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ABSTRACT: Physical model tests using a large biaxial lamistagar box on the shaking table at the National et Research on
Earthquake Engineering (NCREE), Taiwan was condutdestudy the liquefaction behavior of saturateddsander one- and multi-
directional earthquake shakings. Specimens of cléatmam silica sand and Mailiao sand with silt e@repared using specially designed
pluviators. Model piles made of steel and alumirpipes were also placed inside the shear box taiatathe pile performances and soil-
pile interaction within saturated Vietnam sand urglekings. The input shakings included sinuscadal recorded earthquake accelerations.
Pore water pressure changes and accelerationsnvilibi soil, displacements and accelerations ofstiear box frames, bending and
accelerations of the piles at various depths, foife displacements were measured during the shdhing tests. Settlement of the sand
surface after each shaking was also measured. &oaigses using the test results on soil liqguefactgettlement, behavior of pile in

saturated sand under shaking were presented.

1. INTRODUCTION

In previous large earthquakes, including the 19@8van Chi-Chi
Earthquake, extensive soil liquefaction occurred eaused severe
damage of foundations, lifelines, and water frotucures.
Excessive settlements, lateral spreading and laledshere also
induced by liquefaction (Hwang, et. al, 2003). Ehare pile
foundation failures because of the loss of soipsus and excessive
lateral loading. Many studies on soil liquefactiamd soil-structure
interaction have been performed in order to undadstthe
mechanism of liquefaction and the dynamic responsds
foundations in a liquefiable soil under earthqudéeding. The
results of these studies provide the bases foruatiah of the
mitigation methods for liquefaction hazard and st design for
structures with pile foundations in a liquefiablewnd.

Large soil specimens have been placed and testeshaking
tables that can reproduce the seismic ground shakider either 1
g or centrifugal conditions (Hushmand et. al, 1988ylor et. al,
1995). For a large size physical model, (1) it batter simulate in-
situ soil conditions and soil responses, includiggefaction and
soil-structure interaction under earthquake shaking(2)
instrumentation can be installed easier with lefscts on the
responses of soil and structures; and (3) spatia &mporal
distributions of responses within the soil specinoam be better
measured.

A large-scale laminar biaxial shear box on the bltakable at
the National Center for Research on Earthquake Eerging
(NCREE) in Taiwan has been developed to test a lage
specimen under two-dimensional earthquake shalorgthe study
of liquefaction behavior of sand and soil-structinteraction. In the
two-dimensional shaking, the loading and the salvements are
multidirectional in the horizontal plane of two (And Y-) axes, and
they also change with time. Thus, the shaking téddés can better
simulate the in situ multidirectional seismic loaglion the ground
and structures within the soil.

This paper presents the shaking table tests pesfbahNCREE
on large sand specimens with and without modekpiled the uses
of the test data.

2. LARGE BIAXIAL LAMINAR SHEAR BOX

A soil layer under a level ground surface is usuall a K,

condition, while, during an earthquake, the soitldferent depths
may move differently in the horizontal plane foliogy the upward
shear wave propagation. To provide such flexiblé lmyielding

side boundaries as in the field, laminar simple ashboxes
composed of layers of frames are commonly usedhéntests. For
horizontal two-dimensional earthquake shaking, yvayer of the

frames should be able to move freely in every dioeci.e., multi-

directionally, in a horizontal (X-Y) plane followgnthe movement
of the soil in the container. This can be accorhglisif the frames
are allowed to move biaxially in both X- and Y-ax@sultaneously.
Figure 1 shows schematically the biaxial laminarash box

composed of 15 layers of sliding frames. Each |lagarsists of two
nested frames, an inner frame (1880 mm x 1880 nmu)aa outer
frame (1940 mm x 2340 mm). Both frames are made secial
aluminum alloy with 30 mm in thickness and 80 mmhieight,

except the uppermost layer that has a height of@60 These 15
layers of frames are separately supported on thewnding rigid

steel walls with a gap of 20 mm between adjaceyerta A sand
specimen of 1880 mm x 1880 mm x 1520 mm can besglatside

