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ABSTRACT
This paper introduces a series of centrifuge tests -under low and high confining pressures-

designed to study the effect of effective overburden pressure on liquefaction potential of clean
sand. All the centrifuge tests simulate about Sm saturated clean sand deposit under effective
overburden pressure of 1 and 6 atm with relative density ranging from 45% to 80%. To achieve
the targeted overburden pressures, a dry layer of lead shots with different thickness was
deposited on top of the clean sand. Viscous fluid was used for saturation to keep constant
prototype permeability. All the centrifuge tests were subjected to 10-cycle sinusoidal seismic
motions with different prototype peak acceleration to achieve the targeted maximum excess pore
pressure buildup. Acceleration, pore pressure build-up and dissipation, and shear wave velocity
were monitored, recorded and analyzed during or after shaking. Acceleration amplification was
observed in experiments conducted under low confining pressures, while de-amplification was
found in experiments conducted under high confining pressures.

INTRODUCTION

Liquefaction is one of the main reasons for the life and property losses during earthquake events,
and one of the most complicated and important issues in geotechnical field (Chen et al. 2008).
Severe earthquakes are still a big concern nowadays, such as the 1964 Niigata Earthquake
(Ishihara and Koga 1981),the 1971 San Fernando earthquake hitting the San Fernando dam, the
2008 Wenchuan Earthquake of magnitude 8.0, the 2011 Great East Japan Earthquake in the
Tokyo Bay Area, the Mw 8.1 2017 Chiapas Mexico Earthquake, and the 2018 magnitude 7.5
Palu earthquake. All of these liquefaction-inducing earthquakes have attracted extensive
attention from researchers as well as practice engineers (Sharp etal. 2003; Huang & Yu, 2013).
Seed and Idriss (1971) proposed the simplified method for field liquefaction triggering
evaluation, and after that, a large amount of work has been devoted to it. In their method, the
cyclic stress ratio (CSR) is evaluated mainly based on the maximum ground acceleration while
the cyclic resistance ratio (CRR) is evaluated based on field tests, such as the cone penetration
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test, the standard penetration test, or the shear wave velocity (Youd 2001; Cetin etal. 2004;
Idriss and Boulanger 2006,2008, 2010; Boulanger et al. 2011; Boulanger and Idriss 2012;
Robertson and Wride 1998; Andrus and Stokoe 2000). Liquefaction occurs when CSR is larger
than CRR.

Figure 1 shows one of the State of Practice (SOP) charts for liquefaction triggering
evaluation based on the cone penetration test (CPT). The semi-empirical liquefaction-evaluation
chartin Figure. 1 was based on case histories, where the liquefiable sand layers were under
effective overburden pressure less than 1.5 atm (low overburden pressure) (Dobry and Abdoun,
2015). However, there are still some important projects, like earth dams that are under high
confining pressure of larger than 2 atm, or even higher than 10 atm (Gillette 2013). One of the
field case examples is the failure of the upstream slope of the Lower San Fernando Dam, in
California, due to liquefaction during the 1971 San Fernando earthquake (Figure 2).

0.6

LV VS LA B S B B
|- —-— Shibata & Teparaksa (1988) N
[ === Robertson & Wride (1397) !
[~ ——  Suzukietal (1997) ) U
0.5« Moss et al (2006) - 5% Probability A N
[ e (driss & Boulanger (2004) y J ]
0 09 ]
S 04 —
e O
a (@]
§ o3 o N
8 ©
° o O
3 02 o© o ]
O o
[eRe;
0.1 Clean Sands
@ Liquefaction
O No Liquefaction H
0.0
0 50 100 150 200 250

Normalized corrected CPT tip resistance, q.,,

Figure 1. CPT-based field liquefaction chart for clean sands for M =7.5 and ¢'v0 = 1 atm
(Idriss and Boulanger 2008)

Figure 2. Lower San Fernando dam after the San Fernando earthquake (1971) (Courtesy
of the National Information Service for Earthquake Engineering, EERC, University of
California, Berkeley)



To account for the effect of overburden pressure on CRR, Seed (1983) defined the
overburden pressure factor (Ko) as the ratio of CRR at 6'vc to the CRR at ¢'ve=1 atm with the
same relative density (DR). After that, many researchers came up with Ko correlations and
produced Ko charts to be used by practitioners (Hynes and Olsen, 1999; Youdetal., 2001;
Boulanger and Idriss, 2004). Among them, the two most popular state of practice methods for
Ko estimation are that produced by Youd etal. (2001)and Boulanger and Idriss (2004).
However, the effect of overburden pressure on CRR has never been evaluated with centrifuge
experiments, one of the techniques closest to field situations (Joseph et al. 1988). This paper
introduces a series of centrifuge tests of various effective overburden pressures and relative
densities conducted at Rensselaer Polytechnic Institute (RPI), designed to study the effect of
overburden pressure. Multiple data sets of centrifuge tests were recorded with various
instrumentations.

