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Cyclic behavior of sand under non-uniform shear stress waves
Mohamed A. ElGhoraiby!" and Majid T. Manzari '

Abstract

During an earthquake, soil deposits are often subjected to complex stress/strain time
histories that are quite different from the simplified ones used in laboratory tests for
evaluation of the stress-strain-strength of these soils. To mimic the stress/strain time histories
experienced at different depths of a mildly sloping soil deposit, a series of direct simple shear
tests were conducted on Ottawa F65 sand specimens. The trends observed in these
experiments were then used to estimate the lateral spreading of mildly sloping saturated
deposits of the same sand subjected to various base motion time histories measured in the
centrifuge tests conducted as part of an international research project (Liquefaction
Experiment and Analysis Project, LEAP-2015 and LEAP-2017).

In each CDSS test, after imposing the initial stress state, the specimen was subjected to
non-uniform stress waves that resembled the shear stress time histories expected likely to
develop in the LEAP-2015 and LEAP-2017 centrifuge specimens. A total of 17 CDSS tests
were performed on specimens with relative densities of approximately 66%. Initial vertical
and shear stresses were imposed on each soil specimen to correspond to the state of stress in a
mildly sloping soil layer at two depths of about 4m and 3m. A ramped sinusoidal shear stress
wave similar to the ramped sinusoidal base motion used in the LEAP centrifuge experiments
was employed. The test results displayed a consistent trend between the peak cyclic stress
ratio and the permanent shear strain that developed in the soil. The effects of overburden
stress on the magnitude of permanent deformations were observed. Smaller initial vertical
stress resulted in a more dilative response and smaller permanent shear strain. The observed
permanent shear strain vs. peak cyclic stress ratio curves were then used to predict the lateral
spreading of mildly sloping deposits tested in the LEAP-2015 and LEAP-2017 centrifuge
experiments. Reasonably close correlation between the predicted and measured
displacements were obtained. The developed dataset can be used for calibration, evaluation,
and further development of constitutive models for liquefiable soils.

1 Department of Civil and Environmental Engineering, George Washington University, Washington, DC, USA.

* Corresponding Author, ghoraiby@gwu.edu.
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1. Introduction

The testing of soils in a controlled environment and under simplified boundary conditions
have been used to understand the effects of various factors (e.g. density, confining stress,
static shear stress, etc.) on the stress-strain-strength response of soil, and have shed light on
many complex phenomena such as liquefaction and its effects such as lateral spreading.

In this paper the stress-strain response of soil elements in a gently sloping ground
subjected to ramped sinusoidal motions are physically modelled through a series of cyclic
direct simple shear (CDSS) tests. The experiments are performed on Ko-consolidated
specimens of Ottawa F65 sand with the initial stresses similar to those at different soil depths
of a sloping ground. These specimens are then sheared using an input shear stress which
mimics the stress waves imposed on the centrifuge soil specimens in the tests conducted as
part of the Liquefaction Experiments and Analysis Project (LEAP). The goal of these tests is
to observe the permanent shear strain generated at different depths of the soil layer and to
make a direct comparison with the magnitude of the lateral displacements observed in LEAP
centrifuge experiments.

Over the past three decades, many centrifuge tests have been conducted to study the
effect of liquefaction on the lateral spreading of mildly sloping grounds. During the
VELACS project [1], the lateral spreading of a sand layer with a slope of 2 degrees was
modelled in the centrifuge tests performed at RPI, Caltech, and UC Davis [2]. These tests
were used in the evaluation of the state-of-the-art constitutive models available at that time.
The centrifuge tests at RPI were performed on Nevada sand in a laminar box [3]. These tests
studied the effects of the ground slope on the pore pressure build up, acceleration time
histories, and lateral displacements over the soil depths. The tests conducted at Cambridge
University showed that the lateral spreading profile over the layer is nonlinear and the
majority of the displacement occurs at higher depth while very little displacement occurs at
shallower depth [4]. The effects of lateral spreading on piles were studied through a series of
centrifuge experiments by Abdoun et al. [5].

More recently, the LEAP 2015, 2017 and 2019 projects studied the lateral spreading of
mildly sloping ground through an extensive testing program conducted at several centrifuge
testing facilities across the world [6—8]. The LEAP experiments modelled a 4 meters layer of
medium dense Ottawa F65 sand with a slope of 5 degrees. The input motion was a ramped
sinusoidal motion with a 1Hz frequency with a duration of 16 seconds. The amplitude of the
base motion reaches a peak ground acceleration (PGA) at 8 seconds then gradually decreases
to zero during the remaining time. LEAP 2015 focused on modelling the same tests across
different facilities. LEAP 2017 focused on the sensitivity of the slope response to variations
in PGA and soil initial density, while the goals of LEAP 2019 was on the validation of the
generalized scaling law. The centrifuge experiments conducted for these three projects
resulted in an extensive database, where a trend between the lateral spreading magnitude, the
base motion intensity and soil density was clearly observed [7]. These experiments also
aided in the assessment and validation of a number of current state-of-the-art numerical
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simulation tools [9,10]. In addition to deterministic numerical simulations, series of
stochastic finite analyses were performed to consider the variability of soil density within the
centrifuge specimen and the variation in the base motions achieved in the centrifuge tests,
and to assess the validity of a constitutive model and a numerical modelling platform to
capture the response of a mildly sloping ground for a relatively broad range of densities and
base excitations [11].

