ,12.2 to 12.10 . After the centrifuge test

the finial p10ohio. (f, I( liev ie voý wa> il.lo o cir ( and ll os)-t test investrigationis were conducted.

The fiiial p10ohIo. of ti lo ico after, t ho to st i~s plor-seit(' if' Fig,. 12.11.
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Plate 12.1 Uneven settlement along the cross section of the model GEM-4
(Plan View)

Plate 12.2 Slipping of the levee slope
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A) Schematic section of centrifuge model GEM-4
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B) Placement of transducers- in centrifuge test GEM-4

FIG. 12.1
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13 Centrifuge test GENI-3

13.1 Configuation of the tes't

A schem-atic section of the centitfifule iliolel GEM-3 is prCesentedi in Fig. 13.la. The

location of the transducers is indicated iln Fig. 13. lb. Ill this test the loose p)ocket was

triangular and formed the toe of the levee oil the dtown stream side. The height of the

loose section was 73 mml and its length was 230 miln as inidicated in Fig. 13. la. The

loose section was placed along the width of the strong box and was 480 nin wide. The

siliconle oil with at viscolsit\ 4& SO) vS "Vit, 1stl II> p'n Hu' mlii d il the level of Whe oil sea

was kept plushi with the crest uf lQe leve.

1.12 Cvunst~ruewW, cl f/i mmbo I

The d1iense sctioi tt ) tie left ii(loi Kuhri ttro nA),( pock wet of sanid shown in Fig. 13.1 a

wsconistructc~ ~ riitdlu k. 1-1 __2 IN ~ih-k, ait mid hopper. Former plates

w~ere fixed ill posit io i sing, I mwi-rXI g Latex iii 11)01 shet wa p)laced on the left

hand side of die lmou se 1 io to h trI x th lil yoisii i i of excess pore pressure. Phase

I andl Phlase, 11 const rul(t ionl Nvi, cirvief 'X t)ai di,(escribedl earlier. In'strumlents were

plaed( carefully at thle is'quire I I1 'ye 1 (hIiring thle coinstrucuto lou f' the em~ubankment anid

filial satuirattion was w~ridIIit a fr r P1l~c1 1 so I 'fit ru crion %%a;s carriell out as described

earlier. lInstl ru(ineTs, Welte plaIt-" -Ircfillly ;1th ret( njuiirell l (hlidring the construction

li te Icinba lkilicilteia iild fiuiall sat 1 cia t itl Nvii XVI>(I lit 1 Ietaft *r Phase 11 Conistruction was

13. Miijlt (l.

Fomr (tirtiitjimikcs 'Vole h iti tli i- iio~lc1. Th~e tsImX IIC,(ehratioii was recordedl

hy ACC :3436. The sriviigthi ~ ()f eaý,rthiy~ke wasijerltel froml 17.1 '/1 in the first

elitrt liqint he to 27.3 ',, nil thle toirli n1 itrinpO1 inkvh. Lative' X(tss ptore pressure'cs were genel'-

";ttel within the inlle~l lt 11(1 ;tualcu rt htt y Lv \iFiolis PPT>s indicated in Fig.13.lb..

Thi etrbie tc-t tIlr~tt1, pis .1 i5 '>Iitt iii Figsý. 13.2 to 1:3.11. Long term records for

varthqitj~alcý I cmld 4 itii- pli(>tuit, Ji iii Fig>. 13.4 hull 1:3.1,1 tspcively. Ater the cen-

trifulge test thisl tiiiall p(fief T11( isyss, \%XII iistlik-,1cit ;1iitl 1 sot test investigations were

Co11ldtclee Tlihe iial pis)iole o) h, n;els's itte the, n-d i5, jtiecurtt' if' Fig.13.12.



Plate 13.1 Placement of transducers in centrifuge test GEM-5

Plate 13.2 Final profile before saturation



Plate 13.3 Floating of PPT's due to liquefaction of soil

Plate 13.4 Sand boils formed due to liqefaction

(at top left hand corner and along the left hand edge)
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B) Placement of transducers in centrifuge test GEM-5
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14 Centrifuge test GEMN-6

1 4. 1 Conjfig Iirttivn Uj ft c fc' tt%

A scliemitic sectioni of tle ceiitrifuige model GENI-6 is p)resenited Iin Fig.14. la. The

location of the transducers i~s Iniciitited in Fig. 14. lb. Ini this test the loose pocket had

a quadrilateral cross section asiindicated Iin Fig. 14. la with a thickness of 40 mm and

was 300 mm11 long,,. The loose section wais placed along the width of the strong box and

was 4S0 miiii wide. The siliconev oil with ;t vi~scosity of SO cS was used as pore fluid and

the level of thle oil -,,; 'awas kept 1)111>11 wit Ii th cr (est o!f the levee.

