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1 Introduction DTIC QUALITY INSPECTED 3

Embankments and Levee’s form an important civil engineering construction and
are widely used for supporting transportation lines, construction of earthen dains, 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
pfessure 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 investigatec 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
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diffusion processes like cousolidation correctly. Schofield (1981). during a centrifuge test

conducted under "80" gravitios.

In this report the facilities available at the Cambridge Geotechnical Centrifuge
Centre will he discussed. The nstrumentation used in the centrifuge tests is out lined.
The materials used in the centrifuge tests will be deseribed. The centrifuge test proce-
dure and the presentation of test data will be explained next. The model preparation
adopted for cach test and the data acquired during the test will be presented seperately

for each test. Some conclusions drawn from the test series will be presented at the end.

«

2 Facilities

2.1 Cambridge Geotechnical Contrafuge Centre

The beam centrifuge ar the Cambrdge Geotechnical Centrifuge Centre has an
effective radius of about 4.0 metres and a waximum testing gravity of 155 g and is a
150 g-ton machine. The ceutrifuge chamber has a diametre of 10 metres. The beam
centrifuge was commissioned 1 1975 and over 1100 model tests were carried out using
this facility. The operation of the beam centrifuge has heen described by Schofield

(1980).

2.2 Bumnpy Road Earthquake Actuator

The model earthquakes in the cenrrifuge rests conducted in this series were gen-
erated by the Bumpy Road Actuator. The details of the carthquake actuating system
were described by Kutter (1983). The schematie diagram of the actuator is presented
in Fig.1. A duraluminium box which holds the model embankment is suspended on a
pair of flexible straps whichi enable the lateral movement during a model earthquake.
There is a roothed rack fixed to the hase of the strong box which engages with a counter
part on the bumpy road actuator. A sinusoidal track on which 10 cycles are machined
is fixed firmly to the wall of the centrifuge chamber. An earthquake can be triggered at
the desired time by controlling rhie pressures across a double acting piston which makes
a wheel on the actuator to come to coutaet with the sinusoidal track (see Fig.1). The
radial movement of the wheel is translated into lateral movenent of the base of strong
hox by a bell-crank mechanism. Sinee the earthquake actuator was put into operation

in 1981 about 1400 earthquakes events have bheen recorded on a wide range of models.



£2.Y Strong hox

The model container is o strong und stiff hox made of duraluminium. The inside
dimensions of the box are 0.9 1~ 0.48 w1 < 0.22 m and for an 80g centrifuge test these
dimensions correspond to dimensions of a soil body of 72 m x 38.4 m x 19.6 m. The
maximum pay load allowed for o dynamic rest 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 reported hiere miniature piezoclectric accelerometers man-
ufactured by D.J.Birchall were used to measure the acceelerations in the soil as well as
the input acceleration of the stroug box. The device has a resonant frequency of about
50 kHz and a maximum error of 3 %. The weight of the transducer is about 20 grams.
Fig.2a shows the dimensions of the acceleromieter. The accelerometers embedded in

the soil were sealed with silicone rubber.

The accelerometers were caliberated hefore ecach test by subjecting them to a
saturared *2g° acceleration and measuring the output generated on a cathode ray os-
cilloscope. The caliberation coustant for caclt accelerometer was expressed in the units
of 'V /g

3.2 Pore pressufe transducers (PPT)

Pore pressures in the saturated soil were monitored by Druck PDCR 81 pore
pressure transducers. This type of pore pressure transducers have a linear range upto
300 kPa and weigh about 10 grams. The corner frequency of the dynamic response
of the transducer is 15 kHz, The maximum error is 0.2 % . In the centrifuge tests
reported here. the active diaplivum of the PPT is covered with a porous brass stone.

The dimensions of the PPT are presented in Fig.20,

All the pore pressure transducers were caliberated hy applying standard water pres-
sures on the active diaphram. The output generated by the device was measured using

a digital voltmeter and caliberation constant was obtained in the units of ‘*kPa/mV’.