Zeghal et al. [12] compared the stress-strain response of the LEAP 2015 centrifuge
experiments with the results reported by the modellers in the LEAP-2015 prediction exercise.
The stress and strain time histories were numerically computed from the measurements
obtained from the middle arrays of pore pressure transducers and accelerometers along the
depth of the soil layer. The results showed good comparisons between the experiments and
simulations and highlighted the limitations caused by the quality of measured responses and
the complexity of the boundary value problem.

The laboratory element tests could play a role in providing complementary insights on the
response observed in the centrifuge experiments. Cyclic triaxial, cyclic direct simple shear
(CDSS) and hollow cylinder torsional shear tests have already played an important role in our
current understanding the liquefaction triggering and post-liquefaction response of soils.
However, in the majority of these tests, the soil specimen is subjected to cycles of shear
stress/strain with constant maximum amplitude. Such conventional tests have been
extensively used in the development of the empirical procedures for evaluation of
liquefaction resistance [13,14]. Empirical procedures for estimation of liquefaction-induced
settlements are also based on the results of element tests such as those reported by Ishihara
and Yoshimine [15]. The results of the latter tests have also been used in the development of
other empirical procedures [16].

Faced by the random nature of an earthquake time history, the empirical procedures often
treat a given earthquake record as a uniform sinusoidal motion with “an equivalent number of
cycles” [17]. This simplification has made it feasible to compare the response of the soil in
the field to the liquefaction strength curves obtained from the conventional element tests.
This concept was originally used in the study of fatigue in metal where the duration of motion
is very long. Earthquakes occur over much shorter duration and might result in large plastic
strains. Therefore, the use of equivalent number of cycles involve high level of uncertainty
[18].

To better understand the effects of the non-uniform nature of earthquake, several
researchers have conducted element tests on liquefiable soils subjected to irregular (non-
uniform) shear stress time histories [19-22]. Ishihara and Nagase [19] used a bi-directional
direct simple shear device to investigate the response of Fuji river sand under irregular and
multi-directional input motions. Pan and Yang [20] conducted element tests to model the
soil response under wave loading. The common take from these studies is that the
liquefaction strength of the soil is affected by the stress history and that the irregular nature of
earthquakes should be considered in the element tests.
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Motivated by the need to investigate the effects of the non-uniform nature of the shear
stress time-history and inspired by the large database of centrifuge experiments conducted
during the LEAP projects, a CDSS testing program was devised to consider non-uniform
shear stress waves. The main goal of this program was to obtain an insight onto the
magnitude of the permanent shear strain that develop along the depth of a mildly sloping
liquefiable ground. Further observations are drawn by comparing the results obtained in
these tests with the results obtained from the LEAP centrifuge experiments.

As previously mentioned, the designated soil used in the LEAP projects is Ottawa F65
sand. Several laboratory experimental studies were conducted on the soil to determine the
soil properties [23—-28]. In addition to these tests, cyclic triaxial [23,26-29], direct simple
shear [25,26] and torsional shear [30] tests were performed to determine the liquefaction
strength of the soil. The tests provided significant information on the effects of soil density,
overburden stress, and stress anisotropy on the liquefaction strength of Ottawa F65 sand. In
all of these test uniform sinusoidal motion was used until a liquefaction criteria was met.

In this paper, a new set of cyclic direct simple shear tests is presented. These new tests
focus on the effects of overburden stress on the permanent deformation that develops due to
non-uniform shear stress history that mimics the base motion imposed in the LEAP
centrifuge experiments. The tests are intended to model the stress-strain response of the soil
at different depths of the centrifuge experiments. In the following sections, first some key
properties of Ottawa F65 sand and its liquefaction strength obtained from uniform CDSS
tests are discussed. Then, the experiment setup is outlined followed by a presentation of the
results. Afterwards, the data obtained from the CDSS tests are used to predict the lateral
displacements of the centrifuge experiments conducted during LEAP 2015 and 2017 projects.
Finally, conclusions drawn from this study are listed.

2. Properties of Ottawa F65 Sand

Ottawa F65 sand is a clean poorly graded soil produced by US Silica, in Ottawa, Illinois.
It consists of over 99% silica and less than 1% fines content. The particles shape is sub-
rounded and it has a specific gravity of 2.65. The hydraulic conductivity of Ottawa F65 sand
ranges from 0.008 to 0.015 cm/sec depending on the achieved soil density in the range 1500
to 1795 kg/m’. LEAP researchers have adopted the values of 0.78 and 0.51 for maximum
and minimum void ratios of this soil, respectively [31]. As mentioned in the previous
section, extensive testing has been done to characterize the physical and mechanical
properties of this soil (See the references cited in introduction).

