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Abstract:A broad range of coarse-grained soils that vary in gradation uniformities, maximum particle sizes, and absolute densities are prone
to liquefaction during earthquake shaking. However, clean, poorly graded sands form much of the liquefaction case-history database, with
these soils often serving as the basis for analysis procedures. This paper presents a centrifuge testing program studying if the liquefaction
triggering and deformation performance of embankment systems constructed with poorly graded sands universally applies to well-graded
soils. Two soils were used in this study, named 100A and 25ABCD, had variations in maximum particle sizes, coefficients of uniformity (Cu),
and void ratio extremes. Dense arrays of in-situ porewater pressure transducers and accelerometers indicate that liquefaction was triggered at
near unity in the different soils. The 25ABCD soil, with its larger Cu and lower void ratio indices, exhibited stronger dilative tendencies, better
preservation of the long period energy of the input motion, and more rapid dissipation of excess porewater pressures. The 25ABCD embank-
ments had lower overall levels of strain at initial liquefaction triggering and accumulated less strain during cyclic mobility. While the two soils
were pluviated to the same relative density and subjected to the same level of shaking, the slope surface displacements in the 25ABCD
embankments were 60%–70% less than the displacements measured in the comparable 100A embankments. These results support the hypoth-
esis that liquefaction and deformation behaviors depend on soil gradation, and findings from this experimental program can be leveraged for
more accurate performance predictions of levees and earthen dams. DOI: 10.1061/JGGEFK.GTENG-11501. © 2023 American Society of
Civil Engineers.

Author keywords: Liquefaction; Cyclic mobility; Centrifuge testing; Soil gradation; Well graded soils; Slope stability; Seismic embankment
design; Earthquake shaking; Dynamic performance.

Introduction

The discipline’s understanding of earthquake-induced soil liquefac-
tion is largely informed by case-history observations collected fol-
lowing earthquakes over the last seventy years. Case histories serve
as the basis for analysis procedures (Seed et al. 1983; Andrus and
Stokoe 2000; Moss et al. 2006; Boulanger and Idriss 2015), inform
laboratory studies of element behavior (Boulanger et al. 1998;
Beyzaei et al. 2018), are vital for validation of numerical simulation
tools (Gerolymos and Gazetas 2005; Bray and Macedo 2017), and
often guide the design of system-level experiments (Horikoshi et al.
1998; Kutter 1992). Researchers use knowledge generated from
case histories to infer the soil properties, state, and in-situ stress
conditions conducive to liquefaction during an earthquake. Within
the case history database, many of the observations of liquefac-
tion are from sites where strata of clean, poorly graded fine- to

medium-grained sands were determined to have liquefied during
an earthquake (Boulanger and Idriss 2014). There are several
interrelated factors for the overrepresentation of these sands, in-
cluding prevalence near water bodies or prior use for hydraulic fill
construction methods to build dams or for land reclamation (Seed
et al. 1975; Ashford et al. 2004). In both cases, these sands are often
very loose, making them highly vulnerable to liquefaction (Whitman
1971).

Clean, poorly graded sands do not represent all potentially
liquefiable soils. Liquefaction has been observed in gravelly, or
well-graded soils (Coulter and Migliaccio 1966; McCulloch and
Bonilla 1970; Youd et al. 1985; Andrus 1994; Kokusho et al. 1995;
Hatanaka et al. 1997; Lin et al. 2004; Cao et al. 2011; Cubrinovski
et al. 2017), and researchers have used these case histories to create
triggering curves (e.g., Cao et al. 2011; Ghafghazi and DeJong
2016; Rollins et al. 2021, 2022). Beyond triggering curves for
gravelly, or well-graded soils, another analytical approach is to
assume differences in the gradation properties of clean, poorly
graded sands and well-graded soils are relative and use a clean,
poorly graded sand procedure for all liquefiable soils. While a
clean sand analysis procedure ignores the influence of soil grada-
tion properties, this approach overcomes other challenges, such as
an insufficient number of case history observations to generate
unique triggering curves or the need to develop correlations for
in-situ equipment suitable for testing large-diameter particles.
Questions remain if the liquefaction triggering and the post-
triggering deformation mechanisms developed for poorly graded
fine sands universally apply to large grained-sands, gravelly, or
well-graded soils vulnerable to liquefaction (e.g., with permeabil-
ities <0.4 cm=sec allowing for the generation of excess porewater
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pressures, Roy and Rollins 2022). Fundamentally, the assumptions
of liquefaction and deformation performance relate back to the in-
terconnectivity of the excess porewater pressure behaviors and the
transmissibility of shear stresses produced by accelerations.