Y

4 Materials -

4.1 Sand

Two grades of sand were used iu the centrifuge tests reported here.
4.1.1 LB 52/100 sund

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 specific gravity of the sand is 2.65 and the maxinnun and minimum void
ratio’s are 0.98 and 0.585 respeetively. This sand was supplied by D.J.Ball and Co..
Colworth and was emploved in wany @ centrifuge tests conducted in Cambridge. The

grain size distribution of LB 32,100 sand i~ shown in Fig.3a.
4.1.2 Nevada sund

The loose pocket of the levee was coustructed by using fine grained Nevada sand.
The specific gravity of this sand is 2.68 and the maximum and minimum void ratio’s
were 0.894 and 0.516 respectively. This sund was supplied by Earth Technology corpo-

ration and the laboratory tests on these sands were reported by them.
4.2 Silicone vil

The pore Huid used in the cenrrifuge rests GEM 3 to 6 was silicone oil. The
viscosity of this oil was S0 centisrokes in all of these centrifuge tests. A centrifuge model
saturated with high viscosity pore Huid satisfies the dynamic time scale relationship

and the consolidation titne rate effeers simltancously.
4.9 Water

Water was used as pore fuid in centrifuge tests GEM-1 and 2. The loose section
was sustained in that state by freezing the seetion. Hence water was used as the pore

fluid. Deionised water was used for these teses,

5 Testing procedure

A standard testing procedure was employed for all the six centrifuge tests reported
here. After the saturation was completed the centrifuge model was transported very
carefully onto the centrifuge nrin, Immediarely after the londing procedure was com-

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

t)
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were complered at this stage. Just before =ravting up the contrifuege moror. the strong

box was released to hang freely at the end of the arm,

The centrifuge acceleration was inereased in steps of 20g,40¢,60g and 80g. At
each stage the pore pressures within the model were mounitored using o DVM. After
the testing acceleration of 80g was achieved at the centroid of the model the steady
acceleration was maintained for 20 minutes before any carthquake was fired. The pore

pressures were monitored again after the 20 minutes. An carthquake was fired and the

“data was plotted. The strength of the subsequent carthquakes was gradually increased.

When the test was finished the cenrrifuge was showed down and stopped. The model

was recovered from the pit carefully and the post rest profile of the levee was measured.

6 Presentation of test data

FLY-14 suite of programs was used ro digitise rhie data recorded using a 14 channel
Racal tape recorder. The carthguake strength is expressed as a percentage of the cen-
trifugal acceleration. The acceleration time histories are presented with the transducer
number which recorded the trace. The excess pore pressures generated were presented
in the units of kPa and are shown with the transducer number. Each of these traces
contains 1024 data poiuts collecred in o time of 200 ms giving a data point spacing of

1.95 x 107 ~econds. The Nyquist frequency of the data is 2.56 kHz.
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unit: mm mass: 0.C05 kg

Fig.2a Typical dimensions of an accelerometer
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7 Centrifuge test GEM-1
7.1 Configuration of the test

The seismic response of an cimbankmenr wirh i loose sand deposit ou one side was
investigated by conducting i Jdynamic centrifuge test GEM-1. The water table was kept
plush with the top of the embuaukment in this test. In a subsequent test a draw down

on the down stream side of the embankment is included and the loose sand deposit

‘was placed ou rhe up stream side. In this centrifuge test a uew modelling technique

of freezing a loose sand deposit and placing it on an array of Peltier Heat Pumps was
investigated. The loose deposit is protecred from densification due to any disturbances

during model preparation and rranfer of ceudrifuge model on to the centrifuge arm.

The schewatic seetion of the model used i rhis centrifuge test is shown in Fig.7.1a.
This report discusses the new modelling rechniques used in this test to construct a loose
section of sand in a relatively dense embankment. Also. the data from this centrifuge

test will be presented.
7.2 Construction of the model

7.2.1 Loose section of the cmbandiment

The problem of preparing a loose sand model is that it is likely to be densified
due to some unavoidable disturbauces during the trausic of the strong box from model
preparation room to the centrifuge arm. During the centrifuge test GEM-1 the loose
section was prepared in a ‘one dimensional freezing hox™ with a metal base, plywood
sides and a polysterene top. The Nevada 120 sand was rained into the freezing box
and the instruments are placed ar required positions as shown in Fig.7.1b. This loose
model was then carvefully saturated. Oncee the saturation was completed the freezing
box was transfered iuto a Jdeep freeze and was maintained at =20°C. The water in the
loose soil sample freezes from thie base.and this ice frout propagates upwards. Care was
taken to align the PPT’s properly so that the diaplram of the transducer does not get
damaged due to the anomalous expansion of water hetween 49C and 0°C. Thermistors

were used to monitor the temparature of the soil maodel.
7.2.2 Peltier Devices

The frozen loose model is then rransfered onto an array of Peltier Heat Pumps.
These devices are used to pup heat frow the frozen soil sample to the strong box which

was used as a large heat sink during this centrifuge rest. The design and construction
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of the Pelticr Heat Pumping Arvay (PHPA) will be discussed in a subsequent technical

report.
7.2.8 Main embankment section

The dense section of the cibankment was constructed around the loose frozen soil
model. The PHPA devices help rhe loose model to sustain in a {rozen state during this
operation. The LB 52/100 sand was rained from a sand hopper froin 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 of -27.5 uun of Mercury was applied to the model. The embank-
ment model was saturated with water under this vacuwmn while the PHPA devices were
still on. The water table ar the end of saturation was maintained plush with the crest
of the embankment. The model was then rransfered to the centrifuge arm keeping the
PHPA devices running and maintaining the vacuum. The PHPA devices are switched
off once the model was securely hung ar the eud of the centrifuge arm. The vacuum
pressure was slowly released: When rhe 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 rario if it was not subjected to any disturbances,

Smith (1991).