2.1 Liquefaction strength under uniform cyclic loading

Prior to the following study, a series of uniform cyclic direct simple shear tests were
performed to determine the stress-strain behaviour and liquefaction strength of Ottawa F65
sand. Two sets of CDSS tests were conducted on samples with similar relative densities
(67.5% and 66.2 %) subjected to overburden stresses of 100 kPa and 40 kPa. The shear wave
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velocity Vs measurements for the 100 kPa and 40 kPa had a mean and coefficient of variation
(COV) of 159.23 (m/sec) and 145.98 (m/sec), and 1.75% and 3.79%, respectively. The mean
elastic shear modulus computed from these measurements are 41.7 MPa and 35.15 MPa for
the 100 and 40 kPa tests, respectively. Figure 1 shows the results of a typical test conducted
on a sample subjected to 100 kPa vertical stress and a cyclic shear stress ratio (CSR) of 0.15.
Figures 1a to 1d show the effective stress path and shear stress vs shear strain during cyclic
loading as well as the vertical stress vs. shear strain and the time history of excess pore
pressure ratio ru, respectively. Figure 2 shows the liquefaction strength curves obtained from
these two sets of tests. The criteria used for liquefaction strength is the number of cycles it
takes to reach a double amplitude shear strain of 7.5%. Additional details on these tests can
be obtained in EIGhoraiby[32]; Elghoraiby et al. [26].
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Figure 1. Uniform CDSS experiment of Ottawa F65 sand specimen subjected to vertical
stress of 100 kPa and CSR 0.15

3. Non-Uniform CDSS Test Setup

Figure 3. LEAP Centrifuge ExperimentFigure 3 shows the baseline schematics for the
centrifuge experiments conducted during the LEAP 2015/2017 projects. The main
phenomenon studied in these projects is the lateral spreading of mildly sloping liquefiable
ground. The setup consists of a medium dense soil layer (D=65% Ottawa F65 sand), with a
depth of 4 meters at the mid-length of the soil slope, a total length of 20 meters and a width
of at least 8 meters in the prototype scale. The centrifuge model is subject to a ramped
sinusoidal motion (Figure 2. Liquefaction strength curves of Uniform CDSS tests

) with a frequency of 1 Hz and a duration of 16 seconds. A target peak ground
acceleration (PGA) of 0.15g was initially planned. The effects of soil density and PGA on the
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seismic response of the slope were studied in the LEAP 2017 project. More details on the
centrifuge experiments could be obtained from the LEAP 2017 summary papers [7,33].
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Figure 3. LEAP Centrifuge Experiment

In order to gain a better understanding of the permanent shear strains that develop at
different depths of the soil slope, the experimental study presented here was devised to model
the soil response by using direct simple shear experiments. The direct simple shear device
used in this study is a Norwegian Geotechnical Institute (NGI) type, where the sample is
confined in a rubber membrane surrounded by Teflon coated rings for lateral constraint. The
typical specimen size is approximately 23 mm thick and a diameter of 64 mm. A constant
volume condition is maintained by restraining the vertical displacement of the top cap. The
top and bottom caps are equipped with bender elements to measure the shear wave velocity
of the soil. Samples of different densities could be prepared using a constant height dry
pluviation technique [32].

The state of stress of the soil in the centrifuge experiment are mimicked in the direct
simple shear test. As shown in Figure 3, the soil at a given depth within the sloping ground
experiences an overburden stress, ¢y, due to the overlying soil. The horizontal stress, ¢, of
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the soil is defined by assuming a Ko-condition, while static shear stress, 7o, is due to the
ground slope. During a seismic event, in addition to the initial static shear stress, the soil is
subjected to cyclic shear stress 7oc. In the following sections, two sets of experimental data
are presented that model the soil response at the depth of 4 and 3 meters.

4. Experimental Results

Two series of cyclic direct simple shear tests were conducted. In these tests, the soil is
first consolidated under different vertical overburden stresses and then subjected to a specific
static shear stress. Afterwards, cyclic shear stress of non-uniform amplitude is applied. The
vertical stresses applied are 40 and 30 kPa and a slope of 5 degrees is assumed. These tests
mimic the setting of the centrifuge experiment performed in LEAP as shown in Figure 3. A
ramped sinusoidal shear stress loading is applied to correspond to the base motion used in the
LEAP centrifuge experiments. Each cycle had a period of 10 seconds.

Tables 1 and 2 list the tests performed on the samples subjected to 40 kPa and 30 kPa
vertical stress, respectively. The tables show the achieved void ratio and relative density of
each specimen after consolidation, the applied vertical and static shear stresses, the applied
peak cyclic stress ratio and the permanent shear strain obtained in each test.

