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Influence of Particle Size and Gradation on Liquefaction
Potential and Dynamic Response

Alexander P. Pires-Sturm, Ph.D., M.ASCE"; and Jason T. DeJong, Ph.D., F.ASCE?

Abstract: Centrifuge testing data are presented to elucidate the influence of particle size and gradation on liquefaction potential and dynamic
response. The physical, index, and material properties of nine test soil mixtures, sharing a common geologic origin and ranging in Ds
from 0.18 to 2.58 mm and C,, from 1.53 to 9.86, were quantified and compared to the range of values exhibited by clean sands in the
literature. Each centrifuge model was subjected to 15 dynamic loading events across a range of relative density and Arias intensity levels.
The high permeability of the poorly graded soils prevented flow liquefaction; however, the gap and well-graded soils generated excess pore
pressures similar to clean sands even though large particles were present. Despite similar pore pressure responses, the gap and well-graded
test soils exhibited lower cumulative volumetric strains than the clean sand because of enhanced dilation. The tendency for the gap and
well-graded soils to dilate is theorized to stem from their enhanced packing efficiency and increased shear stiffness. DOI: 10.1061/

(ASCE)GT.1943-5606.0002799. © 2022 American Society of Civil Engineers.

Introduction

Standard of practice assumes that the liquefaction susceptibility of all
coarse grained soils can be reasonably evaluated using sand-based
methods, such as the triggering curves of Idriss and Boulanger
(2008). These triggering curves related penetration resistance to
cyclic strength; however, both parameters have been shown to vary
with particle size and gradation in coarse-grained soils.

Penetration resistance has been shown to increase with particle
size as the particle-to-probe diameter ratio decreases and the con-
tinuum failure mechanism becomes compromised (e.g., Bolton
et al. 1999; Daniel et al. 2004; Sturm 2019). For example, Sturm
(2019) found that cone penetration test (CPT) tip resistance in-
creased by a factor of 2.5 when the mean particle diameter (D)
increased from 0.18 to 2.58 mm (all else being equal). This effect
can be circumvented in practice by applying corrections to the mea-
sured penetration resistance (e.g., Idriss and Boulanger 2008) or by
using large-scale penetrometers (e.g., DeJong et al. 2017) to keep
the probe-to-particle diameter ratio within an acceptable range.

Penetration resistance has also been shown to increase with gra-
dation due to the associated increases in soil stiffness and strength.
For example, Sturm (2019) found that CPT tip resistance increased
by a factor of 2.4 when the coefficient of uniformity (C,) increased
from 1.68 to 7.44 (all else being equal). Kulhawy and Mayne
(1990) and Ghali et al. (2019) proposed methods to systematically
account of the effects of gradation on penetration resistance;
however, these methods cannot account for the influence of particle
crushing, which can become a significant factor at high stresses or
for soils composed of weak grains.
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Since penetration resistance increases with particle size and
gradation, cyclic resistance must also increase proportionally to
validate the standard of practice of using clean sand-based
liquefaction triggers curved to evaluate all coarse-grained soils.
Numerous laboratory and field studies have aimed to understand
the effects of particle size and gradation on cyclic strength; how-
ever, most have included gravel-sized particles to achieve a broader
range of Dsy and C, values. Fundamentally, there is nothing sig-
nificant about the particle size threshold between sand and gravel
particles, as evidenced by the discrepancies between major classi-
fication systems (4.75 mm for unified soil classification system
(USCS) and 2.0 mm for the Japanese, British, and German classi-
fication systems). All coarse-grained soils, regardless of particle
size or gradation, are primarily controlled by frictional interactions;
therefore, rigid separation between sands and gravels can be mis-
leading as it places undue emphasis on an arbitrary particle size
threshold. Studies on gravelly soils can shed light on the effects
of particle size and gradation of coarse-grained soils if the studies
track and account for the influence of key physical parameters such
as C,, particle shape, and minerology, in addition to particle size.