7.3 Centrifuge test data

The centrifuge was accelerated to 80 g and a toral of three earthquakes were fired
such that the strength of the carthquake was gradually increased. The placement of
transducers is shown in Fig.7.1h. The time histories recorded by these transducers are
presented in figures 7.2 to 7.7. The aceelerations are expressed as a percentage of the

centrifugal acceleration and the excess pore pressures are given in kPa units.

The first carthquake had a srrength of 6.3 % as measured at the base of the em-
bankment by ACC 1532. This is shown as the bottom trace in Fig.7.2. The accelerom-
eter situated in the crest of the enibankiment recorded large acceleration indicating the
movement of the crest towards the loose section side of the embankment. Excess pore
pressures were generated within the embankment and the traces recorded by various

PPT’s are shown in Figs.7.2 and 7.3.

The acceleration and excess pore pressures observed during earthquake 2 are pre-
sented in figures 7.4 and 7.5. The base acceleration is again represented by ACC 1552.

Large suction pressures were ohserved near the surface of the embankment as indicated

/
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by PPT 6159 in Fig.7.4. The veaults fvom carthquake 3 are presented in figures 7.6 and
©.7. The profile of the cinbankivent wis measured before and after the centrifuge test.

These are presented in Hgure 7.3
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Plate 7.1 Placement of the Peltier heat pumping devices
and instruments

Plate 7.2 Construction of the dense section




Plate 7.3 Frozen loose pocket placed on PHPA devices

Plate 7.4 Final protile of the levee betore saturation
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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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1024 data points per transducer, plotted after 2 smaathing passes
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1024 data points per transducer, plotted arfter 2 smoothing passes
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8 Centrifuge test GEM-2
8.1 Configuration of the test

The seismic respouse of an ciubankiment wich o loose sand deposit on the upstream
side was investigated by conducting a dynamic centrifuge test GEM-2. A draw down in
the water level on the down stream side was achieved after the centrifuge has accelerated
to S0g" and the model has stobilized. A thin latex rubber barrier was used to prevent
the seepage of water through the centrifuge model (see Fig.8.1a). The water table was
kept plush with the top of the cimbankment at the srart of the test. In this centrifuge
test the earlier modelling technique of freezing a loose sand deposit and placing it on
an array of Peltier Heat Pamps was used as deseribed earlier. The loose deposit is
protecred from densitication due ro any disturbanees during model preparation and

tranfer of cenrrifuge model on ro the cenrrifuge arm.

The scliematic seetion of the model used in this centrifuge test is shown in Fig.8.1a.
This report discusses the new modelling techniques used in this test to construct a loose
section of sand in a relatively dense embankment. Also. the data from this centrifuge

test will be presented.
8.2 Construction uf the model

8.2.1 Loose section of the embankinent

The problem of preparing a loose sand model is thar it is likely to be densified
due to some unavoidable disturbances during the transic of the strong box from model
preparation room to the centrifuge arm. During the centrifuge test GEM-2 the loose
section was prepared in @ cone dimensional freezing box” with a metal base, plywood
sides and a polysterene top. The Nevada 120 saud was rained into the freezing box
and the fustmunents are placed at required positions as shown in Fig.8.1b. This locse
model was then carefully sarurated. Oncee the saturation was completed the freezing
box was transfered into a deep freeze and was maiutained at —=20°C. The water in the
loose soil sample freezes from the base and this ice front propagates upwards. Care was
taken to align the PPT's properly so that the diaphiram of the transducer does not get
damaged due to the anomalous expansion of warer hetween 4°C and 0°C. Thermistors

were used to monitor the temparature of the soil model.
§.2.2 Peltier Devices

The frozen loose model is then ransfered onto an array of Peltier Heat Pumps.
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Fhese deviees ave used o pranp beat tro the frozen soil sample 1o the strong box which
was used as o large heat siuk dovine this contrifuge test. The design and construetion
of the Peltier Hear Prunpiug Avvay « PHPA G will be discussed inacsubsequent technical