the inner frames. A 2-mm thick silicone rubber meanie was
placed inside the box to provide a watertight cioatafor saturated
soil.
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Figure 1. Schematic drawings of the biaxial lamisteear box
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Linear guideways consisting of sliding rails anctieg blocks
are used to allow an almost frictionless horizomabvement
without vertical motions. Each outer frame is supgd by the
sliding rails built on two opposite sides of thaeyurigid walls. The
bearing blocks on the outer frame allow its moveimienthe X
direction with minimal friction. Similarly, slidingrails are also
provided for each outer frame to support the irfreme of the same
layer such that the inner frame can move in theiréction with
respect to the outer frame. With these 15 nestggtdaof inner and
outer frames supported independently on the rigitlsythe soil at
each depth can move multidirectionally in the homial plane
without torsion. Details of the design, manufactgri and
performance of the laminar shear box can be foundeng et. al,
2001; 2003; 2006b.

3. SAND SPECIMENS

Vietham sand and Mailiao sand were used in the ispatests.
Vietham sand is a commercially available clean faieca sand
while Mailiao sand is a typical soil in the reclaia industrial sites
in the western coastal area of Taiwan. The graapstof Mailiao
sand is mainly sub-angular and flaky. It is morenpeessible and
friable than silica sand. Mailiao sand at site aord a wide range of
fines from about 5 % up to 80 %, mostly 8-30 %hie shallow
depth (< 15 m) (Chen and Huang, 1997). The silteanf the sand
obtained for this study is about 6-9 %. The reprigive grain size
distributions of the tested sands are shown in reéigR. The
maximum and minimum void ratios for Vietham sande ar
0.887~0.912 and 0.569~0.610 and those for Mailewd swith silt
are 1.162 and 0.586, respectively.
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Figure 2. Grain size distributions of tested sands

For Vietnam sand, the large specimen inside tharshex was
prepared using a specially designed pluviator aowsh
schematically in Fig. 3(a) (Ueng et. al, 2006b)e Ty sand, about
7 Mg in mass, was rained down in one stage intshiear box filled
with water to a pre-calculated depth. For Mailiand with silt, due
to the moist clumpy condition of the natural soithwan average
water content of 7.2 %, a different device, as shawFig. 3(b),
was developed to prepare the large specimen ietdathinar shear
box by using the staged sedimentation method (lé¢ngl, 2008b).
In each stage, approximate 1.0 Mg of sand was @appto the

30

shear box from the pluviator by opening the botiames about 30
minutes after the previous stage. It took sevegestdo complete a
Mailiao sand specimen of about 1.350 m in heigtthia study. The
uniformity and density of the sand specimen weralwated by
undisturbed sampling from the shear box after ltion of the sand.
The saturation of the specimens was checked byuringsP-wave
velocity across the specimen horizontally at ddfer depths. A
small steel ball hit the sand specimen at the 20-gaps between
the frames and the arrival times of the P-wave weeasured using
the accelerometers close to the hitting point amdss the specimen.
The results indicated that the sample was wellrated and rather
uniform in both density and fines content.
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Figure 3. Pluviators for specimen preparation

4. MODEL PILES

Two different types of model piles were used in shaking table
tests. One was made of a stainless steel pipe,m.iBOength, with
an outer diameter of 101.6 mm, a wall thicknes8S ahm and a
flexural rigidity, El, of 186.0 kN-rfy the other was made of an
aluminum alloy pipe, 1.60 m in length, with the sadiameter and
wall thickness and El 77.6 kN?m Strain gauges and
accelerometers were placed at different locatiangespectively
measure bending strains and accelerations alongileThe pile
was fixed at the bottom of the shear box to sineuthé condition of
a pile foundation embedded in rock or within a fisoil stratum. A
rigid steel adapter (15.3 kg in mass) for applaratf lateral force
was fixed to the top of the steel pile, while upttsteel disks, each
with 37.10 kg in mass, were fixed to the top of dieminum pile to
simulate the superstructure of various masses.nfddel pile with
instrumentation inside the shear box was set uprégireparation
of the sand specimen, as shown in Fig. 4.
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Figure 4. The instrumented aluminum pipe insideshear box
with one steel disk on the top

