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Abstract.

Folowing an eathqueke it is importat that the trangport networks are
operdble for the ue of rdief convoys Following the Northridge earthquake
sved of the key road neworks in the Los Angdes aea have become
unussble Kobe eathqueke presented a dmilar problem to the trangport
networks Embankments conditute a key demet in highways and other
trangport  networks. It is therefore important to ensure the safety of
embankments subjected to sagmic loading. This paper presants the results of
the cantrifuge tests carried out as a prdiminary invedigation into the behaviour
of granufar embankments founded on loose sauraed sand subjected to
earthquake loading. It was observed that the embankment settled by
condderable amounts during the eathquekes The pod tes invedigdion
reveded that gravd had sunk into the sand foundetion and there was some
laterd soread of the embankment.

1 Introduction.

During an eathquake event embankments founded on saturated sendy soils
affer a rik of liquefaction induced falure This paper concans itsdf with the
sudy of dynamic peformance of embankments Stuated on saturated sand beds
usdng the centrifuge modding technique. Schofidd (1980, 81) discussed the
sding lavs which rdae the behavior of a modd in eathquakes to the
prototype behaviour in the fidd. Over the past decade, dynamic centrifuge
techniques has edablished itsdf as a useful todl for the geotechnical engineer
to invedigae eathquake induced falures Schofidd and Lee (1988) explan
the decoupling of the crex of a sand idand from the input earthquake
folowing liquefaction of the foundation <oil. Habibian (1987) dudied the
sagmic behaviour of Venezudan coadd dykes Stuated on saturated sand beds.




Venter (1988) used an embankment carved from a solid block of wood/dural in
his dynamic centrifuge tedts.

This paper describes the behaviour of a gravel embankment founded on
loose saturated sand subjected to seismic loading. The embankment was made
of gravd of average diameter of 10mm and the foundation was made from
Leighton Buzzard LB 100/] 70 sand at a relative density of approximately 40%
and saturated with dlicone oil of viscodty 50 centistokes as dictated by the
scding laws. Four earthquakes of medium strength were fired a a frequency of
95Hz a 50g centrifuge acceleration. A consderable crest settlement was
observed during the earthquakes due to pore pressure rise reaching near
liquefaction in the foundation underneath the embankment. Post test
investigation reveded that the embankment gravel had migrated into the
fluidized sand under the embankment, being the predominant failure
mechanism during the earthquakes. Severad other failure mechanisms were aso
highlighted.

2 Equipment & experimental procedure.
2.1 Centrifuge Scaling Relationships.

Fig 1. shows a mode of a block of soil and its corresponding prototype.
Congructing a model with dimensons scded by /N and subsequently
increasing the acceleration by a factor N leads to identicd dtresses at the
homologous points in the modd and the prototype. This smilarity ensure that
the soil .behaviour of the model and the prototype are unchanged. Table 1
shows a summary of the scding laws.

Table 1 Summay of scaing laws.

@ Event Quantity Model/
type Prototype
ratio
T * Stress 1
Strain |
g Length I/N
5 General | Area IN?
w= n% Volume N
% | A - ‘\rw Mass 1
TRAT @ Force I/N?
Mode . brequgncy N
Dynamic | Velocity i
Fig. 1 Centrifuge model and prototype. g(‘;(:lneratrl:tg m




Schofidld (198 1) points out that if accelerations in the modd are N
times larger and the length dimensons are N times smdler than the prototype,
then from dimensond andyss, it can be concluded that the dynamic events
occur N times fadter, i.e. time is reduced by a factor of N and frequency of
shaking is N times larger in the model. Hence the base shaking of form x,=a
sn (wt) a prototype scele is described by x =a/N sin[(Nw)t,] in the mode.
Differentiacting once would give identicdl velocities for both modd and
prototype. Differentiating twice gives both the amplitude and frequency of
acceleration N times larger in the mode than in prototype.

Since dynamic events occur N times faster in modd than prototype, the
rate of pore pressure generation is aso N times large. However the rate of
disspation is N* times faster in model than in prototype for the same soil and
pore fluid used in both prototype and model. This is gpparent by looking at the
diffuson equation for pore pressure, u given here in one dimendon for darity

Vu = (1/C,) dwat

where C, is coefficient of consolidation, and is the same for both mode and
prototype provided the same soil and pore fluid are used. To diminae this
discrepancy, a pore fluid N times viscous than prototype pore fluid is used in
model thereby reducing the rate of disspation from N to N times that in the
prototype matching with the generation rate.