This paper synthesizes the liquefaction and dynamic system-
level performance of the two sands in the centrifuge test program
described by Carey et al. (2022a). The testing program encom-
passed two centrifuge model tests of two parallel embankments
in the same model container. The embankments were constructed
with uniform profiles of two different test sands dry pluviated to a
relative density ðDrÞ 63% for the first test and Dr ¼ 40% for the
second. The test sands utilized in this study are both poorly graded
according to USCS classification; however, one test sand has void
ratio indices and a coefficient of uniformity (Cu) that compares with
sands more typical of the liquefaction case history database and
prior research studies, while the other sand has lower void ratio
indices and a larger Cu not typically found in liquefaction stud-
ies but often encountered in natural alluvial deposits. The more
broadly graded soil was selected because its index properties
(i.e., void ratio ranges and Cu) more closely align with gravelly
or well-graded soils. The particle sizes of this test soil are smaller
than gravels, but the soil skeleton and internal structure, which is a
reflection of the broadness of the gradation (e.g., the void ratio
indices and Cu) are more important than the actual particle sizes
on the internal forces which influence soil behaviors (Santamarina
2003). A suite of soils ranging from poorly to well-graded will not
have binary shifts in dynamic behaviors at changes of soil clas-
sifications, but rather, a gradient change as the soils become more
well-graded. Trends and observations found through this study are
expected to represent more broadly graded soils with larger par-
ticle diameters consistent with well-graded sands and gravels.
Therefore, the background information will focus on well-graded
or gravelly soils rather than the more well-understood poorly
graded sand.

Background

The cyclic strength of well-graded or gravelly soils has been previ-
ously measured through a combination of integrated laboratory test-
ing programs, system-level experimental testing, and case-history
observations. These investigations have demonstrated strength and
stiffness reductions during cyclic loading, causing shear strain accu-
mulation, and often liquefaction. Linking these studies together is
challenging because gradation or soil properties like grain size dis-
tributions, coefficients of uniformity, void ratio extremes, coeffi-
cients of curvature (Cc), mineralogies, or particle shapes have not
been held constant among the different testing programs. These
properties can vary significantly for well-graded soils due to the
range of particle sizes.

Researchers have used laboratory testing to measure the cyclic
strengths of gravelly or well-graded soils to assess the effect of gra-
dation on cyclic resistance. Using cyclic triaxial testing, Wong et al.
(1974) found that liquefaction resistance was higher for gravelly
soils when compared with fine to medium-grained sands. However,
they note that experimental findings may have been influenced by
membrane penetration and quickly dissipating excess porewater
pressures in the gravelly soil due to higher permeability. Vaid et al.
(1990) performed a series of undrained cyclic triaxial testing on
three soil gradations with the same D50 particle size, but with differ-
ent Cu values. These tests indicated that cyclic strength increases
with larger Cu values at low relative densities but an opposite trend
was observed at high densities. Evans and Zhou (1995) constructed
a series of gap-graded sand and gravel mixtures. Using a series

of cyclic triaxial tests, they showed the gravelly mixtures had in-
creased cyclic strength. In contrast, Kokusho et al. (2004) found
that well-graded coarse-grained soils and poorly graded sands have
similar cyclic strengths. Hubler et al. (2018) used a large-diameter
cyclic simple shear device to test pea gravel, Ottawa C109 sand,
and three intermediate pea gravel/sand mixtures. Through this test-
ing, it was concluded that the soil skeleton (i.e., which particles
participate in the load carrying structure) plays a pivotal role in
the cyclic strengths of the different gradations. The conclusions
from Hubler et al. (2018) agree with earlier observations by Siddiqi
(1984), where they noted that a sufficient number of coarser par-
ticles are needed for particle-to-particle contacts. Xu et al. (2019)
developed multiple sand-gravel mixtures with gravel contents vary-
ing from 0% to 80%. Using a large-scale direct simple shear device
they showed three different phases of sandlike, transitional, and
gravel-like with increasing gravel content. Each phase had distinct
influences on cyclic strength.

There has been a limited number of centrifuge testing programs
studying the dynamic behavior of gravelly or well-graded soils.
Pires-Sturm and DeJong (2022) created a suite of composite sand
gradations with median grain size diameters ranging from 0.13
to 2.58 mm and increasing Cu (1.7 to 7.8) by combining different
proportions of four poorly graded sands sourced from the same
geologic formation. Through a series of level-ground dynamic cen-
trifuge tests, they found the composite gradations would all reach
an excess porewater pressure ratio of 1.0 (ru, where ru ¼ Δu=σ 0

vo;
Δu = is excess pore water pressure; and σ 0

vo = initial vertical ef-
fective stress). Their testing showed the sand gradations with larger
Cu values had more pronounced dilative behaviors and lower post-
liquefaction reconsolidation volumetric strains. Another study by
Ruttithivaphanich and Sasanakul (2022) created a composite gra-
dation of 50% gravel and 50% sand and tested it using two level-
ground dynamic centrifuge tests at a relative density of 10.2%.
Liquefaction was triggered in these centrifuge model tests, and
the acceleration and excess porewater pressure responses were sim-
ilar to that of dense sand. These prior testing programs indicate that
gravelly or well-graded soils may have similar dynamic behaviors
as poorly graded sands but also indicate differences, specifically
shear and volumetric strain accumulation during cyclic loading.

Recently, researchers have developed liquefaction triggering
curves using case histories from sites consisting of gravelly or well-
graded soils (Cao et al. 2011; Ghafghazi and DeJong 2016; Rollins
et al. 2021, 2022). These relationships are typically formulated for
penetration methods that are less influenced by the presence of
large diameter particles (e.g., LPT, DPT, BPT, iBPT) or shear wave
velocity measurements. One of the main drawbacks of any trigger-
ing curve is estimating deformation when liquefaction occurs.
Liquefaction triggering for sand-based curves can be assumed
when the ru ¼ 1.0 or at a single amplitude shear strain of 3%–
3.5%, with both criteria often occurring in unity (Ishihara and
Yoshimine 1992; Idriss and Boulanger 2008). It is not known
whether the triggering or consequences of liquefaction in gravelly
or well-graded soils differs from poorly graded sands because the
current laboratory studies and system-level experiments have either
lacked consensus or have been too narrow. Nonetheless, this issue
is critically important as numerous geo-infrastructure systems are
constructed with, founded on, or penetrate through gravelly or well-
graded soils.