5. INSTRUMENTATION

To obtain the movements of 15 layers of inner antéoframes at
different depths of the laminar shear box and #sponses of the
sand specimen during shaking tests, magnetostritfjge linear

displacement transducers (LDT) and accelerometers wlaced at
various locations and heights on the outside nigadls, the outer
frames for X-direction motions, and the inner franfer Y-direction

motions. Figure 5 shows the layout of the instrut@gon on the

shear box.
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Figure 5. Instrumentation on frames of the shear b

For the build-up and dissipation of the pore watessures and
accelerations in the sand specimen, mini-piezometerd mini-
accelerometers, in both X and Y directions, westalted inside the
box at different locations and depths (Fig. 6).zBmeters and
accelerometers were also placed near the modefgilevaluation
of the soil-pile interaction during model pile tesAdditional couple
sensors capable of measuring the pore pressuraceteration at
the same location and tactile sensors were indtédieevaluation of

the applicability of these instrument§hese transducers were

positioned with thin fishing lines before placingetsand into the
shear box. These fishing lines were cut prior ®&oghaking tests.

Two settlement plates (180 mm in diameter) conmketéh
LDTs were placed to observe the sand surface settlss during
shakings.

Two LDTs were mounted to the reference frames detshe
shaking table to measure the displacements ofitegqgp in X and
Y directions. Resistance-type stain gauges wereeglan the pile
surface to measure bending strains of the modelatiflO different
depths with 15 cm in spacing along the pile axise@ch depth, two
pairs of stain gauges were mounted on opposites sitléhe pile in
X and Y directions. Vertical acceleration arraysrevalso set up
along the model pile to measure accelerations efpfle in both X
and Y directions. Figure 6 is the layout of instamation on the
model pile and within the sand specimen.
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Figure 6. Instrumentation on the pile and withia and specimen

6. SHAKING TABLE TESTS

Starting from August 2002, numerous shaking tagdtsthave been
conducted on the sand specimens, with and witheutrtodel piles,

in the biaxial laminar shear box at NCREE. They idelli

liquefaction tests to study ground responses agdefaction

behavior of the sand specimen, and model pile testvaluate the
pile behaviors and soil-pile interactions underkaigs.

6.1 Liquefaction Tests

Series of shaking table tests on the Vietnam saddMailiao sand
31
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specimens were performed to observe the pore watessure
generations and deformations of the sand specinvar®ous one-
and multi-directional input motions were imposed thg shaking
table. The input motions included sinusoidal (1 P&z, 4 Hz and 8
Hz) accelerations, with amplitudes {4 from 0.03g to 0.15g in X
and/or Y directions. In the two-dimensional (multdttional)

shaking, there is a 90° phase difference betweean itiput

acceleration in X and Y directions, i.e., a circuda ellipse motion
was applied. The acceleration, full and reducedlitumies, recorded
at seismograph stations in Chi-Chi Earthquake, Kohghguake
and Loma Prieta Earthquake were also imposed iN-$§) and Y

(E-W) directions. In two of the shaking tests, echarge of 2860 kg
was also placed on top of the Vietnam sand spectmeimulate an
about 3-m overlying soil layer.

The outer frames for X-direction motions and theeinframes
for Y-direction motions at every depth of the laminshear box
were recorded during shaking using displacememsthacers and
accelerometers to evaluate the responses and digigef of the
sand specimen. The accelerations in X and Y dosstiat various
locations and depths of the specimen were alsoursdsvith mini-
accelerometers. Pore water pressure changes inbielesand
specimen were measured continuously until sometifieg the end
of shaking to observe the generation and dissipatibthe pore
water pressures. Two settlement plates were almeg@lto observe
the surface settlements during shaking tests. Eighhof the sand
surface was measured manually after each shakiag tie
settlement of the sand specimen can be calcul&igdre 7 shows
the laminar shear box with instrumentation on thekig table
prior to shaking tests. Soil samples were takemgushort thin-
walled cylinders at different depths after completof the shaking
tests to obtain the densities of the sand specimen.

Figure 7. Mailiao sand specimen in the shear boshaking table

6.2 Mode Pile Tests

In the model pile tests, only clean Vietham sand wsed for the
large sand specimen in the shear box.