2.2 Bumpy Road Actuator

The centrifuge tests were conducted on board the Cambridge University
Geotechnicd Centrifuge, Schofidld (1980) and earthquakes fired using the
bumpy road actuator, Kutter (1982). Fig. 2 shows a cut-away view of the
bumpy road shaker.
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Fig. 2 Cut-away view of the bumpy road shaker.

As the centrifuge spins up, the package swings up and dSts on the rack. A
gnusoidd track with 10 cydes is firmly mounted onto the wal of the
centrifuge chamber. An event is triggered by moving the whedl on to the track
with pressure controlled across a double acting piston. The whed can be




made to come in to contact with the track once and once only during any
particular loading event. The radid movement of the whed is trandated into
laterd movement of the base of the package by a bel-crank mechanism. A
dider offsst mechanism will adlow the earthquake strength experienced by the
package to be varied. At 50g centrifuge acceleration, the track produced 10
cycles of roughly sinusoidal shape with a model frequency of 95Hz
corresponding to 1.9Hz in prototype.

2.3 Model Container.

The modd container used was the Equivaent Shear Beam (ESB) box, Zeng
(1991), Madabhushi (1994), of internal dimensons 560 x 250 x 200mm
(length x width x height), designed to give a semi-infinite soil modd which
would diminate the dissmilarity in the boundary conditions between modd
and the prototype. This box would saisfy dress and drain Smilarity and

suppress p-wave generation at the mode boundaries. Fig. 3 shows a 3-D view
of the box dong with its lid.
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Fig. 3 A 3-D view of the Cambridge Equivdent Shear Beam (ESB) container.

2.4 Model Preparation.

Sand used as the foundation materid is Leighton Buzzard LB 100/170 fine
sand. Table 2 shows the properties of LB 100/170 sand. Sand was air pluviated
into the ESB box using a sand hopper held at a fixed height above the surface
of the sand indde the model as pouring took place to obtan a sample of
uniform relaive dendty. The find depth of the sand moded was 180mm and
esimated to have a relative densty, Dr of around 40%. In prototype scae the
sand depth is 9m since the test was carried out a 50g centrifuge acceleration.
The foundation was ingrumented with accderometers (ACCs) and pore
pressure transducers (PPTs) as shown in fig. 4. The locations of transducers are
given in table 3. After sand piuviation, the modd was saurated with 50




centigokes slicone oil under a vacuum of -28inHg. Properties of slicone all
are given in table 4. Silicone oil was used as the pore fluid in order to satisfy
the amilarity in the centrifuge scding reaionships as mentioned earlier. The
embankment was condructed after saturation by dowly pouring gravel onto
the surface of the sand keeping the pouring height as low as 20mm so tha
grave will fdl into place to form a loose embankment with an gpproximately
triangular profile as shown in fig. 4. The embankment was -120mm wide and
-50mm high teking up the full width of the ESB box longitudindly. In
protoytpe scale, this corresponds to an embankment of width 6m and height
2.5m. Gravel used had an average diameter of 10mm and an irregular surface.
A camera was mounted facing the embankment a an angle to its longitudind
axis S0 that any settiment can be observed in flight.

Table 2 Summary of the properties of Table 4 Some properties of silicone oil.
1001170 Leighton Buzzard sand.

Specific gravity a 25° 0.96
D 1o gran sSze 0.095 mm Viscosity temp. coeff.  Q.6es/Kelvin
D50 grain size 0.14 mm Volumetric  expansion  coeff. 0.096%/C
Dgg grain size 0.15mm Boiling point 200°C & 2 mmHg
Specific Gravity Gg 2.65 Bulk modulus 750000 kPa
Minirnurn voids ratio emin 0.613 (up to1000kPa)

Maximum voids ratio emax 1.014

Permeability to water (e=0.72) 0.98E-4 m/s

. . Table 3 Locations of instruments.
Estimated angle of shearing

Resstance a criticdl state Ocre 32" |instrm. | Coordinate  (mm)
JLD.