The dynamic response of coarse-grained soils has been inves-
tigated via undrained cyclic element testing, often using gravel-
sized particles and specialized large-scale equipment to avoid
adverse boundary conditions. Based on triaxial testing of gap-
graded mixtures, Evans and Zhou (1994) concluded that cyclic
strength decreases with increasing gravel content. In contrast,
Kokusho et al. (2004) concluded that cyclic strength was insensi-
tive to gravel content based on triaxial testing of well-graded soils
sharing the same effective particle diameter (D) but different C,,
values. However, Kokusho et al. (2004) did find that postliquefac-
tion monotonic strengths increased with C,, for soils of low crush-
ing potential. Based on large-scale direct simple shear (DSS)
testing of gap-graded mixtures, Hubler (2017), Hubler et al.
(2018) concluded that the effect of gravel content on liquefaction
potential and dynamic response varies with state properties (e.g.,
Dy, o)) and loading conditions [e.g., applied cyclic stress ratio
(CSR)]. The test matrix of these previous studies has provided use-
ful insights; however, it is challenging to aggregate the data sets and
draw more quantitative conclusions that can lead to generalized
guidance at the field scale.
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Liquefaction of soils exhibiting a wide range of D5, and C,, val-
ues has been observed in the field and documented in literature
(e.g., Andrus and Youd 1987; Towhata et al. 2014; Cubrinovski
et al. 2017). These soils have a permeability low enough to generate
excess pore pressures during cyclic loading, and yet many classify
as well-graded gravelly soils, which is expected to make them
stronger and stiffer than poorly graded sands. The limited number
of case histories and the widely varying properties of well-graded
coarse-grained soils has precluded the development of a separate
industry-standard triggering curves for gravelly soils. The curves
developed by Cao et al. (2013) are insightful; however, use of the
nonstandard Chinese dynamic penetration test (DCPT) limits their
use in broader engineering practice. Ghafghazi and DeJong (2016)
performed a reanalysis of seven well-documented case histories of
gravelly soil liquefaction to assess the applicability of sand-based
triggering curves. Fig. 1 presents the grain size distributions of
the liquefied soils included in the reanalysis. Common among the
soils are their high coefficients of uniformity (C,) and a substantial
proportion of fine sands, silts, and clays, which controlled their
permeability. The study concluded that it was not unreasonable to
use the sand-based liquefaction triggering curves to evaluate grav-
elly soils. However, the study acknowledged the small data set,
the lack of testing details, and the challenges associated with con-
verting different penetration resistances to equivalent standard pen-
etration test (SPT) (N )4, values.

This paper presents the results of a parametric centrifuge study
designed to elucidate the influence of particle size and gradation on
liquefaction potential and dynamic response. While prior studies
have investigated aspects of this topic, this study was designed to
integrate and systematically study how the critical parameters of
D5 and C,, influence the dynamic response of a uniform, level-
ground deposit subjected to a sequence of shaking events of in-
creasing magnitude. The centrifuge environment allowed for a
controlled, field-scale simulation that allowed for tracking of other
key input parameters such as relative density, CPT penetration
resistance, peak ground acceleration (PGA), and Arias intensity
(1,). This holistic test design enabled direct mapping between soil
properties, loading conditions, and system response, which had not
been possible previously.

Nine soils ranging in Ds, from 0.18 to 2.58 mm and C, from
1.53 to 9.86 were tested over a broad range of relative density
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Fig. 1. Grain size distribution curves for gravelly soil liquefaction sites.
(Adapted from Ghafghazi and DeJong 2016.)

(Dg) and Arias intensity (/,) levels. The interplay between these
variables was studied to identify trends and areas most promising
for future research. While this study is limited to sand-sized par-
ticles (based on USCS), the results may have implications on other
coarse-grained soils, including gravelly soils, which are often en-
countered in alluvial and human-made deposits in practice. Large
differences in liquefaction potential and dynamic response were
observed over the relatively narrow range of Dsy and C, tested,;
therefore, it is expected that more coarse-grained gravelly soils,
with larger D5, or C,, will exhibit a response that differs from that
of clean sands.