Table 1. CDSS ramped motion tests €,=0.583 - ¢’v=40 kPa

€,=0.602- cov=1.387% - D=66% - 'y =40 kPa - Ramped
Test No €o Dr (%) | o'v(kPa) | t,(kPa) (I?;); Permanent Shear Strain (%)
1 0.587 71.6 40 3.5 0.38 15.69
2 0.604 65.1 40 3.5 0.35 11.77
3 0.601 66.2 40 3.5 0.34 10.32
4 0.609 63.5 40 3.5 0.306 7.31
5 0.613 62.0 40 3.5 0.3 6.65
6 0.600 66.7 40 3.5 0.25 3.60
7 0.594 68.8 40 3.5 0.24 2.68
8 0.607 64.1 40 3.5 0.22 0.26
Table 2. CDSS ramped motion tests €,=0.583 - ¢’v=30 kPa
€,=0.597 - cov=1.07% - Dr=67.6% - sigv=30 kPa - Ramped
Test No €o D: (%) Gy To max CSR Permanent Shear Strain (%)

1 0.603 65.5 30 2.6 0.42 9.66

2 0.597 67.6 30 2.6 0.41 9.5

3 0.595 68.6 30 2.6 0.38 8.98
4 0.600 66.5 30 2.6 0.34 6.4

5 0.595 68.4 30 2.6 0.36 5.98

6 0.593 69.2 30 2.6 0.32 5.36

7 0.607 64.0 30 2.6 0.28 3.34

8 0.601 66.5 30 2.6 0.3 2.81

9 0.591 69.8 30 2.6 0.25 0.85
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The shear wave velocity measurements and the corresponding elastic shear moduli for
these series of tests are listed in Table 3. The variation of elastic shear moduli with the
applied overburden stress that are obtained in this study along with the data obtained from the
100 kPa series in the uniform CDSS tests conducted earlier are presented in

Figure 4. A power law correlation between the applied vertical stress and the mean
elastic shear modulus can be obtained from these results.

Table 3. Shear wave velocity measurements and computed shear modulus

o'y Shear Wave Velocity, Vs Shear Modulus, G
(kPa) Mean (m/sec) COV (%) Mean (MPa) COV (%)
40 141.71 5 33.1 10.2
30 140.14 6.7 32.6 13.1
50
45
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Figure 4. Elastic shear modulus based on shear wave velocity measurements

Figure 5 shows the results of one of the tests performed. The soil specimen was subjected
to a vertical stress of 40 kPa and subjected to a ramped sinusoidal motion with a peak CSR of
0.25. As the results show, the specimen has experienced a permanent shear strain of 3.6%.
The peak cyclic stress ratio was varied in different tests to obtain a general trend.

Figure 6 compares the effect of the maximum CSR on the magnitude of the permanent
shear strain. The plots show the results obtained from tests performed on the samples
subjected to vertical stress of 30 kPa and CSRs of 0.38, 0.32 and 0.25. Figure 7 shows a
similar comparison for samples subjected to a vertical stress of 40 kPa and CSRs of 0.3, 0.25
and 0.22. Figures 8 and 9 compare the effects of different vertical overburden stresses on the
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accumulated permanent shear strain for samples sheared at CSR of 0.3 and 0.34, respectively.
It is observed that as the confining stress decreases the soil has a more dilative tendency. The
effect of the overburden stress on the liquefaction resistance of soil has been documented by
the literature and was accounted in for in design [34]. The observations made here are in
agreement with what is documented in the literature. The observed response is also
consistent with the critical state concept. For a given relative density, a soil element
subjected to a higher confining stress has a larger state parameter and hence exhibits a more
contractive response [35].
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Figure 5. CDSS Test on a sample subjected to a ramped sinusoidal motion
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Figure 10 shows a plot of the accumulated permanent shear strain versus the maximum
applied CSR. Two curves were obtained for the tests conducted on the samples subjected to
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vertical stress of 40 and 30 kPa. The results clearly show the significance of the magnitude
of the overburden pressures on the response of the soil. For the soil specimen subjected to
CSR of 0.35, a sample with vertical stress of 40 kPa produces about twice as much permanent
shear strain as a sample with vertical stress of 30 kPa.
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Figure 10. Final shear strain vs maximum CSR curves
5. Estimation of the Magnitude of Lateral Spreading Using the CDSS Test Results

The results presented in the previous section provide some insights on the stress-strain
response of the soil during liquefaction-induced lateral spreading. By comparing the results
of the tests with two different levels of vertical stress, It can be seen that a soil with higher
confining stress is more contractive and yields higher shear deformation than the more
dilative soil with smaller confining stress. This observation suggests that the magnitude of
lateral strain is likely to be larger at larger depths and the profile of lateral displacement
should be non-linear along the depth of soil layer. Higher lateral strains would occur at the
bottom of the soil layer while relatively small strains would occur near the surface of the soil.
This observation is supported by the observations made in the centrifuge experiments
conducted for a similar boundary value problem [4]. Figure 11 shows the results obtained
from one of the experiments conducted at Cambridge University. The figure shows the
movement of the marker line at the end of centrifuge experiment. The test conducted
composed of a sloping liquefiable soil layer with a slope of 6 degrees and a prototype
thickness of 5 meters. The soil layer is underlain by a dense (non-liquefiable) base to
maintain the thickness of the liquefiable layer across the length of the model. The figure
shows the marker line movements, where pre-earthquake configuration is shown in black and
post-earthquake is shown in red. The axis show the scale in mm at model scale. The post
liquefaction lateral displacement profile obtained in this centrifuge test is consistent with the
observations made from the results of the CDSS tests.
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Figure 11. Cambridge University centrifuge experiment lateral displacement profiles [4]

The centrifuge experiments conducted as part of the LEAP projects provide an
opportunity to conduct a direct comparison between the centrifuge and the CDSS tests and to
assess the potential use of the latter tests to provide an estimate of the observed lateral
spreading in the centrifuge tests. In the following sections, first the methodology used to
compute the lateral displacement is discussed followed by a comparison of the results.