Centrifuge testing can be effectively used to experimentally in-
vestigate differences in the dynamic behavior of different gradation
sands. Through this testing program, the input shaking demands,
soil drainage conditions, dynamic behaviors, and deformation re-
sponse can reasonably represent field conditions, which in turn can
provide a deeper, systematic understanding of gradation effects.

© ASCE 04023084-2 J. Geotech. Geoenviron. Eng.
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Experimental Test Program

Centrifuge testing was performed using the 9-m radius centrifuge
at the University of California, Davis, Center for Geotechnical
Modeling (CGM). The design of the centrifuge model test was
two embankments parallel in the same model container, spun at
40-g following conventional centrifuge scaling laws (Garnier et al.
2007), and 1-dimensional shaking was applied at the base of the
model container. Two experiments were conducted as part of this
testing program. The only difference between the two model tests
was the relative density of the sand used to construct the embank-
ments, with one test being at Dr ¼ 63% and the other at Dr ¼ 40%.
Dense vertical arrays of accelerometers and porewater pressure
transducers (PPTs) measured the in-situ dynamic response of
the soil. High-speed cameras positioned exterior to the clear side-
walls of the model container recorded liquefaction-induced em-
bankment deformations, with the experimental setup described
in greater detail by Carey et al. (2022a). The dynamic perfor-
mances of the embankments were evaluated using synchronous
direct and processed time history measurements from accelerom-
eters, PPTs, and high-speed cameras. The following description of
model dimensions and testing results are in prototype scale unless
otherwise noted.

The dynamic centrifuge model test configuration is given in
Fig. 1. The model consisted of two parallel embankments, each
with level ground segments that bounded a 10-degree slope. Each
embankment was constructed with a different test sand, while the
geometries and instrumentations were identical. The embankments
were separated using a rigid wall that prevented dynamic interac-
tions or drainage of excess porewater pressures. A layer of dense
sand (Dr > 90%) underlaid each embankment and elevated the
model in the container for high-speed video recording. Beneath
the level ground above the slope and in the midslope were vertical
arrays of accelerometers and PPTs. The PPTs were offset from the

accelerometers toward the center wall by 2.4 m to increase the ver-
tical distance between sensors. A 0.3 m thick layer of permeable
filter sand was added to provide 3–5 kPa of vertical effective con-
finement stress for the AH6 and AH11 surface accelerometers.

The grain size distributions and photos of the two test sands are
given in Fig. 2. Sturm (2019) named, manufactured, and character-
ized the sand gradations for use in a centrifuge testing program. The
100A sand consists of US Silica New Jersey #70 sand, and the
25ABCD sand is equal parts by mass US Silica New Jersey #1,
3, 6, and 70 sands. Summarized in Table 1 are the physical and index
properties of the sands, along with the permeabilities measured using
a falling head permeability test in the laboratory. Pires-Sturm and
DeJong (2022) provide additional information about the testing
sands.

Fig. 1. Plan and elevation view of centrifuge model test geometry.

Fig. 2. Grain size distributions and photos of the test sands.

© ASCE 04023084-3 J. Geotech. Geoenviron. Eng.
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The 100A and 25ABCD test sands are poorly graded (SP) per
USCS classification [ASTM D2487 (ASTM 2017)]. The Cu (1.7)
and void ratio extremes (0.58–0.88) of the 100A sand are similar to
the sands used for prior liquefaction research studies (Arulanandan
and Scott 1993; Robertson et al. 2000; Kutter et al. 2020b). There-
fore, the embankments constructed with the 100A sand serve as a
benchmark reference condition for liquefaction triggering and de-
formation behaviors of typical research sands. While the 25ABCD
sand is also poorly graded, the gradation has a larger Cu (7.4) and a
lower void ratio range (0.30–0.54) and is not typical of prior lique-
faction research studies. It is reasonable to assume the test sands
may have similar dynamic behaviors during earthquake shaking
given they have the same soil classification, comparable permeabil-
ities (i.e., 0.013–0.025 cm=s from Table 1), shape properties, and
fabrics due to similar pluviation procedures.

For each centrifuge experiment, the embankments were con-
structed using dry pluviation by raining sand down from above the
model container. The sand was pluviated in a series of 25.4 mm
(1 in:) model scale lifts, which matched the vertical spacing be-
tween accelerometers and PPTs. The final 10-degree slope was cre-
ated by placing a wooden template on the container and vacuuming
the excess soil. Sensor locations and the final embankment geom-
etry were validated using depth gauge measurements with an ac-
curacy of 0.1 mm. The pluviation process was marginally adjusted
for the different sands and relative densities to minimize construc-
tion differences that may impact experimental test findings.
Specifics on the pluviation process, including equipment and sand
drop heights, are summarized by Carey et al. (2021b, 2022b) for
the two experiments.