report,
8.2 Seepage barrvicr

A thin latex rubber sheer was placed ar the ceutre of the model of the model as
shown schematically in Fig.3.1a. The latex sheer cas sealed at its ends using silicone
rubber ro prevent any leakage from the cnds. Similar sealing was provided along the
base of the latex sheer. The sriffuess ot the st-;']m;w hiarrier m the direction of the model

carthquake was assumed to be negligible,

824 Mam cibankent seetioi

The dense seetion of rhe crubankiment was construered around the loose frozen
o1l model which was situated on the npstrean side of the embankment. The PHPA
devices help the loose model to sustain in o frozen state during this operation. The
LB 52/100 sand was rained from o sand hopper from o predetermined heizht and the
embankment section wis yradually construered after placing the instruments in the
~oi] body at required levels. After the preparation of the embankment was completed
a vacuum of -27.5 mun of Mercury was applied to the model. The embankment model
was saturated with warer under this vacuum while the PHPA devices were still on.
The water rable at rhe end of sanuwation was maintained plush with the crest of the
embankment. The model was then transtered to the centrifuge arm keeping the PHPA
devices running and maintaining the vacunm. The PHPA devices are switched off once
the model was securely huug ar the eud of the centrifuge arm. The vacuum pressure
was slowly released. When the frozen seetion of loose saud has completely thawed the
centrifuge was started. It was asstumed that. on thawing the frozen loose sand sample
would rerain irs high void ratio if it was nor subjected to any disturbances, Smith

(1991).

8.3 Centrifugye test duata

The centrifuge was accelerated to 30 g and a total of three carthquakes were fired
such that the strength of the carthguake wis gradually inereased. The placement of
rranscicers is shown in Fig.8.1h. The time histories recorded by these transducers are
presented in figures 3.2 to 3.5, The aceclerations ave expressed as a percentage of the

centrifugal acceleration and the exeess pore pressures are given in kPa units.



/024 data points per rransaucer, plottee arfter 2 smoorning passes
millisecs
0 50 100 10
— - - : 1 — =t - e
7.8 = PPT6 159
kPa g\ lC\;/\\\/\\ll\\vfl\,—x 20.0
-11.8 =‘. 'R kPa/div
273 ,’\\ + PPT6560
A
kPa ﬂ | 20.0
e\ &AA |y AN e .
-9.16 e AV \] vV i vy kPa/div
_—=
29.2 /\ f\N\ 4~ PPT3156
|
- i f‘“v/\v/\ A T T kPa/div
10.6 VT T T
2.9 = [\ L PPT6518
1
kPa /\/\ /\/\/W}\N\ 200
A I PRy .. A .
-5.31 4 A A"M".'#A“\/\U oy M ] kPa/div
S — —_—
57 = T PPT6269
kPa AA.AA/\/\/\/\/\/\M 20.0
A 7 A AR TARTaRYAR '} .
-9.20 = kPa/div
e A AAAAA A | poraan
p — . A A oy - 10.0
g A TRV Bt =
-6.93
304 = PPTE517
kPa JV/\VAV/\VI’\V J\AFAVAV\/'\/\/W\/\W 50.’0.
-32.5 = l kPa/div
8.82 = L ACCS701
% Lo N (\/\ f\ BS ’\"\ m ﬁ n o e i 10.0
_522 =" i .’o’/diV
T T T T r—_
18.2 L OACC3441
% 10.0
-9.10 B} l x/7div
T SR
968 = 1 ALCI552
% —“"“VAVAKAf‘v VAVAVAVAVAVAN\/\W 20.0
-11.0 = J_ %/div
— -+ - B TR - 1 5
0 50 160 150
millisecs
Scales : Model
3 |
- T = FIG.NO.
M L LD = A i
FLIGHT 1 l l TIME RECORDS | Kp = 11.0% 74




1024 data points per transducer, plotted after 2 smoathing passes

millisecs
0 50 100 150
_—___,r_ + 1 + t F
0.7 = ' ACC5754
% . J\A‘/\/\/\AAAA/\/\A\] A A 20.0
% V\TV\/\]\JVV\UV\] AT AT _
-12.7 1 %/div
— r
9.93 =~ AN A A A ACC1932
Sl YN VVV\/’\/\/\/\/—/‘/\’VV 50.0
-390 = L xsdiv
9.26 | 1 accsess
% ‘ 10.0
R %/di
9.48 -+ x | 1 ‘ 4 v
0 50 100 150
millisecs
Scales : Model
{
, !
TEST GEMI | SHORT - TERM | G = 80.0g |FIG.NO.|
MODEL LD - EQ2 Km = 9.37%
FLIGHT 1| [ TIME RECORDS Kp = 9.48%| 15 |




p—
—

The centrifuge is spun up to the vequired cenrrifugal aceeleration of "80 g’ After
the centrifugal model has obtained a steady srate configuration. the drains on the
down stream side of the embaukient were released by operating a pnuematic valve.
The pore pressure transcducers on the upstream side and the down stream side of the
embankment were monitored. Ou achieving the required draw down of water level on
the down stream side the pnuematic air valve is operated again and the drains were
closed. The centrifuge model was allowed to achicve asteady state and two earthquakes

were fired using the Bumpy Road excitation systen.