Gravel  embankment ACCs X Y Z

~ 120mm wide, ~50mrB high -3441 125 0 300

378 | -1 20 | -20

]‘! - 1258 -12 103 { -10
| 55,0240 62700 =3436 b 3436 | -16 ) 148 -1
56 ; ‘5756 -4 152 || -252

62630 == 1258 ‘ IPPTs

‘ 180 mm| | 6579 | -7 B | 42
| 6579 0 e 3478 Y Base fl6263 | 2 | 100 39
‘ AL 3%.1 6270 -18 147 50
= ACC :2540 13 148 | -196

Fig. 4 Test geometry and instrument
layout for test NPO2.

o PPT

25 Test Procedure.

After the modd preparation was completed the modd package was mounted
onto the beam aong with its counterweight and the centrifuge beam was
accelerated to 50g. Few minutes after reaching 50g an earthquake was fired
with data being recorded on computer and on Racal recorders. Static pore
pressure readings were taken after dlowing time for consolidation. In this
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way, dl four earthquakes were fired after which the centrifuge was stopped.
The earthquakes fired were of medium srength with a frequency of 95Hz and
had just over 10 cycles.

3 Test reaults & analysis.

3.1 Experimental observations.

Figs. 6 & 7 shows the accelerometer and excess pore pressure transducer data
obtained in the first and the fourth earthquakes fired. The first earthquake had
a package peak strength of 36.25% of 50g recorded on ACC3441. All

accelerdions are given as percentages of the centrifuge g leve. Subsequent
earthquakes fired were of smilar strengths at 42.49% as shown in fig. 7 in the

caxe of the fourth earthquake. The accelerometers aong the centerline of the
model underneath the embankment indicates a reduction in drength as the
earthquake progressed. In EQ!1 ACC3436 had a reduction in the acceleration
after four cycles whereas in EQ4 this happened after two cycles This
degradation in drength occurs quickly in the upper layers closr to the
embankment. The ACC traces dso indicates an amplification of strength from
the base of the modd to mid-depth and then an attenuation to the surface. For
example in the first earthquake, ACC3478 registered a peak strength of 19.5%
which rose to 2312% in ACC1258 and then dropped to 8.5% as indicated by
the reading on ACC3436. A smilar pattern was aso observed in dl other
earthquake. The accelerometer located away from the embankment, ACC5756
followed the bumpy road motion reaching accderations much higher than
ACC3436 which is a the same level but undernesth the embankment.

The pore pressure transducer PPT6579 located near the base of the
model indicated a rise in excess pore pressure and amost reaching a plateau in
al earthquakes. In the firgt earthquake, under the embankment, the mid-depth
and the near surface PPTs indicated a cydlic rise of pore pressure whereas in
the fourth earthquake, this cyclic rise was only observed in PPT6270 just
below the embankment. Pore pressure ratio r, is defined as the ratio of excess
pore pressure generated and the initid effective dress where the initid
effective stress was calculated as stated in the next section. The ratios r, dong
the model centerline are 0.7 a base, 0.8 a mid-depth and 0.4 near the
embankment/foundation interface for the fird earthquake. This indicates that
the mid-depth was close to liquefaction. For the fourth earthquake the ratios
are 0.8 for base, 0.6 for mid-depth and 0.5 near the embankment/foundation
interface indicating that the base of the modd was close to liquefaction.

Another phenomenon cbserved was the phase shifts in the
accdlerometer traces under the embankment. In the first earthquake, ACC3436
shows a digtinct phase shift compared to ACC3478 with the third and fourth
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Fig.6 Short term time records for earthquake no. 1 of test NPO2.
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Fig. 8 Initid and find profiles of tes NPO2

pesks of ACC3436 remaning to the right of that of ACC3478. Also the pesks
ae flatening. This phase shift is more dear in the fourth eathqueke which is
of high drength, where the second pesk of ACC3436 is dmost 180" out of
phase compared to that of ACC3478. These phase dhifts points out to
decoupling of the sand foundation thet exised as the pore pressures rose.