The completed models were saturated following the procedure
by Kutter et al. (2020a), which consisted of applying vacuum to the
model, cycling between CO2 and vacuum, and slowly dripping vis-
cous pore fluid at the toe of the embankments for top-down satu-
ration. The viscous pore fluid was hydroxypropyl methylcellulose
mixed to a viscosity (μ�) of 40 cSt to satisfy the scaling laws for
diffusions and dynamic response (Kutter 1995).

Four, 1 Hz acceleration time histories simulated earthquake
shaking. Each motion had the same topology, with successive
phases where cyclic amplitudes were linearly increasing, con-
stant, and decaying exponentially (Carey et al. 2022a). A single
frequency accelerogram was preferred over complex frequency
contents in an earthquake time-history record for interpreting
the fundamental differences in soil behaviors. The peak ground
accelerations (PGA) and the total number of loading cycles were
increased later in the shaking sequence, resulting in higher seis-
mic demands. The PGAs of the four motions ranged from 0.14 to
0.48 g for 7–20 cycles and Arias intensities (Ia) from 0.3 to
4.7 m=s. A minimum of 90 min of spinning time was given be-
tween each shake for the dissipation of excess porewater pressures.
Fig. 3 presents the acceleration trace from the third shake in the
ground motion sequence, which was 20 loading cycles with a
PGA of 0.23 g and Ia ¼ 1.46 m=s. The different phases of the input
motion (i.e., build, hold, decay) are illustrated with different back-
ground shadings in Fig. 3. Additional information about the
accelerogram design methodology and the repeatability of the

shaking between the two model tests is detailed by Carey et al.
(2022a).

A 10 mm diameter cone penetrometer was pushed in each model
before the first shaking event to characterize the initial properties of
the embankments. In Fig. 4, the sounding profiles are given, with
dots indicating the depth corresponding to one atmosphere of ver-
tical effective confinement stress (qc1) for that embankments. The
overall shapes of the profiles are smooth with depth, which imply
that the embankments were relatively uniform and free of signifi-
cant loose or dense layers. While the models were constructed to
the same relative density, the 25ABCD embankments had larger qc1
at both testing relative densities. The difference in qc1 measured in
the 25ABCD sand were factors of 2.2 and 1.6 for the Dr ¼ 63%

and Dr ¼ 40% models, respectively. Using CPT liquefaction trig-
gering relationships by Boulanger and Idriss (2015), the cyclic

Table 1. Properties of the 100A and 25ABCD test sands at the testing densities

Sand Cu D10 (mm) D50 (mm) emin emax

e @ e @

Gs

k @ k @

Dr ¼ 40% Dr ¼ 63% Dr ¼ 40% (cm=s) Dr ¼ 63% (cm=s)

100A 1.68 0.12 0.18 0.579 0.881 0.76 0.69 2.62 0.025 0.020
25ABCD 7.44 0.16 0.8 0.303 0.544 0.45 0.39 2.61 0.022 0.013

Fig. 3. Recorded input motion for shake #3 of the ground motion
sequence.

Fig. 4. CPT soundings measured before shaking in each embankment.
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resistance ratios (CRR) for the 100A sand are estimated to be 0.19
and 0.12 for the dense and loose models. While for the 25ABCD
sands, the CRRs computed from the triggering curve equation are
1950 and 0.19 for the same models. An estimated CRR of 1950 in
the 25ABCD Dr ¼ 63% model is beyond the mathematical bounds
of the Boulanger and Idriss (2015) triggering relationships and
should not be trusted without careful inspection; however, it is rea-
sonable to assume liquefaction should not trigger.

Results

The characterization of the dynamic response of the embankments
is achieved through measurements from accelerometers, PPTs, and
deformations. These are independent measurements, but soil be-
haviors are interconnected, and responses typically occur synchro-
nously. The traditional approach for analyzing centrifuge test data
from different models is to compare time histories (Kutter et al.
2018). However, given the amount of data generated through this
test program, it is not practical to present time histories from all
shaking events from both model tests. The approach taken herein
is presenting select time histories and synthesized data that dem-
onstrate differences in the liquefaction and deformation response
of the embankments. The following results are for shake 3 (input
motion given in Fig. 3), but consistent trends were observed
throughout the shaking sequence. Time histories for all shaking
events are summarized by Carey et al. (2021a, b, 2022b).

Porewater Pressure Response

The excess porewater pressure response of the sands is demon-
strated using the PPT measurements beneath the level ground seg-
ment above the slope. In Fig. 5, the ru time histories for P5 (See
Fig. 1 for location) are given for both sands and test densities. The
abscissa axis in Fig. 5 has two timescales showing the generation
and dissipation of excess porewater pressures. Excess porewater
pressures accumulate rapidly, causing initial liquefaction (ru ¼ 1.0)
to be triggered at near unity for all measurements. High ru values
were maintained through the duration of shaking and did not de-
crease until about 30 s. The excess porewater pressures dissipate
faster in the 25ABCD sand for both densities. The postulated

mechanism for this rapid dissipation in the 25ABCD sand is
due to differences in the bulk modulus (K) of the two sands. Prior
research efforts have shown that volumetric stiffness increases with
soil density (e.g., Bray and Olaya 2022; Ishihara and Yoshimine
1992), supporting the theory of a larger bulk modulus. If the volu-
metric strain rates are equivalent in both sands, the larger K in the
25ABCD sand will produce a quicker reduction in excess pore-
water pressures during dissipation.