The first carthquake had a strength of 23.1 20 as measnred ar the base of the em-
bankment by ACC 1332. This is showwu as the botrom trace in Fig.8.2. The accelerom-
eter situated in the crest of the cubankent recorded large acceleration indicating the
movement ot the crest rowards rhie loose scerion ~ide of the cuibankment. Excess pore
pressures were eenerated witlin rhe cuibankienr and the tiaces recorded by varions

PPT '~ are shiown i Fies.3.2 and 3.3,

The aceeleration and excess pore pressures observed during carthquake 2 are pre-
sented 11 figures 4 and 3.0, Lhe bhase aceelerarion ix again represented hy ACC 1552
and was 25.6 7 during this carthquake. Large suetion pressures were observed near
the surface of the embankment as indicared by PPT 6159 in Fig.8.4. The profile of the
embankment was measured before aud atfter the centrifuge test. These are presented

in figure S.6.




Plate 8.1 Seepage barrier in centrifuge test GEM-2

Plate 8.2 Settlement atter the earthquakes in centrifuge test GEM-2
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1026 cara points per transducer. olotted after 1 smoothing pass
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9 Discussion on centrifuge tests GEN-1 and GEM-2

Based on the resules froun rhie cenrrituee resrs GENM-1 and GEMN-2 1t was observed
that the PHPA devices were able to rransfer the hiear from the frozen loose pocket
of sand to the hiear sink (stroung hox)y.  As a result the loose sand section was not
disturbed during the model preparation as well as rransportation on to the centrifuge
arm. For rhe freezing technique 1o bhe employved it 1s obvious that water must be used
as pore fluid. However if pore Huid is water the excess pore pressures generated within
the soil body dissipate rapidly. For the correet modelling of dynamic time scaling and
consolidation processes the model pore Hund must he "N7 rhmes more viscous than water
{ The permeability being same in the model qnd the protorype while the model is only
1N of the size of the protorvper. Silicone oil wiiose viscosity 1s 30 ¢S is used as pore

Hiad tn o S0g resr ro sansfe the sealing v

Four centsifuue rests were planued wirly silicoue oil as the pore Huid. It was pro-
posed to simulare the trappiue of excess pore pressures i the loose pockets of sand
due to the presence of imperineable strara around the pocket. Soft Lasagne sheets
were used as the mpermeable Liver. The permeability of the Lasagne layer was de-
termined under e conditions using a variable head permeometer. These experiments

have vielded o permeabiliny of k=419 - 1077 /s
10 Model control tests

Two model resrs were conducred nder 1o conditions to investigate the various
merhods of placing an ipermeable laver of Losague in the sand embankment. The
models were construered exactly ro the same specitication as the centrifuge test models
but without the placement of rrinsducers, The rvpical section constructed is shown in
Fig<.10.1 a and b, Two rhin dural plates were nsed as former plates for the loose section
of sand. The dural plares were lnbricared with water based silicone grease to minimise
the disturbanee to the model wien they are retracted afrer the end of the first phase.
LB 52/100 saud was vained at o predetermined vate thirongh a sand hopper. After the
Conscruction of the fest plm\(' ~hown i Fi_«;‘ 10010 was (-()1111)1<‘r(‘(l the model was vacuum
levelled to the desired protile. A suetion pressure of <30 ¢ of merenry was applied and
model was thoroughly deatred. Silicone oil of SO ¢S viscosity was admitted carefully at
rhe base of the model at a very <low rare to avoid piping and boiling of sand. When the
model is complerely satmrated 1o thie phase Tlevel the sietion is gradually released. The

dural plates were vetvacted cavetullv and the construenion of phase 11 of the model was