The lateral load tests on the steel model pile waitld without
sand were performed under static and cyclic loatiyngn actuator
fixed on the reaction wall at NRCEE (Fig. 8). Theuhmotions of
cyclic loading included sinusoidal displacementshwamplitudes
ranging from 1 mm to 5 mm and frequencies of 0.5 Hklz and 2
Hz. The dial gages, strain gages and piezometers wstalled at
various locations to measure the responses ofitend soil under
different loading conditions. The height of the dasurface after
each loading test was measured to calculate thterment and
density of the sand specimen.

Shaking table tests were first conducted on eackempile
without sand specimen to evaluate the dynamic chexiatics of the
model pile itself. Sinusoidal and white noise aeraions with
amplitudes from 0.03 to 0.075 g were applied inng & directions.
The model pile within the saturated sand specimas tlien tested
under one- and multi-directional sinusoidal (1~22) Hnd recorded
earthquake accelerations with amplitudes rangiom .03 to 0.25

32

g. White noise accelerations were also applieddth X and Y

directions to investigate the behaviors of the rhpile and the sand
specimen with amplitude of 0.03 g. Figure 9 shovehaking table
test of the aluminum model pile with 6 steel disksits top in the
sand specimen.

Figure 9. Shaking table test on the aluminum medelin saturated
sand

During every shaking test, pile top displacemestgins and
accelerations at different depths on the pile, gude water
pressures and accelerations in the sand specimsen figld and far
field) were measured. Besides, the frame movementiiffarent
depths of the laminar shear box were also recotdexialuate the
responses and liquefaction of the sand specimeme R@ater
pressures inside the sand specimen were measurgthumusly
until sometime after the end of shaking to obsehee generation
and dissipation of the pore water pressures. Thghhef the sand
surface after each shaking was obtained for th#es®int and
density of the sand specimen.

7.
7.1

TEST OBSERVATIONS
Pore Water Pressure and Liquefaction

Immediately before each shaking test, the heighhefwater level
was measured and the water pressure at each piezomes
recorded to determine the initial piezometer positiThe water
pressure changes at different locations were medsuaturing
shaking table tests and liquefaction of sand canabsessed
accordingly. The soil is considered liquefied whba excess pore
water pressure reaches the initial effective st(ess r, = 1.0) and
usually remained at that value afterwards until sdime after the
shaking ended. Figure 10 shows time histories efdakcess pore
water pressures measured by piezometers at diffdegpths in the
specimen of Vietham sand during a shaking testart be seen that
in this shaking test, the sand within the uppe637 mm of the
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specimen was liquefied rapidly when the shakingtesia Once the
shallow part of soil liquefied, the water pressuegsthe deeper
depths began to reduce due to the pore water peegsnsmittal
and dissipation caused by drainage of water thrahghliquefied
zone. At some depths, for example, 483 mm belovd sanface,
originally liquefied sand became non-liquefied agbéfore the end
of shaking.
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Figure 10. Pore water changes at various depttisglarshaking
test, October 2004

It was observed in the shaking table tests thaefagtion of the
sand specimen is more likely under a shaking odtgreamplitude,
higher frequency, longer duration, and/or multigiesections. The
sand specimen often liquefied again even after mprgvious
occurrences of liquefaction which resulted in ahkigdensity of
sand. The measurements of water pressures atedhtfdepths in the
sand specimen also indicated that the sand atll@awbadepth was
more susceptible to liquefaction than that at atgredepth. In many
cases, the shallower soil liquefied without liquéian of the deeper
soil probably due to the mechanism of water press@nsmission
as elucidated by Ueng et. al, 2006a; 2007. Theefaption depth
was determined based on the measurements of neipdimieters in
the sand specimen and accelerometers on the irmmee$ according
to the procedures described in Ueng, et al, 2010.

Figure 11 shows the excess pore water pressurgbdigin
along the depth of the specimen at various timéndut-D and 2-D
shaking tests. It can be seen that 1-D shakingcediuess excess
pore pressure and caused a shallower liquefiedr,laykile the
multidirectional shaking caused a deeper liquedactzone. The
excess pore water pressures generated under 1-R-Bnshakings
measured prior to liquefaction during the shakegjs are compared.
Generally, the ratio of excess pore water pressuteced by 2-D
shaking to that by 1-D shaking ranges approximdteiy 2.5 to 3.5
according to the results of shaking table testbopmed at NCREE.