Fig. 6 provides the time durations between the first and last ex-
ceedance of ru ¼ 0.5 for all PPTs in the level ground array, with the
measurements primarily being a comparison of dissipation times
because the initial exceedances of ru ¼ 0.5 were nearly identical
for equivalent depths, similar to P5 in Fig. 5. The curves in Fig. 6
remain parallel over the depth of the array. For the Dr ¼ 63% test,
ru in the 25ABCD sand decreased to 0.5 in about 60% of the time
measured in the 100A sand, and the ratio decreased to 45% for the
Dr ¼ 40% test. Rapidly decreasing ru following earthquake shak-
ing will reduce deformations. Adalier and Elgamal (2004) summa-
rized prior research efforts and showed that as ru exceeds 0.5–0.6,
significant deformations begin to occur, with Howell et al. (2012)
confirming their findings using prefabricated vertical drains to
dissipate shaking-induced excess porewater pressures.

During shaking from 0 to 30 s, the excess porewater pressure
responses in Fig. 5 show high-frequency spikes where the pressures
rapidly decreased and rebounded. Kutter and Wilson (1999) de-
scribed these spikes as de-liquefaction shockwaves which occur
when the soil stiffens as it dilates, increasing shear stiffness and caus-
ing the upward propagating shear wave to transform into a sharp
wavefront. These shockwaves, or dilation spikes, cause the soil to
briefly deliquefy, restricting additional deformations.

The dilation spikes are an indicator of the dilatancy of the sands
and are useful for delineating differences in dynamic behaviors.
The number of dilation spikes that reduced excess porewater pres-
sures below a ru of 0.5 and the total duration of time below that
threshold is presented in Fig. 7 for both sands and testing densities.
Of the two test sands, the 25ABCD models had more dilation
spikes and longer durations of reduced excess porewater pressures.
Excess porewater pressures were less than a ru of 0.5 for about
13.5% (2.61 s) of the shaking time in the 25ABCD sand in the Dr ¼
63% model. In contrast, in the 100A model for the same relative
density, the spikes decreased the excess porewater pressures below
a ru of 0.5 for about 2% (0.43 s) of the shaking time. The 25ABCD
sand had a closer grouping of individual dilation spikes, and hence,
dilation was more periodic than the intermittent spikes in the 100A
sand. These observations of porewater pressure response indicate

Fig. 5. Excess porewater pressures measured at P5 in each embankment.
Fig. 6. Duration between first and last exceedance of ru ¼ 0.5 for the
PPTs beneath the level ground.

© ASCE 04023084-5 J. Geotech. Geoenviron. Eng.
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the embankments constructed with 100A sand should have greater
deformation potential following the findings by Adalier and
Elgamal (2004).

Acceleration Response

Acceleration measurements for the near-surface accelerometer
(AH6) beneath the level ground are presented along with the input
model container motion in Fig. 8 for both sands and test densities.
All traces show a transformation from the input motion. It is ap-
parent that the 25ABCD propagated shear stresses to the soil sur-
face more strongly than the 100A embankments. The sharp spikes
in acceleration occur simultaneously with the dilation spikes in the
porewater pressure response in Fig. 5 and are caused by a wavefront
from the stiffening soil during dilation (Kutter and Wilson 1999).
More frequent spikes occurred in the 25ABCD sand for the two
testing densities, consistent with the excess porewater pressure re-
sponses in Figs. 5–7. The flat acceleration response in the 100A
sands shows that the soil could not transmit propagating shear
stresses upward through the soil column, resulting in the acceler-
ations being attenuated.

Response spectra are provided in Fig. 9 for the input container
motion, AH4, AH5, and AH6, for both sands and relative densities.
These spectra clearly show the differences in acceleration demands.
The spectral responses from the in-situ sensors that bisect the gray
shaded region have energy contents that are attenuated from the

input motion at that period. The large spectral accelerations at short
periods for all the responses in Fig. 9 are predominantly from the
dilation spikes. In the 100A Dr ¼ 40% response, there was attenu-
ation of energy at the 1 s period input signal, and only minimal long
period energy was measured at any of the accelerometers. The
100A sand in the Dr ¼ 63% model better maintained stiffness dur-
ing shaking and transmitted long period energy, but the spectral
accelerations are elongated and attenuated from the 1 s period input
motion and deamplification is greater closer to the ground surface.
A similar attenuation occurred at the 1 s period input motion fre-
quency in the 25ABCD Dr ¼ 40% model. All spectral periods in
the 25ABCD Dr ¼ 63% model were amplified from the input mo-
tion, and the separation of the spectral acceleration curves have
larger amplifications closer to the ground surface.

Deformation Response

Deformation at and following liquefaction triggering is one of the
most important considerations during the seismic design of em-
bankment systems. Both the porewater pressure and acceleration
responses in Figs. 5–9 indicate that liquefaction was triggered when
ru approached a value of 1.0, but this does not translate to similar
levels of deformation. The faster dissipation of excess porewater
pressures coupled with the more frequent and intense dilation
spikes in the embankments constructed with 25ABCD sand de-
creases the time the soil is at a liquefied state and most susceptible
to deformations.