[
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carried our by raining rhe LB 22, 100 ~iand os deseribed carher. On completion of the
construction of the levee. the wodel wias viiemun levelled to the desired profile. Again
a suction of -30 e of mercury was applicd aud silicone oil was applied and silicone oil
was allowed at the base of the model nutdl the model was completely sarurated and the

oil sea has reached the final desired level

The model was then allowed ro stand for at least 12 hours on the laboratory floor
after which it was caretully trausported to the centrifuge chamber and was loaded on
to the arm of the centrifuge. I the case of centrifuge tests GEM 3 to 6 the suction
pressure was eradually released dnd the mstmuents were connected ro the data ship
rings via juncrion box. The centvifnee was spun up afrer pre thght checks as described
earlicr. However. in thie case of courrol tesrs the model was rhen unloaded from the
coenrrifinee arm and broughr hack o rthe b Hoor and the suction pressure was gradually
released. The profile of the levee was weasured and the serrlement was estimated. For
the dummy restss the observed serrlement was 0.2 nun ar the erest of the levee and no

*1i])pillg‘ ot slope ocenred.

Based on these control tests it was decided that the procedure of loading a model
embankment with loose pocker of ~oud while mainraining the suetion pressure was

~atistacrory,
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Fig.10.1 a) Phase I construction
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Fig.10.1 b) Phase I construction
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11 Centrifuge test GENI-3
11.1 Conpriguration of the test

A schematic section of the centrifuge model GEMM-3 is presented in Fig.11.1a. The
location of the transducers s mdicated in Fig.11.1h. In this test the loose pocket had
a thickness of 30 mm and was 175 mm long. The loose scetion was placed along the
width of the strong box and was 480 mun wide. The silicone oil with a viscosity of 80
¢S was used as pore fluid and the level of the oil sea was kept plush with the crest of

the levee,
11.2 Construction of the model

Tle dense seetion to the lett and right of the foose pocket of sand shown in Fig.11.1a
was coustructed by rainie of LB 527100 sand through a sund hopper. Former plates
were fixed i position using paper wedges. Latex rubber shieets were placed on the
sides of the loose pockets ro provent the dissiparion of excess pore pressure. At the
end of phase T of construetion desceribed i section 4.0 thin Lasagne sheets which were
softened by sarnration were placed on rhe upper surface of the loose pocket of sand
{see Fig.11.1a). Phase Il construction was carried out as described earlier. Instruments
were placed carefully at the reguired levels during the construction of the embankment
and final saturation was carvied our after Phase II construction was carried out as
described carlier. Iustruments were placed cavefully ot the required levels during the
construction of the embankienr and Hnal saruration was carvied out after Phase 11

construetion was completed.

11.3 Test duta

‘Four carthguakes were tived on this model. The hox acceleration was recorded by
ACC 3436. The strength of rthe carthquake was nercased from 17.1 % in the first earth-
quake ro 21.2 %7 in the fourth carthquake. Large excess pore pressures were generated
within the model levee and ave recorded by various PPT s indicated in Fig.11.1b. The
centrifuge resr dara is presented i Figs 11.2 to 11.9. Afrer the centrifuge test the final

profile of the levee was measured wnd post rest investigations were conducted. The

1y

final profile of the levee afrer the rest is presented in Fie.11.10.



Plate 11.1 Placement of instruments and former plates in test GEM-3

Plate 11.2 Phase I construction




Plate 11.4 Concoidal slip surface observed during centrifuge test GEM-3




Plate 11.6 Floating of accelerometer due to liquefaction in concoidal slip




LB 52/100 sand
saturated with
30 ¢s silicone oil

l Loose Nevada sand

175
50— s —
675

Schematic section of centrituge model GEM-3

77
6260® W

3492
62640 w1225
6269
o 507 66l w5754 |e - of
- M09 1926 3139
3436

B)