5.1 Methodology

The main objective is to utilize Figure 10 in estimating the magnitude of the shear strain
that is expected to develop. To that end, the maximum cyclic stress ratio for each centrifuge
experiment needs to be computed. This value could be obtained by assuming that the cyclic
shear stress experienced by the soil in the centrifuge experiment could be estimated using the
formula presented (Eq. 1) by Seed and Idriss, [13]:

7, =0655m g (1)
g

Where 7, is the cyclic shear stress, g is the maximum acceleration at the ground
surface, g is the acceleration due to gravity, o,is the total vertical stress and r, is the stress

reduction factor that is assumed to be 1.0 due to the shallow depth of the soil layer.

Typically, the maximum acceleration at the ground surface is obtained from a site
response analysis. However, in this case since the displacement time histories are available at
the ground surface, the maximum value of surface acceleration is obtained from the measured
time histories. As an example, Figure 12 shows that the lateral displacement time history
taken at soil surface of the RPI 2015 using high speed camera tracking of markers on the
slope surface [36]. From this time history, the acceleration time history is computed through
second order numerical derivation. In order to reduce the noise and high frequency content
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of the motion that may not be contributing to the lateral displacement of the soil, a moving
average smoothing was applied to the computed velocity time history before the acceleration
was computed. Figure 13 shows the resulting acceleration time history. While other more
advance noise-filtration techniques are available, this method is found most suitable as it
ensures that the acceleration time history when double integrated, results in a back-calculated
lateral displacement time history that matches the measured one as shown in Figure 14.
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Figure 12. Lateral displacement time history for RPI 2015 experiment [36]
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Figure 13. Acceleration time history at the ground surface for the RPI 2015 experiment
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Figure 14. RPI 2015 lateral displacement time history: measured vs. back-calculated

The maximum acceleration time history could be obtained from the computed
acceleration time history. Using this value, the maximum cyclic stress ration (CSRmax) could
be obtained from Eq. 1. Using the computed maximum CSRs, the permanent shear strain
could be obtained from Figure 10 for both the 40 kPa and the 30 kPa. As discussed earlier,
the majority of the lateral displacement on the ground surface is due to shear strain
developing at the bottom of the soil layer. In this case, for the 4.0 m soil layer, it is assumed
that the average shear strain over the soil profile would occur at the bottom 2.0 m of the soil
layer. Based on this is assumption, the shear strain obtained from the 30 kPa dataset is
integrated over the tributary width of 2.0 meter to obtain an estimate of the permanent lateral
displacement.

5.2 Comparison of Results

Following the previously described methodology, an estimate of the permanent lateral
displacement is obtained for several of the LEAP centrifuge experiments conducted during
LEAP 2015 and 2017 projects. First, considering the RPI 2015 example that was discussed
in the previous section, the maximum acceleration at the ground surface is obtained to be
0.265 g as shown in Figure 13. With the computed amax, Eq. 1 yields a cyclic stress ratio
(Teye/ ’v) of 0.344. From Figure 10, for a CSR level of 0.344 and at the depth of 3 meters, an
expected shear strain of 6.4% is expected. Assuming that the majority of the lateral strains
would occur in the bottom 2 meters, the expected displacement is estimated as 0.128 meters.
In comparison to the obtained lateral displacement from the centrifuge experiment, the CDSS
tests provided a reasonable estimation for the amount of expected lateral displacement.
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To further assess the validity of the previous observations, additional tests conducted as
part of LEAP 2017 project are also investigated. The tests were conducted at three different
centrifuge research facilities (RPI, KAIST and NCU) are considered [37—40]. The tests
performed by RPI were conducted by different researchers and the results showed a high
level of repeatability and consistency when compared to the LEAP 2015 test. These tests
were also able to closely match the target input motion. The results of the tests performed at
RPI were the only ones where time history of surface displacement was recorded in-flight
using a high speed camera. Moreover, in these tests the achieved density of soil specimen
was based on direct measurements and were not inferred from the calibration tests conducted
during the sample preparation set up. Therefore these tests are considered the tests with the
highest level of fidelity and the main focus of our comparisons. For the tests conducted by
KAIST and NCU, the final displacements were recorded at the end of the tests and the time
history was computed from the accelerometer closest to the surface. In addition, the reported
achieved densities were inferred from the calibration procedure done during the sample
preparation set up. Therefore, higher level of error is expected from these experiments.
Nonetheless, these tests provide a valuable resource for comparison, especially for the NCU
tests which were conducted at a higher PGA than the main 0.15g base motion.