Sand boil is a well-known feature after liqguefantimving to the
expelled water carrying sand particles with ithe ground surface
through volcano-like vents. However, this phenonmenas rarely
seen in shaking table tests with a uniform satdragecimen of
clean sand probably due to its high permeabilitd aniformity.
Sand boils occurred on the surface of the Mailemdswith silt after

liquefaction in the shaking tests. The thin layet (mm) of a high
fines content material on top of the sand specimbéen it was
prepared by the staged sedimentation method (Ueng,2008b)
was possibly the main reason for this phenomendris Tow
permeability layer could hinder the flow of waterdadissipation of
pore water pressure. When this high fines contgrerlwas scraped
off from the surface of the specimen prior to aggion of shaking,
sand boil was not observed at the beginning ofstteking test but
reappeared after a thin low-permeability layer @sned by the
fines carried up from the specimen during watesguee dissipation.
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Figure 11. Excess pore water pressure distributiensus  depth
during shaking tests, October 2004

A comparison of pore water pressure changes atdifferent
depths in the specimens of clean Vietnam sand aaifidd sand
with silt during 1-D sinusoidal shaking with an ditymle of Ay =
0.1 g is shown in Fig. 12. It can be seen thatetkemess pore water
pressure in Mailiao sand with silt takes a longeretto dissipate
than that in Vietnam sand. The piezometer measursnshowed
that the time of pore water pressure dissipatioMaiiao sand with
silt is about 15 times longer than that of cleaetiam sand. The
permeability test results also showed that the @tipermeability of
Vietnam sand to that of Mailiao sand with silt wagproximate 15
(Chen, 2007). It illustrates the relation betweemnmeability and
rate of pore pressure dissipation after shaking.
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Figure 12. Water pressure changes versus timaglarD shaking

7.2  Settlement after Liquefaction

According to the settlement measurements during afitet the
shaking tests, the settlements during shakingsowttiquefaction
are very small and insignificant compared with thegen there is
liquefaction. The settlements resulted from the tidinéctional
shaking were larger than those under one-diredti&ireking in both
cases of liquefaction and non-liquefaction of thik s

The volumetric strain of the sand after liquefacticaused by
shaking was calculated by dividing the thicknesange of the
liquefied sand by its depth. With considerationtleé liquefaction
depth, the test results showed that the volumeitiain after
liquefaction, under sinusoidal shakings decreaséh welative
density of the sand regardless of the amplitudequency and
directions of shaking. According to the measurespldicement of
each frame, the maximum shear strain in the speciraaged
between 0.5% and 3.5%. The general trends of vdtignstrain
changes versus density obtained in this studyieniéas to those in
(Tokimatsu and Seed, 1987). It was also found ttatvolumetric

34

strain after liquefaction increases with shakingration. By

applying the correlation between shaking duratiod aarthquake
magnitude proposed by Seed and Idriss (Seed aisd,1d882), Fig.
13 was obtained for estimating the ground settleésneha liquefied

clean sand of different densities subjected tchgaekes of various
magnitudes (Ueng et. al, 2010). Results obtainethénshaking
table tests subjected to the recorded acceleratinasme previous
earthquakes are also given on Fig. 13 for compariddigher

volumetric strains after liqguefaction were induegdier the Chi-Chi
earthquake shakings which exhibit a rather londsisigeduration (>

60 s).
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Figure 13. Relations of volumetric strain after Bfpction versus
relative density and (N1)60 for various earthquiegnitudes

0
— |Mailiao sand
'Vietnam sand|

3
e [ |
c
()
£
Q<
=
Q
n

12

0 10 20 30 40

Time (sec)
(a)Settlement versus time

0
fg 4
E
i}
e
AN
3 s \\

12

0 100 200 300 400

Time (sec)

(b) Extended settlement time history for Mailiamdapecimen
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Figure 14 shows the measured surface settlement§etiam
sand and Mailiao sand with silt under the same ¢estlitions as
those given in Fig. 12. After dissipation of excgssre water
pressure, the final settlements of the Vietham samtiMailiao silty
sand specimens are 9.0 mm and 10.6 mm, respectivEhe
liquefaction depth for Vietham sand specimen is0L6%n and that
for Mailiao sand specimen is 767 mm. This implieshigher
liquefaction resistance for Mailiao sand. With ddesation of
liquefaction depth, the volumetric strains indudmd liquefaction
are 0.85 % for Vietnam sand and 1.38 % for Maiaod with silt.
The greater volumetric strain of Mailiao sand cobddattributed to
its higher compressibility (Ueng, et. al, 2008a).