During dl the eathquekes the embankment crest settled by a
gonificat amount giving an oveadl sttlemet of 2mm in modd scde
corresponding to 1. Im setlement in prototype (see fig. 8). For any one
earthquake this represents a crest sdttlement of 27.5¢cm (=1. 1m/4) in prototype.
During the fird eathquake there wes laterd goreed of the embankment with
gravd raling dong the dope. The dope of this embankment is 39.8" which is
cose to the typicd angle of repose of gravd of 10mm diameter, a 35" to 40".
This means that gravd on the dope of the embankment are undable and hence
they ral down, sreeding the embankment to reech equilibrium. The man
mechanism of settlement in dl four earthquekes was due to gravd sdttling in a
sand foundation which is experiencing a rise in pore flud pressure Pod-test
invedigation reveded that the gravd patides had migraed downward to a
depth of 30mm in the modd as shown in fig. 8. This corresponds to a 1.5m
migraion in a 9m foundetion in prototype Settlement Ao occured due to
consolidation of foundation ater an earthqueke and due to dengfication within
the embankment when gravd patides rearange themsdves

3.2 Edimation of the cret settlement.

Let us assume that the embankment is made of deformable materid and Stting
on an dadic foundation with condant giffness The embankment is 6m wide

2.5m high and 12.5m |ong and the foundaion is of depth 9m. The initid
efective vaticd dress is given by (Terzaghi (1943)),

c,' = due to foundation soil + due to linearly incresing load of
(kPa) embarkment

c'=8.732z+23.316tan"(3/2) (1)




where z is the depth bedow foundation surface.
The initid horizonta effective dress is amilarly defined as

0,'=8732z* K, + dueto linearly incressing load of
embankment

Where K =1 - sn @'
Therefore,

o, =4.105z + 23.3 16 (tan-'(3/2) - (z/3) In {(9/Z') +1} @)
The maximum shear modulus as stated by Hardin & Dmevich (1972) is,
Gmax = 100 { [3-e]/[1+e]} * (0,))’ 3)
where e is the void ratio and ¢, is the mean effective sress given by,
¢, = (0, +26,")/3 4)
The Youngs modulus is given by,
E=2G(1+v) %)

where v = 0.5 for undrained and 0.2 for drained.
The embankment crest settlement is given by,

&=(c,/E)*9 (6)

where G, is the dress a the center of the embankment/foundation interface
due to the linearly increasing load obtained from egn. (1) with z = 0. Using
egns. (1) to (5) and evauating a z = 4.5m (mid depth) gives a drained Young's
modulus for the foundation of 3296.9 kPa prior to earthquakes. Using eqn. (6)
gives a stlement of O.Im in prototype corresponding to 2mm in modd.
During the first earthquake, the pore pressure at the mid-depth rose to 39.685
kPa as indicated by PPT6263 in fig. 6. Usng the new effective stresses
caculated by substracting the pore pressure from the initid effective dress
values gives an undrained Young's modulus of 1570.8 kPa. It is assumed that
the foundation is undrained throughout the earthqueke. This gives a settlement
of 0.21m in prototype or 4mm in modd during the earthqueke. The overdl
crest satlement including the initid crest sdttlement and assuming that each
earthquake gave the same crest settlement, is 18mm in modd and 0.9m In
prototype. This is comparing with the observed 22rnrm in model and 1.1 m in
the corresponding prototype. The discrepancy in the edtimated and the
observed vaues comes from the consolidation of the foundation which takes
place after each earthquake causing further crest settlement.




4 Concluding remarks.

Tedts were carried out as a preliminary investigation into the behaviour
of gravel embankments founded on loose saturated sand. It was discovered that
when the shear waves propagated, pore pressure underneath the embankment
rose in some regions gpproaching fluidization or liquefaction. Pore pressure
ratios as high as 0.8 were recorded a mid-depth in the first earthquake causing
the decoupling that was observed in the accderometers buried in the
foundation. This pore pressure rise had softened the sand foundation hence the
bearing capacity leading to the settlement of the embankment as the grave
particles migrated into the foundation. The migrated distance was 1.5m in a
9m foundation leading to a cres settlement of [Im in dl four earthquakes.
The crest sHtlment was esimated usng an dadic andyss with the diffhess
degradation accounted for due to pore pressure rise. This yielded an overdl
sttlement of 0.9m for dl four earthquakes which is close to that observed,
athough without calculating the consolidation settlement. Lateral spread of the
embankment largely contributed to the crest settlement only during the firgt
earthquake with additional contributions coming from foundation
consolidation and dendfication within the embankment.
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