EXPERIMENTAL PROGRAM
A series of four centrifuge tests (Test45 - 1, Test45 - 6, Test 80 - 1 and Test 80 - 6) were

conducted in the 1-D stacked ring laminar container and shaker of the geotechnical centrifuge
facility at RPI to test the effect of high confining pressure on the liquefaction behavior of clean
sands. The test label indicates the combination Relative Density (Dr) after spinning to the
designated g-level and the vertical effective stress, 6'v0 (e.g., in Test45 — 1, Dr=45% and ¢'v0
=1 atm). Figure 3 shows the centrifuge model configuration and setup for Test45 - 1 and Test
45 - 6.

Model Layout
All the centrifuge models consisted of three distinct layers: the bottom saturated soil deposit

layer, the transition coarse sand layer and topped with a lead shot layer, as shown in Figures 3
and 4.

Since laminar container was used to study the topic, a membrane (Figure 4a) was placed
inside the container to prevent leaking of saturated sand, and to allow saturation of model
deposit.

Ottawa F65 was used to build the sand deposit inside the membrane (Figure 4b). The soil
was provided by U.S. Silica, with specific gravity of 2.65. The maximum and minimum void
ratios of this sand were measured by GeoTesting Express, with emax=0.7403 and emin =0.479.
The sand layer was built with dry density of 1602 kg/m3 and 1698 kg/m3 corresponding to
relative densities of 45% and 80%, respectively.

The transition layer, placed on top of sand deposit and built after saturation, functioned as
a filter between the sand and lead shot layer to prevent the infiltration of heavy lead shot into
sand layer (Figure 4c).

The lead shot layer sits on top of the transition layer and also placed after saturation, used
to provide high confining pressure to the sand deposit. To achieve 1 atm and 6 atm effective
overburden pressure at the middle depth of sand layer, different heights of lead shot were placed
accordingly (Figure 4d).



Each centrifuge model was subjected to 1-D 10-cycle sinusoidal shaking applied to the
base with a prototype frequency of 2 Hz.

Viscous Fluid
After the sand deposit was dry pluviated, the model was saturated. To keep consistent

permeability between model and prototype, the sand model was saturated with viscous fluid of
20 cp or 60 cp viscosity, corresponding to the exact g-level of the centrifuge model. Following
the scaling laws, the models simulate the same sand saturated with water in prototype at 20g or
60g centrifugal acceleration, respectively (Taylor, 1995). The viscous fluid was made with water
and methylcellulose powder. The saturation procedure follows the standard procedure adopted in
previous centrifuge testing at RPI as follows: the laminar container was sealed and a strong
vacuum pump was applied to the model; Carbon Dioxide was injected to the model space to
replace the remaining air; the above two steps were repeated twice; and finally, viscous fluid was
percolated to the sand deposit at a very low rate under vacuum to insure full saturation of the
sand model. After saturation, there was an extra 1~2cm of viscous fluid maintained on top of the
saturated sand deposit in order to keep the soil deposit fully saturated all the time and saturate
transition layer. Finally, the transition layer and lead shot were placed on top.
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Figure 3. Centrifuge model configuration for two tests with Dr = 45% (Left: 1atm, Right:
6atm)
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Figure 4. Stages of model building



EXPERIMENTAL RESULTS
Some of the results of the four centrifuge tests are analyzed and presented in this section in

prototype scale. Specifically, presented herein are: acceleration time histories, acceleration
spectrum, excess pore pressure buildup and dissipation, shear wave velocities, stress-strain loops,
and shear modulus degradation curves.

Acceleration Time Histories
Input motions and the corresponding recorded acceleration time histories at different depths of

all the four tests are presented in Figure 5. The plots of the same test at different depths are
plotted with the same scale to study the change of the acceleration with depth. However, plots of
different tests are plotted with different scales for clarity. In Figure 5, the input motion was
obtained from the accelerometer attached to the container base, while the acceleration time
histories at bottom, middle and top of sand layer were recorded by the accelerometers buried at
various depths of saturated sand deposit. Figure 5 demonstrates motion amplification for sand
model under low confining pressure (Test45 - 1 and Test 80 -1), while slight soil de-
amplification was observed in the soil deposit under high confining pressure (Test 45 — 6 and
Test 80 - 6). Figure 6 shows the response spectrum at the bottom and surface of soil layer. To
avoid the effect of motion degradation due to pore pressure build-up, the response spectrum was
created based on the first 2 seconds before degradation. According to Figure 6, the primary peaks
of the spectrum occur at 2 Hz, which corresponds to the main input acceleration frequency, and
the minor peaks before 2 Hz are caused by unavoidable noise, which is ignorable compared with
the primary peaks. Figure 6 also shows the amplification under low confining pressure in Test 45
—1 and Test 80 — 1, and de-amplification under high confining pressure in Test 45 — 6 and Test
80 —6.
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Figure 5. Input motion and acceleration time histories at various depths (Dr=45% &
80%)
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Figure 6. Acceleration at the top of sand layer versus the base acceleration