7.3 Model pileresponses
7.3.1 Lateral loading tests

The flexural rigidity, EI = 186.0 kN-fy of the steel model pile was
verified with the results of the lateral loadingtee on model pile

without soil specimen. An equivalent rotationalisgrwas added to

take into account the possible rotation at the tijl@t the bottom of

the shear box.
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Figure 15. Force-displacement relation for the fip in lateral
load tests on the steel model pile in sand specimen
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Figure 16. Stiffness and damping ratio of the miedisplacement
under cyclic lateral loadings of various frequencie

A typical force-displacement relation for the pitg in a lateral
loading test on the steel model pile within the dsapecimen is
shown in Fig. 15. The equivalent stiffness and dampatio of the
pile top motion were obtained based on the hysterémce-
displacement relation. The stiffness of pile topspthcement
decreases with increasing deflection and increagtesfrequency as
shown in Fig. 16a. The damping ratio of the modk mcreases
with increasing deflection and decreases with feeqy as shown in
Fig. 16b. The p-y curves were also obtained baseth® measured

pile curvatures at different depths along the pilee equivalent
subgrade reaction modulus according to the p-yecimereases with
pile depth. It also increases with loading freque(itseng, 2008).
These observations suggest that the dynamic deiliteraction is
affected not only by the pile displacement but &igdhe rate of pile
movement and shaking frequency.

It was observed that the generated excess pore wassure
mainly occurred near the pile perimeter when thedehopile
subjected to lateral load (Tseng, 2008). Positxeess pore water
pressures were generated on the compression sttie pile, while,
on the extension side, negative excess pore waessyres were
observed.

7.3.2 Under small amplitude shakings

Shaking table tests on both model piles withoutisspecimen were
conducted to evaluate the dynamic characterisfitseomodel pile.
We consider behavior of the model pile in the sheras a single-
degree viscously damped system as shown in Fig.Thé. free
vibration motions of the pile top immediately aftéve end of the
input motions were recorded to estimate the natinegjluency and
damping ratio of the model pile. According to asely of a series of
shaking table tests, the natural frequency of teel ile with an
adapter on the pile top ranged from 13.2 to 13.&7 &hd the
average damping ratio was about 1.6 %. Furtherntbeedynamic
characteristics of the model piles can also beuewatl based on the
forced vibration of white noise shaking. The anigdifion curve
was derived from the Fourier spectral ratio of threasured
acceleration of the pile top to that of the inpudtion. As shown in
Fig. 18, the predominant frequency of the sted pihs identified at
13.62 Hz, which is about the same as that obtamethe other
method. Table 1 lists the predominant frequencfeth® steel and
aluminum model piles according to the test data.

Ay

Figure 17. Schematic drawing of the single-degiseously
damped system
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Figure 18. Amplification factor versus frequenoy the steel pile
from white noise shaking
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Table 1. Predominant frequencies of the modekpile

induced by the superstructure plays an importdeton the soil-pile

Masson piletop Predominant frequency, Hz interaction.
Sted pile Aluminum pile
NoO mass _ 23 .4 Table 3. Predominant frequencies of the soil &rdaluminum pile
Rigid adapter 13.62 — in soil of different relative densities
1 steel disk — 555 Masson piletop |Soil density, D,| Predominant frequency, Hz
3 steel disks _ 311 % Soil Pilein soil
6 steel disks _ 503 No mass 7.5 10.49 10.49
No mass 30.6 11.68 11.7
The dynamic characteristics of the soil stratum sod-pile |1 Steel disk 31.7 11.8 11.7
system were evaluated by a series of shaking taisks of small |1 steel disk 40.5 11.8 1.7
amplitude shakings. Figure 19 shows the amplifizatfactors |6 steel disks 56.6 13.1 4.88
between the steel pile top and the far-field grosndiace under |6 steel disks 64.7 13.2 5.1
white noise accelerations and sinusoidal vibratiais various
frequencies with amplitude of 0.03 g. Results oladirunder 20
sinusoidal shakings of various frequencies are sitevn in Figure —Pile - -- Free Field
19. The predominant frequencies of both far-fiad and the pile in
soil are nearly the same with a value of about Hz5Table 2 lists er
the predominant frequencies of the soil and the il soil of S -
different densities for the case of the steel mailel It can be seen g 2| :
that the predominant frequencies of soil stratumh pife in soil are 7§ ' .
almost the same and these frequencies increaseeldtive density £ 8 |
of the sand specimen. This infers that the kinesrfatice from the & ;
soil motion dominates the pile response becauskeeo$mall inertia _r /\
force from the superstructure. W V\M