6514

Placement of transducers in centrifuge test GEM-3

FIG.111




1024 gcra poinfs per rransducer,

plorreg arter

Z smoarhing passes

mitlisecs
3 S.O 100 15|0
275 A A A A A T PPT6270
kPa, PAP TNV RV | 10.0,PAP
-5.89 = WS NS + kPasaiv__
T Ty
254 L ppre2s9
-4.65 ; kPa/d/v
|
5.6 =— ANNNANNANNANAA T PPT6264
kPa V\H/ V\/\/\/UVVV 50.0
-31.2 =+ V \/ v \/ \/ \/ #— kPa/div
"3 5 + PPT6514
kPa i 10.0
393 4 = Or N kPa/div
-
20,0 = /\N\/\N\/\/——I PPT3139
i PWAVAVA /\V/\V/\V/\VA A e
=237 = T kPa/div
|
“6.4 = T PPTS409
-2.25 = - kPa/div
50.2 = T PPT6261
o kPa | M/,\,\/\_/\/\/\f\f\/\wmfwwww 50.0
C-123 o kPa/div
3.3 = T ACC3477
. /\/\J\/\M\M\MMAAAAA./\/\/\/\/\AA
£ ~ UVt w0
'130 o V + %/d;v
971 - T
/\rm[\[\n!\[\z\m,m,\ﬂm | ALz
% ~ Y 7 \] \J \j \} v ] 20.0
B2 = x/div
8 45 N L accizzs
P v TN ] _
7 - gana \WVWV [
—_— L |
= [ S
12.2 A/\/\ﬂ/\\f\/\/\[\/\fm,\/mu T ALCIS26
% V\]\]\/ | U NI IR VAR VAR VAR S ahe o 20.0
S5 < J L wsdiv
871. = , < ACC5754
24P b A 0 A Pt e Ry 2,00, AP
~ 222 —-1:__ + ‘//d,v
68 - ~ ACC3436
o — A/\\/\vf\vj \\],/\ /\/\ Ja N, N ; 50.0
+  X/div
- i A - 3 | : -
s} 50 100 150
millisecs
Jcales : Model
. i
P - ‘
MODEL D0 £EQ1t | - ;o Km = 17. I? I n2




1024 data poinrs per transducer, platted arter 2 smoothing passes
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1024 data paoints per transducer. platted after 2 smoothing 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
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12 Centrifuge test GEM-4

12.1 Configuration of the test

A schematic section of the centrifuge model GEM-4 is presented in Fig.12.1a. The
location of the transducers is wudicated in Fig.12.1b. In this test the loose pocket had
a thickness of 40 mm and was 135 mun long. The loose section was placed along the
width of the strong box and was 480 nun wide. The silicone oil with a viscosity of 80
¢S was used as pore Huld and the level of the oil sea was kept plush with the crest of

the levee.
12.2 Construction of the model

The dense section to the left and vighir of the loose pocket of sand shown in Fig.12.1a
was constructed by raining of LB 32/100 sand rhrough a sand hopper. Former plates
were fixed in position usinyg paper wedges. Latex rubber sheets were placed on the
sides of the loose pockers to prevent the dissipation of excess pore pressure. At the
end of phase I of coustrucrtion desceribed iu section 4.0 thin Lasagne sheets which were
softened by saturation were placed ou the upper surface of the loose pocket of sand
(see Fig.12.1a). Phase II consrruerion was carried out as deseribed earlier. Instruments
were placed carcefully ar the required levels during the construction of the embankment
and final sarurarion was carried our after Phase I construction was carried out as
deseribed carlier. Instruments were placed cavefully at the required levels during the
construction of the embankiment and final saturation was carried out after Phase 11

construction was completed.

12,9 Test data

“Four eartliquakes were fired on this model. The box acceleration was recorded
by ACC 3436. The strength of the carthquake was iucreased from 13.1 % in the first
earthguake to 274 47 i rhe fourth carthquake. Large exeess pore pressures were gener-
ated within the wodel levee aud are recorded by various PPT's indicated in Fig.12.1b.
The centrifuge test data is presented in Figs.12.2 to 12,10, After the centrifuge test
the final profile of the levee was measured and post rest investigations were conducted.

The final profile of the levee after the rest is presented if Fig 12.11.




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
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13 Centrifuge test GENMN-5
13.1 Configuration of the test

A schematic section of the centrifuge model GEM-5 is presented in Fig.13.1a. The
location of the transducers is indicated in Fig.13.1b. Iu this test the loose pocket was
triangular and formed the toe of the levee on the down stream side. The height of the
loose section was 75 mm and its length was 250 mm as indicated in Fig.13.1a. The
loose section was placed along thic width of the strong box and was 480 mun wide. The
sthicone oil with a viscosity of 30 ¢S wins ed as pore Huid and the level of the oll sea

was kept plush with the crest of rhe levee,
13.2 Construction of the moddd

The dense seetion to the lefr and rieht of the loose pocker of saud shown in Fig.13.1a
was constructed by raining of LB 52, 100 ~and thronsh @ =and hopper. Former plates
were fixed in position using paper wedges. Latex rubber shicet was placed on the left
hand side of the loose pocker o prevent the dissipation of excess pore pressure. Phase
1 and Phase II construction was carried ont as desenbed carlier. Instruments were
placed carcfully ar the required fevels during the coustrucetion of the embankment and
final saturation was carried our afrer Phase I construetion was carried out as described
earlier. Tustrunents were placed cavetally ot the required levels during the construction
of the embankient oud Anal samation was cioried o atter Phase I construction was

completed,

13,5 Test data

Four carthguakes were fired on this model. The bhox aceeleration was recorded
by ACC 3436, The strength of the carthiquake was inereased from 17.1 %4 in the first
carthquake ro 27.3 00 0 the fonurh carrliquake. Linge excess pore pressures were gener-
ated within rhie wode] levee aud are recorded by varions PPT s indicated in Fig.13.1b.
The centrifuge rest datic s presenred o Figs.13.2 1o 1311, Long term records for
earthquakes 1 and 4 are presented in Figs, 134 and 13.11 vespectively. After the cen-
trifuge test the final profile of the tevee was measured and post rest investigations were

conduered. The final protile of riwe levee atrer the rest is preseured if Fig.13.12.