Achieved CDSS dis
) PGA . aAmax (8) CSR Measured | shear P- Error
Experiment | = ) | Density, | np) | (comp) | disp. (m) | strain | | (%)
& kg/m3 P P P- %) (comp) °
0

RPI15 0.167 1652 0.267 0.347 0.141 6.460 0.129 8.17
RPI17-1 0.155 1650 0.278 0.362 0.124 7.196 0.144 | -16.05
RPI17-2 0.144 1659 0.266 0.346 0.155 6.414 0.128 17.12
RPI17-3 0.170 1623 0.268 0.349 0.142 6.540 0.131 7.56

KAIST17-2 | 0.184 1593 0.274 0.356 0.150 6.919 0.138 7.67
NCU17-1 | 0.260 1652 0.441 0.573 0.259 15213 | 0.304 | -17.72
NCU17-2 | 0.193 1652 0.446 0.579 0.251 15.406 | 0.308 | -22.55
NCU17-3 | 0.204 1652 0.344 0.448 0.281 10.903 | 0.218 | 22.33

shows a bar chart comparing the measured versus estimated lateral displacements for
several of the LEAP 2015/2017 centrifuge tests. The blue bars show the measured while the
red bars show the estimates. It can be seen that the estimated values are reasonably close to
the measured results. Table 4 lists the results obtained for the comparison between the
measured displacement for each centrifuge experiment and the computed displacement from
the CDSS tests following the previously presented procedure. The table shows the PGA, the
achieved density and the measured displacement for each tests. It is also important to note
that for the RPI17-2 tests, base motion had an additional 3Hz component added to the 1Hz
for its frequency. The remainder of the table shows the computed maximum surface
acceleration amax, the computed CSR (Eq. 1), the expected level of shear strain from the

CDSS tests presented herein (Figure 10) and the expected displacement from the shear strain
assuming it occurs over the bottom 2 meters of the soil layer. The table shows the error
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between measured and computed displacements. The computed displacements estimated the
measured lateral displacement with an error that is less than 23%.
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Figure 15. Measured vs. estimated lateral displacement for LEAP 2015/2017 centrifuge
experiments

Table 4. Comparison between the measured displacements in the centrifuge experiments and
the predicted displacement from the CDSS Tests

Achieved CDSS dis
: PGA . amax(g) | CSR | Measured | shear p- Error
Experiment | -\ | Density, | o) | (comp) | disp. (m) | strain | | ()
8 kg/m3 P P p: %) (comp) °
0

RPI15 0.167 1652 0.267 0.347 0.141 6.460 0.129 8.17
RPI17-1 0.155 1650 0.278 0.362 0.124 7.196 0.144 | -16.05
RPI17-2 | 0.144 1659 0.266 0.346 0.155 6.414 0.128 | 17.12
RPI17-3 | 0.170 1623 0.268 0.349 0.142 6.540 0.131 7.56

KAIST17-2 | 0.184 1593 0.274 0.356 0.150 6.919 0.138 7.67
NCU17-1 | 0.260 1652 0.441 0.573 0.259 15213 | 0304 | -17.72
NCU17-2 | 0.193 1652 0.446 0.579 0.251 15.406 | 0.308 | -22.55
NCU17-3 | 0.204 1652 0.344 0.448 0.281 10903 | 0.218 | 22.33

Different sources of errors might have influenced the accuracy of the predictions. First,
while the shear stress time history applied in the CDSS followed the target acceleration, the
acceleration time history at the ground surface is not exactly matching that form. Also as
previously mentioned, besides RPI15 which closely matched the target input motion, each of
the remaining centrifuge tests input motions exhibited a degree of noise or higher frequency
content that was not modelled in the CDSS tests. In addition, the exact density measurement
for the soil density was not taken for all of the centrifuge tests, therefore the soil density was
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assumed in the cases of KAIST and NCU tests. All these in addition to the sources of
uncertainty the maybe present in the CDSS tests and the estimation method may have
contributed to the variation in the results. However, even though there are a large uncertainty
in the input variability, the quality of the estimated displacements computed for these tests
appears to be quite reasonable.

6. Conclusions

The paper presents an experimental study on the effect of overburden stress on the
permanent lateral deformations of liquefiable sloping grounds. The experiments were
inspired by the LEAP centrifuge experiments conducted during 2015 and 2017. A total of 17
tests were performed on samples prepared at a relative density of 66-67% and subjected to a
vertical confining stress of 40 and 30 kPa. The experimental results demonstrated the effect
of low overburden stresses on the more dilative response of the soil. Conforming to the
principles of critical state soil mechanics theory, the sample with smaller confining stress
exhibited a more dilative response and generated smaller permanent shear strains. The data
produced in this study provides an additional resource for the constitutive modellers to
evaluate the performance of their constitutive models and possibly find ways to improve the
model performance. Moreover, the data obtained in this study was used to evaluate the
capability of the CDSS tests to estimate the magnitude of the lateral spreading observed in
the LEAP centrifuge tests. A comparison between the CDSS tests and the centrifuge tests
conducted during LEAP 2015 and 2017 projects shows that using a simple method the
magnitude of lateral spreading could be estimated within relatively small margin of error.

7. Acknowledgements

LEAP 2015 and LEAP 2017 projects have been funded by the National Science
Foundation grants: grants CMMI-1344705 and CMMI-1635524 to the George Washington
University. This support is gratefully acknowledged.