20
— Pile (White noise)

® Pile (Sine wave)

— Free field(White noise)
A Free field (Sine wave)
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10 12
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Figure 19. Amplification factor versus frequenoy far-field soil
and steel pile in soil (Dr = 37.13 %)

Table 2. The predominant frequencies of soil dwedsteel pile in
soil of different densities

Soil density, D, Predominant frequency , Hz
% Soil Pilein soil
37.13 11.5 11.5
50.78 12.5 12.38
70.58 12.9 12.9

Table 3 lists the predominant frequencies of thess@tum and
the aluminum pile in soil of various relative ddies. It can be seen
that, for the model pile without mass and with stexl disk on the
top, the predominant frequencies of both soil streéind pile in soil
are almost the same and they increase with relarsity of the
soil specimen. For the pile with 6 steel disks, firedominant
frequency of the pile in soil is significantly lowéhan that of the
far-field soil. Comparing the predominant frequescief the
aluminum pile without and within soil specimen (T@th and Table
3, respectively) one can find that, except for¢hees without mass
on the pile top, the predominant frequencies ofrtioglel pile in the
soil specimen were higher due to the constrairgaiif on the pile.
For small inertia force from the superstructurey.(eo mass or 1
steel disk on the pile top), the pile response d@winated by the
kinematic force from the soil motions, but for agler inertia force
(e.g. 6 steel disks on the pile top), the resparisgle was mainly
governed by the inertia force from the superstmecas depicted in
Fig. 20. Therefore, these observations suggestthieainertia force
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Figure 20. Amplification factor versus frequency far-field soil
and aluminum pile with 6 steel disks (Dr = 64.7 %)

7.3.3 Modd pilesin liquefiable soil

The performances of both steel and aluminum modies pin
liquefied soil during shaking table tests were eatdd based on the
measured displacements and accelerations of thes pind
accelerations and pore water pressures in thg@Gb#én and Ueng,
2010). Figure 21 shows the measured time histofieecelerations
and displacements of the aluminum pile with 6 maisseits top and
accelerations of the free-field soil and excesspoater pressure
ratios (f) at various depths in the sand specimen during one
dimensional sinusoidal shaking with frequency of HZ and
amplitude of 0.15 g. The whole specimen was fuijuéfied at
about 3.1 second after shaking started. It was dothmat the
maximum acceleration and displacement of the gleuoed as the
sand specimen approached liquefaction. After ligetdn, the pile
motions reduced in amplitude and remained steadysnaller
vibrations of the same frequency as that of theiinpotion while
the soil motions diminished. It appeared that tlod stiffness
vanished and the constraint on the pile was lognathe specimen
was fully liquefied. The predominant frequency bétmodel pile
within liquefied soil is estimated at around 2 kzich is about the
same as that of the model pile without soil (Tabje(Chen and
Ueng, 2010).

8. FURTHER USES OF TESTING DATA AND TESTS

A huge volume of data was obtained in each shalkiblg test using
the biaxial laminar shear box. These data inclideresponses of
the soil specimen and model piles under one- anktidinactional
shaking tests with and without soil liquefactionnlp a small
portion of the data was interpreted and analyzeadwy. Besides
those presented in the previous sections, therermamay other
studies using the test data can be performed fobetter
understanding of the behavior of soil and soil-iferaction under
earthquake shakings and the development of seisiesign of
geotechnical structures. Some examples are givéilaws.
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Figure 21. Time histories of accelerations of thergnum pile and

the free-field soil, pile top displacement and esscpore pressure
ratios in the sand specimen (Dr = 68.6 %).