Embankment deformations were measured using a combination
of in-situ sensors and high-speed video recordings. Permanent de-
formations were measured using high-speed cameras positioned on
the exterior of the model container along the clear sidewalls using
the hardware described by Carey et al. (2022a). The image corre-
lation software, GEOPIV-RG (White et al. 2003; Stanier et al.
2016), was used to convert the videos into strain and displacement
time histories. The complete length of the embankments could not
be recorded due to physical space constraints and the need for many
cameras for high-resolution images. Therefore, recordings were
prioritized for the slope and portions of the level ground segments.
Transient deformations during shaking were calculated for pseudo-
elements located between vertically adjacent in-situ accelerometers
in the sensor arrays using the inverse analysis procedures described
by Kamai and Boulanger (2009) and the weighted residual by
Brandenberg et al. (2010). A procedure developed by Carey et al.
(2023) was used to combine transient strains from inverse analysis
procedures and permanent strains from cameras to create composite
time histories. The procedure uses a complementary filter with a
crossover frequency of 0.4 Hz to eliminate double counting of mea-
surements. Displacement measurements were verified using rulers
and depth gauges to ensure they reasonably matched the values mea-
sured using cameras.

Lateral displacements and strains from shake 3 are shown in the
contour diagrams in Fig. 10, with an outline of the embankment
geometry. The measurements in Fig. 10 were made following the
dissipation of excess porewater pressures after shaking had ended.
The patterns of displacements and strains are consistent for both
sands and relative densities, but the magnitude of displacement is
less for the 25ABCD models. In the Dr ¼ 63% experiment, the
midslope surface displacement in the 25ABCD embankment was
0.09 m, compared to the 0.31 m for the 100A embankment.
Throughout the height of the models, the displacements were about
1/3 the magnitude in the 25ABCD embankments compared to the
100A embankments at the same relative density. For the Dr ¼
40% model, larger displacements were measured in both soils.

Fig. 8. Acceleration measured at AH6 in each embankment.

Fig. 7. Duration that dilation spikes were reduced ru < 0.5, and
cumulative time ru < 0.5 for P5 from the dilation spikes.
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The displacements for the 25ABCD and 100A models were
0.37 m and 0.88 m, respectively.

The contours of shear strain in Fig. 10 support the displace-
ment contours patterns and intensities. None of the embankments
developed narrow bands of shear strains resulting in localized
deformations. Higher shear strains were measured in the 100A
embankments, consistent with the larger displacement measure-
ments. The shear strains at the mid-depth of the 25ABCD Dr ¼
63% embankment ranged from 0% to 2%, while the 100A em-
bankment strains were 5%–7%. The distribution of strains in
the 25ABCD Dr ¼ 40% embankment was unique from the 100A,
Dr ¼ 63% embankment, but the magnitudes were similar. The larg-
est strains were measured in the 100A, Dr ¼ 40% embankment at
10%–11%.

The in-situ sensors and high-speed cameras enable time history
measurements of the permanent shear strains in Fig. 10. pseudo-
elements were defined between vertically adjacent accelerometers
to calculate shear stresses and strains using inverse analysis proce-
dures from acceleration measurements (Carey et al. 2021a). A pore
pressure transducer was located at the midpoint of the pseudo-
elements to correlate excess porewater pressure response to
changes in stress-strain behaviors. Fig. 11 shows the locations of
pseudo-elements, with element 1 being beneath the level ground
above the slope and element 2 in the sloping ground array. While
element 1 was in the level ground, it was influenced by the global
response of the system and permanent displacements did occur (See
Fig. 10 for displacement contours). A pseudo-element with no
biased direction of straining was not possible given the test

Fig. 9. Response spectra for the input motion, and shallow accelerometers beneath the level ground. Spectral acceleration responses within the shaded
region are attenuated from the input motion.

Fig. 10. Permanent displacements and shear strains from shake 3 for the Dr ¼ 40% and Dr ¼ 63% centrifuge model tests.
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geometry and to provide sufficient distance between container
walls to minimize boundary effects. However, it is likely permanent
displacements did not accumulate until cyclic mobility and the
biased straining only minimally impacted liquefaction triggering
and the magnitude of dynamic strains at initial liquefaction.

In Fig. 12, the stress-strain response is given for element 1 from
the Dr ¼ 40% experiment with the excess porewater pressure re-
sponse for P5 and shear strain given as a function of time. The color
gradient relates the time between the different measurements, and
the green ticks labeled in the upper left denote the start, hold, decay,
and end phases of the input motion in Fig. 3. The cyclic stress ratio
(CSR) is calculated as the cyclic shear stress in the pseudo-element
normalized by the initial vertical effective confinement stress (σ 0

vo).
The points indicate the first occurrence when ru ¼ 1. The stress-
strain response for 100A [Fig. 12(c)] shows several increases in
shear stiffness as the soil stiffens during dilation [Fig. 12(a)]
and excess porewater pressures are reduced. These increases in
shear stress occur nearly simultaneously during the initial dilation
spikes, and large shear strains occur [Fig. 12(e)] from 4 to 7 s. The
25ABCD sand had similar increases in cyclic stress [Fig. 12(d)]
near the first occurrence of ru ¼ 1. The dilation spikes in the

25ABCD sand resulted in high magnitudes of CSR. During the
period of intense shaking from 5 to 10 s, the 25ABCD soil persist-
ently dilates and causes an increase in cyclic stresses that is not
observed in the 100A sand. These increases in shear stiffness resist
permanent strains, and the large unrecoverable movements did not
begin to accumulate until about 10 s when the soil was no longer
dilating.