Testing Program

Test Soils

Four, poorly graded soils ranging in mean grain diameter (Ds)
from 0.18 to 2.58 mm were sourced from the Cape May Formation
near Mauricetown, New Jersey. The formation is a Pleistocene,
marginal-marine deposit consisting of interbedded quartzite sand
and gravel containing less than 10% feldspar (Owens et al. 1998).
These poorly graded soils were mined and slot sieved into poorly
graded portions of the parent material with no further modifica-
tions; thus, their mineralogy and particle shape are indicative of
their formation (Nichols 2009). These attributes are expected to
affect liquefaction potential and dynamic response; thus, it was
important to ensure they varied in a manner consistent with their
naturally deposited properties. Other aspects of formation such as
history and age are not relevant to this laboratory study on recon-
stituted soils. Henceforth these soils will be referred to via letter
designation, with Soil 100A having the smallest D5, and Soil 100D
the largest.

The poorly graded soils were combined to create five more
broadly graded soil mixtures: two gap graded (85A15D, 60A40D)
and three well graded (50AB, 33ABC, 25ABCD). The mixtures are
named based on the percent by mass of the poorly graded soils they
contain. For example, the well-graded mixture 25ABCD contains
25% by mass of poorly-graded soils 100A, 100B, 100C, and 100D.
Fig. 2 presents the grain size distributions of the nine soil mixtures
used in this study. The physical, index, and mechanical properties
of each soil mixture were characterized via ASTM standard meth-
ods (Sturm 2019). Table 1 provides a summary of the average soil
index and mechanical properties.
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Fig. 2. Grain size distribution curves for all test soil mixtures.
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Table 1. Average physical, index, and mechanical properties of the test soil mixtures
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Centrifuge Tests

All testing was conducted at a centrifugal acceleration of 80g
on the 1-m radius centrifuge at the University of California Davis
Center for Geotechnical Modeling (CGM). Each model was ini-
tially prepared to a relatively loose state (Dp ~ 50%) using dry
pluviation techniques that minimized particle segregation. A flex-
ible shear beam (FSB) container was used to limit boundary effects
during dynamic loading; however, the results of this study suggest
that the FSB container still limits the maximum, single amplitude
shear strains to approximately 1.5%.

The prototype site is a 9.8-m level-ground deposit that was
simulated using a curved soil surface to compensate for the radial
gravitational field (g-field) imposed by the centrifuge. Accelerom-
eters (ACCs), pore pressure transducers (PPTs), and linear potenti-
ometers (LPs) were used to measure the dynamic response of the
soil column at the locations shown in Fig. 3. The models were sa-
turated via a top-down procedure (Kutter et al. 2017) with a fluid 40
times the viscosity of water.

Each model was subjected to multiple dynamic loading events
consisting of 15 uniform cycles of 1-Hz sinusoidal acceleration.
The acceleration was input at the base of the model and allowed
to propagate upward through the soil column. The design loading
sequence consisted of 15 replicable events: 5 each at 0.1, 0.15,
and 0.2¢g of peak base acceleration (PBA) followed by continued
loading at variable PBA. The progressive densification caused by
the dynamic loading was monitored in-flight by LPs and verified at
1g using hand measurements from a high accuracy Vernier depth
gauge (VDG). This approach assumes uniform, one-dimensional
settlement, which is a reasonable approximation based on the
trends documented in Sturm (2019). Six miniature CPTs were also
conducted throughout testing to study the effects of gradation on
penetration resistance (Pires-Sturm and DeJong 2021).
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The widely accepted procedures for centrifuge scaling outlined
by Garnier et al. (2007) were followed in this study. By increasing
the g-field from 1 to 80g, the vertical effective stress varied linearly
with depth from zero at the ground surface to about 100 kPa at
the bottom of the deposit. Using a saturation fluid of 40 times
the viscosity of water within an 80-¢g acceleration field produces
a scaling conflict between dynamic and diffusion time (Garnier
et al. 2007). Because of experimental limitations, it was not practi-
cally possible to increase the fluid viscosity by 80 times; this is a
common tradeoff of centrifuge testing (e.g., Kutter et al. 2017). The
implications of this incongruity between g-field and fluid viscosity
would cause pore pressures to dissipate faster in the model than
they would in the 1-g field condition. However, based on estab-
lished centrifuge protocols and past work, it was expected that ex-
cess pore pressures would reach r, = 1.0 for Soil 100A (i.e., the
only poorly graded sand tested herein). This expectation was con-
firmed during the early testing stages; therefore, scaling was appro-
priately calibrated to allow Soil 100A to exhibit a similar dynamic
system-level response to similar liquefiable poorly graded sand in
the field. The properties of the other test soils were unchanged;
therefore, it is reasonable to make relative comparisons between
the dynamic response across the range of C, and Ds, values
captured in the nine soils tested. With this experimental design,
it is expected that the trends present in the data accurately reflect
the changes in performance that will occur in the field as a func-
tion of C, and D5, although field trends may be more complex
because of phenomenon not modeled herein (e.g., layering, aging,
cementation).