Presently, only limited studies were performed loa éffect of
2-D shaking on liquefaction and soil-pile interacti More
quantitative analyses on 2-D effect using the tesafl shaking table
tests with the biaxial shear box, are needed tabésh a design
guide for 2-D earthquake shakings. In addition, thepth and
surface surcharge effect on the soil behavior ustieking should
also be looked into using the results of tests wigurcharge on top
of the soil specimen.

It was observed in the shaking table tests thatptire water
pressure distributions and their changes and theefaction
behavior of Mailiao sand with silt are differenbifn those of clean
silica sand. The behavior of the local soils carbbger understood
by looking into the test data in more detail, swch pore water
pressure generation, dissipation and distributiothe shaking table
tests on Mailiao sand with fines.

The soil-pile interaction and pile behavior subgeicto shakings,
such as dynamic p-y curves, are under investigatisimg the
shaking table test results. The understanding of p@ter pressure
changes surrounding the pile and its effect on #od-pile
interaction and pile behavior is critically needékhis complex
coupling effect between pile motions and pore presshanges
require more careful studies of the test data arttidr tests.

The shaking table test data may be used for vatifio of
analysis methods and numerica | modeling for gra@sgonses and
soil-pile interactions during earthquake shakirkgs. example, Wu,
et al. (Wu et. al, 2009) has developed an ideatift:i method for
estimating the excitation force acting on the pilth verification by
the response measurements in this study.

New measuring devises can be developed and verlfied
placing them in the soil specimen under variouskistgg and
compare the measurements with those obtained byer oth
conventional instruments. Chang, et al. (Chang e2Q07) placed
newly developed coupled sensors inside the sheaadshown in
Fig. 6 and obtained good results for measuringcthpled shear
strain-pore pressure responses of a soil elementerun
multidirectional shakings. Shape array and tasiasors were also
installed and tested for measuring the profileglisplacements and
strains within the soil specimen.

Further shaking table tests using the biaxial lamnishear box
are planned including tests of pile group and satioh of lateral
spreading of liquefied soil of an inclined groundder different
shaking conditions as illustrated in Fig. 22. Arastbiaxial laminar
shear box is under construction for testing of ipldt bridge
foundations on the shaking table simultaneously.

4

Sand
Figure 22. Test on model pile with lateral spragdif soil

Specimen

Wedge

Shaking Table

9. CONCLUDING REMARKS

A large laminar shear box with a specimen size8&01lmm x 1880
mm x 1520 mm was developed and manufactured at NCREE.
series of one- and multi-directional shaking taliésts were
performed on specimens of saturated clean Vietnand sand
Mailiao sand with silt in the shear box to studg tlesponses of the
sand under shaking. Special specimen preparatichode were
developed for these sands. Shaking table tests alsoeconducted
on steel and aluminum model piles in the biaxiatiter shear box
with and without saturated Vietnam sand. The respsmf the sand
specimen including displacements, accelerationge paressure
changes and settlements at different locationb®fspecimen were
measured. The displacements, strains and accelesati X and Y
directions at different depths of the model piles@valso measured.

Some of the shaking table test results are predémthis paper.
The test results showed that a two-dimensional isgakhduced
higher pore water pressure generation and deepexféiction depth
than those under the one-dimensional shaking of shene
acceleration magnitude. Relations between the vdhicnstrain
after liquefaction and relative density of sand eveleveloped for
estimate of the ground settlements after liquadactiduring
earthquakes. Mailiao sand with silt exhibited amsger liquefaction
resistance but higher volumetric strain after Iiqgéon than those
for clean Vietnam sand. It was found according talgses of the
dynamic responses of the soil-pile system thatbileavior of the
model pile under shaking was affected by the seihsity, the
dynamic characteristics of the pile and the surdinm soil, and the
mass of the superstructure.

Further tests and analyses of the test data areruwmay for a
better understanding of behaviors of soil liquetatt soil-pile
interaction, and coupling between pore water presgeneration
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and pile responses under one- and multi-directiczathquake
shakings.
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