8. References

[1]  Arulanandan K, Scott RF. Verification of Numerical Procedures for the Analysis of
Soil Liquefaction Problems. In: Arulmoli K, Scott RF, editors. Int. Conf. Verif.
Numer. Proceedures Anal. Soil Liquifaction Probl., Davis, California, USA:
Rotterdam: A.A. Balkema; 1993.

[2]  Popescu R, Prevost JH. Comparison between VELACS numerical “class A”
predictions and centrifuge experimental soil test results. Soil Dyn Earthq Eng
1995;14:79-92. https://doi.org/10.1016/0267-7261(94)00038-I.

[3] Taboada-Urtuzuastegui VM, Dobry R. Centrifuge Modeling of Earthquake-Induced
Lateral Spreading in Sand. J Geotech Geoenvironmental Eng 1998;124:1195-206.

[4] Haigh SK, Madabhushi SPG, Soga K, Taji Y, Shamoto Y. Lateral spreading during
centrifuge model earthquakes. ISRM Int Symp 2000, IS 2000 2000.



[e2Jé) IF 2 WN =~

© 00 N

10
11
12

13
14
15
16

17
18
19
20

21
22
23

24
25
26

27
28

29
30
31

32
33
34

35
36
37
38

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Abdoun T, Dobry R, O’Rourke TD, Goh SH. Pile response to lateral spreads:
Centrifuge modeling. J Geotech Geoenvironmental Eng 2003;129:869-78.
https://doi.org/10.1061/(ASCE)1090-0241(2003)129:10(869).

Kutter BL, Carey TJ, Hashimoto T, Zeghal M, Abdoun T, Kokkali P, et al. LEAP-
GWU-2015 experiment specifications, results, and comparisons. Soil Dyn Earthq Eng
2018;113:616-28. https://doi.org/10.1016/j.s0ildyn.2017.05.018.

Kutter BL, Carey TJ, Stone N, Zheng BL, Gavras A, Manzari MT, et al. LEAP-UCD-
2017 Comparison of Centrifuge Test Results. Model Tests Numer Simulations Liq
Lateral Spreading 2020. https://doi.org/10.1007/978-3-030-22818-7.

Tobita T, Vargas R, Ichii K, Okamura M, Sjafuddin AN, Takemura J, et al. LEAP-
ASIA-2019: Validation of centrifuge experiments and generalized scaling law on
liquefaction-induced lateral spreading. Soil Dyn Earthq Eng - Under Rev n.d.

Manzari MT, ElGhoraiby M, Kutter BL, Zeghal M, Abdoun T, Arduino P, et al.
Liquefaction experiment and analysis projects (LEAP): Summary of observations from
the planning phase. Soil Dyn Earthq Eng 2017.
https://doi.org/10.1016/j.s0ildyn.2017.05.015.

Manzari MT, Ghoraiby M El, Zeghal M, Chen L, Chen R, Chiaradonna A, et al.
LEAP-2017: Comparison of the Type-B Numerical Simulations with Centrifuge Test
Results. Cham: Springer International Publishing; 2020. https://doi.org/10.1007/978-3-
030-22818-7.

ElGhoraiby MA, Manzari MT. The effects of base motion variability and soil
heterogeneity on lateral spreading of mildly sloping ground. Soil Dyn Earthq Eng
2020;135:106185. https://doi.org/10.1016/j.s01ldyn.2020.106185.

Zeghal M, Goswami N, Kutter BL, Manzari MT, Abdoun T, Arduino P, et al. Stress-
strain response of the LEAP-2015 centrifuge tests and numerical predictions. Soil Dyn
Earthq Eng 2017. https://doi.org/10.1016/j.s0ildyn.2017.10.014.

Seed HB, Idriss IM. Simplified procedure for evaluating soil liquefaction potential. J
Soil Mech Found Div 1971;97:1249-73.

Boulanger RW, Idriss IM. Liquefaction Susceptibility Criteria for Silts and Clays. J
Geotech Geoenvironmental Eng 2006;132:1413-26.
https://doi.org/10.1061/(ASCE)1090-0241(2006)132:11(1413).

Ishihara K, Yoshimine M. Evaluation of Settlements in Sand Deposits Following
Liquefaction During Earthquakes. Soils Found 1992;32:173—88.
https://doi.org/10.3208/sandf1972.32.173.

Zhang G, Robertson PK, Brachman RWI. Estimating liquefaction-induced lateral
displacements using the standard penetration test or cone penetration test. J Geotech
Geoenvironmental Eng 2004;130:861-71. https://doi.org/10.1061/(ASCE)1090-
0241(2004)130:8(861).



—

10
11

12
13
14

15
16

17
18

19
20

21
22
23

24
25
26
27

28
29
30

31
32

33
34

35
36

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Haldar A. Uniform Cycles in Earthquakes: A Statistical Study. Int. Conf. Recent Adv.
Geotech. Earthq. Eng. Soil Dyn., 1981.

Green RA, Terri GA. Computation of number of equivalent cycles for liquefaction
evaluations. Geotech Spec Publ 2005:544—66. https://doi.org/10.1061/40797(172)31.