The stress-strain response for element 1 for the Dr ¼ 63% ex-
periment is shown in Fig. 13. The higher relative density increased
the number and intensity of the dilation spikes in both sands. Once
ru ¼ 1.0 in the 100A embankment, dynamic strains increased to
3%. The energy at the 1 Hz frequency of the input motion was
maintained in the dynamic strains for the 100A Dr ¼ 63%, consis-
tent with the response spectrums in Fig. 9. The strong dilatancy in
the 25ABCD sand produced a compact stress-strain envelope. In
Fig. 13(f) the strain versus time response shows the dynamic strains
increased in magnitude at a constant rate to a peak of 1% and de-
creased as the intensity of the input motion began to decay. The
permanent strain was less than 0.25%.

The stress-strain time histories for pseudo-element 2, located
within the slope (see Fig. 11 for the location), are given in Fig. 14
for all testing conditions, with the final strains matching the values
in the strain contours in Fig. 10. The nonzero mean static shear
stress in the slope causes a bias response, and permanent strains
accumulate in the downslope direction. The static shear stress
was nearly identical in all embankments. A near uniform accumu-
lation of shear strains occurs in the 25ABCD Dr ¼ 40% embank-
ment during cycling. With each downslope cycle of acceleration,
about 0.5% of shear strain was accumulated. The areas under these
cycles were nearly uniform, suggesting mobilization of damping at
a near constant rate. In the Dr ¼ 40% 100A embankment, perma-
nent strains irregularly accumulated, with several initial loading
cycles resulting in over 6% strain. The magnitude of accumulation
begins to decrease as the shaking intensity begins to decay at 12 s.
The Dr ¼ 63% 100A embankment had uniform rates of permanent

Fig. 11. Location of the pseudo-elements within the up- and mid-slope
sensor arrays.

Fig. 12. Porewater pressure and stress-strain response for pseudo-element 1 (see Fig. 11 for location) measured in the Dr ¼ 40% experiment.
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straining during shaking, but the rate increased during later stages
of loading. In the 25ABCD Dr ¼ 63% embankment, 1%–2%
shear strain accumulated during the build and hold cycles of
the motion. An additional 1% of shear strain occurred during
one of the decay cycles. Overall, the stress-strain responses cor-
roborate the other measurements. While the pseudo-element may
not have been located at the point of maximum strain, the patterns

of strain accumulation demonstrate how the test sands have differ-
ent dynamic responses.

Discussion

Findings from this centrifuge test program demonstrate that while
soils may be classified as the same type, differences in gradation

Fig. 13. Porewater pressure and stress-strain response for pseudo-element 1 (see Fig. 11 for location) measured in the Dr ¼ 63% experiment.

Fig. 14. Stress-strain for pseudo-element 2 (see Fig. 11 for location) for both soils and test densities.
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characteristics, reflected partially by Cu, and void ratio extremes,
can have impacts on the performance of geo-systems during earth-
quakes. While the soils in this test program were sands, it is plau-
sible that other liquefiable broadly graded coarse-grained soils will
exhibit similar or more pronounced trends as the 25ABCD sand.
The observations from this work provide a rationale for the inclu-
sion of gradation properties in the liquefaction and deformation
analysis procedures.

Following standard CPT triggering relationships, liquefaction
was predicted in both sands at Dr ¼ 40% and for the 100A sand
at Dr ¼ 63%. The cyclic resistance ratios (CRR) for the Dr ¼ 40%
sand were estimated at 0.12 and 0.19 for the 100A and 25ABCD
sands, respectively and 0.19 for the Dr ¼ 63% 100A sand. A CRR
of 1950 was calculated for the 25ABCD sand at Dr ¼ 63%, indi-
cating liquefaction would not trigger in this study. During testing,
initial liquefaction of a ru ¼ 1.0 occurred at similar times during the
input motion for both sands at each relative density. 3%–3.5% sin-
gle amplitude shear strains were measured in the pseudo-elements
(Figs. 12 and 13) at roughly the same time when initial liquefaction
was triggered in the 100A sand, consistent with conventional co-
inciding definitions of liquefaction (Idriss and Boulanger 2008;
Ishihara and Yoshimine 1992). Shear strains lower than 3% were
measured in the 25ABCD sand at initial liquefaction for both rel-
ative densities. This suggests that excess porewater pressure and
strain-based definitions of liquefaction may not be congruous for
well-graded soils and that the pore pressure-based triggering evalu-
ation will occur at a much lower shear strain. In the case of the
25ABCD sand, the excess porewater pressure triggering curve
can be described using the conventional excess pore pressure-based
triggering curve, while the strain criteria-based triggering curve
would have a steeper slope and be shifted to the left.