Plate 13.2 Final protile before saturation



Plate 13.4 Sand boils formed due to ligefaction
(at top lett 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 GEM-6
14.1 Configuration of the test

A schematic section of the centrifuge model GEM-0 is presented in Fig.14.1a. The
location of the transducers is indicated i Fig.14.1b. In this test the loose pocket had
a quadrilateral cross section as indicated in Fig.14.1a with a thickness of 40 mm and
was 300 mm long. The loose section was placed along the width of the strong box and
was 480 mm wide. The silicone oil with « viscosity of 80 ¢S was used as pore fluid and

the level of the ol sea was kepr plusli with the erest of the levee.
14.2 Construction of the molel

The dense seetion to the left mand righin of the loose pocket of =and shown in Fig.14.1a
was constructed by ramning of LB 527100 sand through a sand hopper. Former plates
were fixed in position nstie paper wedges, Larex rubber shicets were placed on the left
haud side of the loose pocker to prevent the dissipation of excess pore pressure. At the
end of phise [ of coustruerion deseribed i seetion 4.0 thin Lasagne sheets which were
softened by siturarion were placed on the upper sirface of the loose pocket of sand
fsee Fig 14 Lar. Phase I construenion was carried our as described earlier. Instruments
were placed carefully ar the required levels during the construction of the embankment
and final saruration was carried onr after Phase 1T construerion was carried out as
deseribed carlier. Lustrunents were placed caretully at the required levels during the
constrinetion of the cubankment aud Hual saturation was carried out after Phase 11

COnstruction was ﬂnnplﬂ(‘(l.
14.3 Test duta

Four carthquakes were tired on rhis model. The hox acceleration was recorded
by ACC 3436, The strength of the carthquake was inereased from 12.0 Y% in the first
earthquake 1o 22.6 40 in the fourth carthquake. Large excess pore pressures were gener-
ated within the model levee ind are recorded by various PPT's indicated in Fig.14.1b.
The centrifuge test data s presented iu Figs. 142 to 14.11. Long term records for all
the transducers during and after carthquake 4 are presented in Figs.14.10 and 14.11.
After the cenrrifuge test the final profile of the levee was measured and post test in-
vestigations were conducted. The final profile of the levee after the test is presented if
Fig. 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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A) Schematic section of centrifuge model GEM-6
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B) Placement of transducers in centrituge test GEM-6
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15 Conclusions

Dynamic centrifuge modelling of an embankment wich a loose pocket of sand
enclosed withiu the cmbankient was carried out. Two centrifuge tests were conducted
using freezing techuniques to maintain the loose fabric of the pocket of sand which was
defrosted after loading the model on to the centrifuge arm. The model preparation
techniques were found 1o be satistacrory. A draw down was achieved in the centrifuge
test GEN-2 by extracting the water from the downstream side of the levee during the
fight using a puuematically operated valve before any earthquake was fired. The results
from these rests were found ro he satstacrory. However. the excess pore pressures
generated during rhe earthquakes were dissipated tapidly as water was used as pore

Huid.

Two control rests woere canducred ro investigare the settlement of the loose pocket
of sand when high viscons silicone oif was nsed as pore Huid, Linpermeable Lasagne
sheets were placed to cnelose the Toose pocket 1 the conbankment. The results mdicated
that by caretul rransporr of rhe centrifuge model on ro the arm and maintaining the
suction pressure of =30 cur of mwercury during this phase the settdement of the loose

pocket could be Tauired to wovery siadl maeninucde.

Four dyvnamic centrifuge resrs were condueted using silicone oil as the model pore
fHuid. In each of rhese centrifuce tests the geometry of the loose pocket of sand was
changed. The cinbinkuent slope <utfered a slip during the carthquake in these tests.
The ship ocenred predominantiy on the side of the levee where the loose pocket of sand
was present. Liquetaction of the loose seetion vesulted i the slip of the slope. The
data obtained during these tests s presenred i rhis report together with the post test
profiles of the levee slopes. A none thoroneh analyvsis of the data recorded during these

rests will he presented o subscquent rechmical report.
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