Ishihara K, Nagase H. Multi-directional irregular loading tests on sand. Soil Dyn
Earthq Eng 1988;7:201-12. https://doi.org/10.1016/S0267-7261(88)80004-6.

Pan K, Yang Z. Undrained behavior of sand under cyclic paths that match storm-wave
loading conditions. Mar Georesources Geotechnol 2018;36:72—82.
https://doi.org/10.1080/1064119X.2017.1279697.

Tatsuoka F, Silver ML. Undrained Stress-Strain Behavior of Sand Under Irregular
Loading. Soils Found 1981;21:51-66. https://doi.org/10.3208/sandf1972.21.51.

Shen CK, Harder AM, Vrymoed JL, Bennett WJ. Dynamic response of a sand under
random loadings. ASCE Geotech Eng Div Spec Conf Earhtquake Eng Soil Dyn
1978;2:852-63.

Vasko A. An Investigation into the Behavior of Ottawa Sand under Monotonic and
Cyclic Loading (MS Thesis) 2014.

Vasko A, ElGhoraiby MA, Manzari MT. LEAP-GWU-2015 Laboratory Tests. Dataset
2018. https://doi.org/10.17603/DS2TH7Q.

Bastidas AM. Ottawa F-65 Sand Characterization (PhD diss.). University of
California, Davis, 2016.

Elghoraiby MA, Park H, Manzari MT. Stress-strain behavior and liquefaction strength
characteristics of Ottawa F65 Sand. Soil Dyn Earthq Eng 2020;138:106292.
https://doi.org/10.1016/j.s01ldyn.2020.106292.

El Ghoraiby M, Park H, Manzari MT. Physical and Mechanical Properties of Ottawa
F65 Sand. In: Kutter B, Manzari M, Zeghal M, editors. Model Tests Numer.
Simulations Liq. Lateral Spreading, Springer - In press; 2020, p. 45—67.
https://doi.org/10.1007/978-3-030-22818-7 3.

Badanagki MA. Centrifuge Modeling of Dense Granular Columns in Layered
Liquefiable Soils with Varying Stratigraphy and Overlying Structures. University of
Colorado, Boulder, 2019.

ElGhoraiby MA, Park H, Manzari MT. LEAP-2017 GWU Laboratory Tests 2018.
https://doi.org/10.17603/DS2210X.

Ueda K, Vargas R, Uemura K. Cyclic Torsional Shear Tests 2018.
https://doi.org/10.17603/DS28D8G.

Carey TJ, Stone N, Kutter BL. Grain Size Analysis and Maximum and Minimum Dry
Density Testing of Ottawa F-65 Sand for LEAP-UCD-2017. Cham: Springer



(o2&, B2 w N

o N

11
12
13

14
15
16
17

18
19
20

21
22
23

24
25
26

27

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

International Publishing; 2020. https://doi.org/10.1007/978-3-030-22818-7.

ElGhoraiby M. Modeling of Liquefaction-Induced Lateral Spreading (PhD diss.).
George Washington University, 2019.

Kutter BL, Carey TJ, Hashimoto T, Zeghal M, Abdoun T, Kokkali P, et al. LEAP-
GWU-2015 experiment specifications, results, and comparisons. Soil Dyn Earthq Eng
2017;113:616-28. https://doi.org/10.1016/j.s0i1ldyn.2017.05.018.

Vaid YP, Sivathayalan S. Fundamental factors affecting liquefaction susceptibility of
sands. Can Geotech J 2000;37:592—606. https://doi.org/10.1139/t00-040.

Jefferies M, Been K. Soil Liquefaction: A Critical State Approach. Second Edi.
London: CRC Press; 2016.

Kokkali P, Abdoun T, Zeghal M. Physical modeling of soil liquefaction: Overview of
LEAP production test 1 at Rensselaer Polytechnic Institute. Soil Dyn Earthq Eng
2018;113:629-49. https://doi.org/10.1016/j.s01ldyn.2017.01.036.

Korre E, Abdoun T, Zeghal M. Verification of the Repeatability of Soil Liquefaction
Centrifuge Testing at Rensselaer. Model Tests Numer. Simulations Liq. Lateral
Spreading, Cham: Springer International Publishing; 2020, p. 385—400.
https://doi.org/10.1007/978-3-030-22818-7 19.

Korre E, Abdoun T, Zeghal M. Liquefaction of a sloping deposit: LEAP-2017
centrifuge tests at Rensselaer Polytechnic Institute. Soil Dyn Earthq Eng
2020;134:106152. https://doi.org/10.1016/j.s0ildyn.2020.106152.

Kim S, Ha J, Lee M, Kim D. Model Tests and Numerical Simulations of Liquefaction

and Lateral Spreading. Model Tests Numer Simulations Liq Lateral Spreading
2020:315-39. https://doi.org/10.1007/978-3-030-22818-7.

Hung W, Liao T. Model Tests and Numerical Simulations of Liquefaction and Lateral
Spreading. Model Tests Numer Simulations Liq Lateral Spreading 2020:361-84.
https://doi.org/10.1007/978-3-030-22818-7.