1.4.2 Coltract~ti'fui ()j f0- iit-tltI

The t'.'-~e~t'1i 1 1 1t riti ' "t, Iit, pm1 -k(t of sand shiownin Fig. 14.l1a

wa;s (( ns1t1*1 ria' 1,. I xi iiii * LB3 32, IN 1 .itiid through aI -sand hopper. Former p)lates

Were fiXeuIII )Pin ttsjtiol P~iiPu 1 V 'I'Vt' 10ý La rex lubber sheects wvere placed1 on the left

hiand ýd z~()f thttle h 1t jttttkt'tt to jpicvt't 'lt r i hissi,,pa tion ofexcess p~ore pressure. At the

t'iitl of phase( I )fttit ia It l' i1in s etrloli 4.0 thiin Latsagnie sheets which were

Softened I'V -;1rn tIIi vlt it'Aj ,n t lie, il1)1er surfa-ce of the loose pocket of sand

(see Fig'.1-4. Ia; ý Pli;st, 11 ck't )iutrion wit,,~ ( tarriet o ult as- described earlier. Instruments

were Plit' 'i C'; rt Ti ilv ;1lie r '" ii l' I leve l, luring11 thle ci uust 'ctiol of the embankment

anld fium iai>a mat it'Il \";I ta lit U cwit i,'ttti Phiase 11 coils t 'ctloll was carried out as

letscribIet l ;Irlci.' List1II(Ir rui itlt N it ~ L ct'l ica rell ait thle required levels during the
iuiisti'uii'tit~~~~~~~~li tt l''ihaiii i i i!'tutonwscrIe out after Phase II

1 .,'Y Tust tjiata

Four tart rli( p iakt, '-. l t~'ehitl on I hi, moiisidel. The 1bo x acceleration was recorded

bv' ACC' 34:3G. Theii ' rticii-th (f dic~ e itIi-thju~ike was increased fromn 12.0 V Iin the first

e'artliqtmiakt too 22.6 in, li t'l ~ith )I uii tartqua he. Large excess pore pi'essur'es were gener-

a ed wvithli lt.hei ui levee hutiia ;it' bYt ~i iil various, PPTs.ý indicated in Fig. 14. lb.

The centrifuige test (itnta is pit'stiired In Fi,,, 14.2 to 14.11. Long termi records for all

the tranisducers duinin ;ml ii tt r ('i rt hut uke 4 are pr'esenited Iin Figs. 14.10 and 14.11.

After t he cit'i 'inifug' test thic fiiiia it i t ()' Hithe lev(e was measuredl and post test in-

vestigationis were Cu i1uicltictt. The hua1;1 pinJihle of' the lceve aIf'te' the test is presented if

F ig. 14.12.



Plate 14.1 Slipping of levee slope in test GEM-6

Plate 14.2 Dense sand overlaying loose portion
(observe change of color of sand on left hand edge)
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. 80 CS ........c. . .-- LB 52/100 sand
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A) Schematc ,ecction of centrifuge model GEM-6
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B) Placement of transducers in centrifuge test GEM-6

FIG.14.1
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1024 cata points per transducer, plotted after I mroorhing pass
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15 Conclusions

Dynamic mallrifllg4 moldelling of' anl eli~iii;kinliet xvi th a loose poicket of sand

enclosedI within the ovilbnh~uineill ms caricoje( out.. Two centrifuge tests were conducted

using freezing tecnhnius to lnudAin l tile looe fabric of' the pocket of'sand which was

defrostedi after IIloading the 111(1114 ii1 to the centrifuge armn. The model preparation

techniques were found to bec sat ist'aet r\'. A draw (down wats achieved in the centrifuge

test GEW- bT extracting tihe mmater ri the downstream side of the levee during the

f-light us"ing a pinueinlatically operated valve Iweforvie ll earthquake was fired. The results

froin these tests w( re fonP rud Im ýa tisfiletoryiV Howxever. the excess pore pressures

genierated ( hiring the eartlilyla I> wrie I iý,isp~ated '(1pidly a., water was, used as pore

filuid.

Two c,)liti4)i Ti'-:ý 'vvel 4014 ltcrtv m4 jj\4•1lLattioa e ho, ttlcliniai of* thle loose pocket

4sand wle"Ii l igh1 \1- 41>-il ,joil Wa>, lle(1( i p Ire huidi(. hlinperrlneabie Lasagne

- et>Were, jI)laý, A,41 )I 'I r-II)" It it 4k>k Poc4 p t il l t h11 "14 1111 )aIllklll(-i t .1 The l('5111ts indicated

tihat hy ';!rt111i t ransp. Ir)t of tL, celltrjfni2,4 model oil to the arml anld maintaining the

Suc4.tioni lne-iesll of -301 411 II (e111' ii tig tilii.s 14118>1 thle settlellient of' the loose

p c et co1141 Iw' hlit 4 'Itc I. t t411111 la litlld'I.

Four 1.vliialinc 44 lit iif~nl_,4 11 -r' tvey \V ole4l(Illcted I l.insiuig on 5110 i4 l as the mnodel pore

flilili. Ill eaeil (At 1>'4 ri 'e iif 4"1 tilt, h -c(onll4tr 1(f* the I(osw )S'po cket of sand was

chlaniged. Thle 'lui4il);kinlit >lu()!w -l'iuttere a liip (ilirulig the earthiquake inl these tests.

The ship occevllrI e 14 iijnilaitir. )il 1114 '-ide, of'h tlec1ee where tile lospocket of sand

was pre'5erlt Liyo ftiet & 411 it" La4'ASetw1441 iesiied ill th 11'p11 of the slope. The

(brta oilailleoi til~ll ti14w( 1>'r- i> p14~l4"1t4'I ill this rellort toge'ther' with the post test

profiles, of* the Ic\44 1 !4> A 114 il414111lili f>1the (~itil recordedl duirin~ these

tests will 144c 1 414'>41itcl ini aI >14'ji'lttchnicial r'IIt
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