Excess Pore Pressure Buildup
Figure 7 shows the excess pore pressure ratio time histories during and after shake event for Test

45-1 and 45-6 as well as Tests 80-1 and 80-6. The excess pore pressure ratio was calculated by
dividing excess pore pressure, Au, by the effective vertical stress, 6°vO0, at the sensor depth (ru =
Au/ 6’v0). The labels on the figures indicate the relative locations of the pore pressure
transducers, consistent with the same location of accelerometers in Figure 5. In all four
centrifuge tests with different relative densities and confining pressures, the maximum excess
pore pressure ratio increased with depth, that is, the maximum excess pore pressure buildup
existed at the bottom depth, closest to the container base. The maximum excess pore pressure
ratios of Test45 — 1, Test45 — 6 and Test 80 — 1 were around or higher than 0.8, which resulted
in degradation of acceleration with time, as shown in Figure 5.
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Figure 7. Excess pore pressure ratio time histories during shaking and dissipation at
different depths in the soil deposit for all the tests

Shear Wave Velocities
Shear wave velocities, Vs, were obtained for each centrifuge model with different relative

densities and confining pressures, using bender elements installed in the mid-depth of the sand
deposit (the depth of the targeted effective overburden pressure). Figure 8 shows the measured
shear wave velocities of centrifuge tests, the trend lines of shear wave velocities by following
Eq. (1).
v, = ()02 (1)

where g is the mean effective confining pressure; a is a coefficient -function of void
ratio- which is modified in Figure. 8 to fit the shear wave velocity measurements. The coefficient
a varies with density, as shown in Fig. 8. The coefficient of lateral stress, KO =6’h0/c’v0 (where
c’h0 and ¢’vO0 are horizontal and vertical effective stress, respectively) was introduced to

calculate the mean effective confining pressure, 6’0 ,
;_ 142Ko

oy = LG @
Herein, K is determined with Eq. (3) (Jaky, 1944)
Ko =1 —sing 3)

where ¢ is the internal friction angle (35° - 38°), determined by El-Sekelly etal. (2014)
for similar Ottawa sand with relative density of 45% and 80% using direct shear test.

The comparison results in Figure. 8 demonstrate that the measured shear wave velocities
follow the same trend of Eq. (1) (Hardin and Richart, 1963).

Also, the measured ratio in Figure. 8, Vs,80/Vs,45=190/166.5 =1.14. This ratio is
compared with Hardin and Richart (1963) and Seed and Idriss (1970) correlation.

According to the prediction by Hardin and Richart Ottawa correlation for G, of

rounded sand (Hardin and Richart, 1963):
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Accordingto the prediction by Seed and Idriss (1970) correlation of Gmax versus Dr:

Gimax =1 000K pyay/ G (13)
(69 and in G, psi)

Table 1 Values of K>i.x (Seed and Idriss, 1970)

Dr(%) K2max
45 9.4
80 14.0

K2max values for Dr=80% is obtained by linear interpolation based on Table 1.
So, for the same G:

G, 14.0

—madl— ——=1 489 (14)
Gmax45 9.4
And
Vsso_ |Omaxso, 2-65tess ﬂ:\/l 489-1.030.94 = 1.20 (15)
Vsas Gaxas 2.65tegy  1+ess
) . \Y . . . )
Thus, the experimental ratio of: VLXO = 1.14 is consistent with the range of ratios, 1.07-
s45
1.20, obtained from the Hardin and Richart (1963) and Seed and Idriss (1970) correlation.
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Figure 8. measured shear wave velocities of centrifuge tests and the corresponding
trendlines

CONCLUSION

A series of four centrifuge tests (Tests 45-1, 45-6, 80-1 and 80-6) with different relative densities
and effective overburden pressures were conducted in order to study the sand behavior under low
and high confining pressures. Some of the experimental results were analyzed and demonstrated.
A new centrifuge technique was established to provide sand model with various confining
pressures with three distinct layers: the saturated sand deposit, the transition layer and the heavy
lead shot layer. This technique proved successful and opens new venues for research at any
centrifuge facility. According to the data analysis, amplification of acceleration was observed
under low confining pressure in Test 45 - 1 and Test 80 - 1, while de-amplification of
acceleration existed in Test45 — 6 and Test 80 — 6 under high confining pressures. The shear
wave velocities measured from bender elements for loose and dense sand models were in good
agreement with the formula form of V; = a(o,) %2>, also validated by literature predictions.
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