Following the initial liquefaction of ru ¼ 1.0, the dynamic re-
sponses of the test sands continued to bifurcate producing different
post-triggering consequences. The stress-strain responses for the
pseudo-elements in the sloping ground (Fig. 14) show the 25ABCD
soil accumulated less permanent strain for each cycle of down-
slope loading. Shear strain accumulation per cycle of loading
is more constant in the 25ABCD embankments, which may result
in more accurate forward numerical or analytical predictions for
similar soils. The lower accumulating shear strains during cycling,
and the rapid dissipation of excess porewater pressures following
shaking reduced permanent displacements in the 25ABCD em-
bankments by 0.22 and 0.52 m, or 70% and 58% from the 100A
embankments for the Dr ¼ 63% and Dr ¼ 40% experiments,
respectively.

This experimental program indicates that relative density alone
may not adequately predict the dynamic performance of soils for
cyclic mobility liquefaction problems. Many of the formative lique-
faction studies and analysis procedures that use relative density to
represent the cyclic strength of soils were developed using clean,
poorly graded sands, with gradations similar to the 100A sand. Not
distinguishing the dynamic response of coarse-grained soils due to
differences in their physical, index, or mechanical properties may
result in conservative and nonconservative design assumptions.
Incorrect predictions of deformation during cyclic mobility may
produce costly overdesigns or unneeded retrofits of infrastructure
systems. During this testing program, it was demonstrated that the
25ABCD embankments had a 60%–70% reduction of slope sur-
face displacements compared to the 100A embankments. It is rea-
sonable to assume that well-graded sand or gravel would have
similar or even greater resistance to displacement as the 25ABCD
sand. In the case of large infrastructure projects, like earthen dams, the
cost savings could be immense. Incorrectly predicting liquefaction-
induced shear strains may also lead to overestimations of acceleration

attenuation. In the Dr ¼ 63% test, all spectral periods were amplified
from the input motion in the 25ABCD embankment (Fig. 9). Spectral
accelerations would be underestimated for the 25ABCD embank-
ments by assuming dynamic responses are represented by 100A em-
bankments. If these larger accelerations are not anticipated, they could
damage systems located on the embankment crest.

The scope of this experimental test program is not sufficient to
implement extensive changes to the liquefaction triggering and de-
formation procedures. It does illustrate the need for additional lab-
oratory testing and system-level experiments that target dynamic
soil behaviors identified herein. These experimental programs will
better bridge the knowledge gap of how changes in physical and
index properties of soil gradation directly map to deformations dur-
ing liquefaction.

Summary and Conclusions

The liquefaction and cyclic mobility responses of two poorly
graded sands were evaluated using centrifuge model tests. The void
ratio indices and Cu of the 100A test sand was typical of the sands
used for conventional liquefaction studies (Ishihara and Yoshimine
1992; Arulanandan and Scott 1993; Robertson et al. 2000; Kutter
et al. 2018). The second sand, 25ABCD, had lower void ratio
indices and a larger Cu, better matching the index properties of
gravelly or well graded soils often encountered in natural alluvial
deposits. The design of the centrifuge model test was two parallel
10-degree sloped embankments in the same model container, each
constructed with different test sand but at the same relative den-
sity. These experiments show that liquefaction was triggered for
both sands, but they produce different systems-level embankment
performances.

The findings from this centrifuge testing program confirm that
liquefaction can be triggered following an excess porewater pres-
sure ratio criterion in sands with different gradation properties for
similar seismic demands. However, these sands will have accumu-
lated different amounts of shear strain at triggering and during
cyclic mobility. As shown through this experimental program,
lower amounts of strain produced in the 25ABCD sand resulted
in overall lower embankment deformation. Hence, these centrifuge
model tests demonstrate that the liquefaction and deformation per-
formance of embankment systems depends on soil gradation, and a
one-size-fits-all approach to understanding liquefaction-induced
embankment deformations and/or displacements may not be
appropriate.

The tools and procedures to estimate liquefaction-induced
strains need to properly consider lower magnitudes of strain in
well-graded or gravelly soils during liquefaction. This can be
achieved by systematically mapping how maximum levels of strain
vary for soils with different coefficients of uniformity or curvature,
void ratio extremes, or novel parameters to describe the shape of
gradations (i.e., Chapuis 2021). Ideally, these gradation shape
parameters can be directly included in liquefaction vulnerability
indices (LVIs), such as LDI or Sv−1 D, to estimate responses with
depth. A requirement for many LVI procedures is estimates of maxi-
mum shear and volumetric strains, which has been typically derived
from laboratory testing on clean sands (Nagase and Ishihara 1988;
Ishihara and Yoshimine 1992; Idriss and Boulanger 2008). There-
fore, the current procedures may not be appropriate for well-graded
or gravelly soils.

The fidelity of nonlinear constitutive models to accurately predict
the dynamic behavior of well-graded soils should also be assessed.
These validation routines should assess for overly and nonconserva-
tive design assumptions, like predictions of liquefaction-induced
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deformations and embankment crest accelerations. The Liquefac-
tion Experiments and Analysis Projects (LEAP) proposed a frame-
work for validating numerical models predicting the effects of
liquefaction through the use of laboratory element testing, and
highly controlled centrifuge model tests (Carey and Kutter 2022;
Kutter et al. 2018; Manzari et al. 2018). Improvement to current
numerical models will produce safer geosystems and minimize
costly overdesigns.

Data Availability Statement

The raw and processed data generated during this study is available
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mary figures for all sensors and shaking events for each centrifuge
model test. The Python processing code generated or used during
this study is available from the corresponding author by request.
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