Additional engineering parameters were computed at Elements
12 and 23 (Fig. 4) to examine the dynamic response of the nine test
soil mixtures. Time histories of shear stress (7) were computed for
each loading event using the mass-inertia summing procedure of
Kamai and Boulanger (2011). The CSR was then computed by nor-
malizing 7 by the initial vertical effective stress (o) at the center of
each element. Time histories of shear strain () were computed for
each loading event via the procedures of Brandenberg et al. (2010).
Additional details regarding the means and methods used for
centrifuge testing and analysis are provided in Sturm (2019).

Results

To isolate the influence of particle size and gradation, all other var-
iables should ideally be held constant and equivalent between the
various models. This was practically challenging to achieve given
the multitude of parameters and their variation throughout dynamic
loading; therefore, the test results were scrutinized to find instances
where soil capacity and the demand placed upon it were nearly
constant and equivalent, as these two parameters are expected to
largely dictate the soil’s liquefaction potential and dynamic re-
sponse. Soil capacity is represented herein by Dy because of its
documented influence on cyclic strength and pervasive use in en-
gineering practice. Fig. 4(a) illustrates the progressive increase in
Dy exhibited by each soil mixture over the first 15 loading events.
In general, the mixtures steadily increased from their original, as-
pluviated Dy of approximately 50% to a final value of 80%-90%;
however, Soils 100C and 100D reached a limit in densification
due to the lack of generation of excess pore pressure. Fig. 4(b) de-
picts the associated decrease in void ratio for the first 15 loading
events. Despite similar Dy, values, the well-graded mixtures (S0AB,
33ABC, 25ABCD) had much lower void ratios than the poorly
graded soils (100A, 100B, 100C, 100D), with the gap-graded
mixtures (85A15D, 60A40D) having intermediate values. This
behavior reflects the unique e, and e, values (Fig. 5, Table 1)
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Fig. 4. Change in (a) relative density; (b) void ratio; and (c) Arias
intensity with event number.

of each soil mixture, which stem from differences in their physical
properties.

Arias intensity (/,) was used to quantify the dynamic demand
imparted to the models during each loading event. While PBA was
used during testing, further scrutiny revealed that high-frequency
accelerations, unintentionally introduced by the hydraulic actuator
inducing model shaking, lead to PBA values unrepresentative of
the input demand. Arias intensity was favored because its integra-
tion scheme more appropriately weighs the energy contributed by
the 1-Hz component while still accounting for the influence of
the high-frequency noise. The variation in /, with event number
is shown in Fig. 4(c). Overall, the target loading sequence was
achieved; however, variability increases with event number and /,,
because of the complex feedback mechanisms between the com-
manded ground motion and soil-container response.

Factors other than Dy and I, are expected to influence the
system-level dynamic response of a soil deposit. Numerous studies
have concluded that prior strain history decreases the liquefaction
potential of a soil deposit (e.g., Finn et al. 1970; Singh et al. 1982;
Darby et al. 2019; Dobry et al. 2019); therefore, the number of
loading events experienced by a model is expected to influence
its dynamic response. Since each event may pose a unique demand,
the cumulative (X1,,) serves as a metric to track the effect of load-
ing history when comparing the dynamic response of the test soil
mixtures. Furthermore, large increases in /, may be expected to
influence dynamic response: if an event is much larger than those
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proceeding it, the deposit will be more susceptible to liquefaction
(Darby et al. 2019). This effect was tracked via the change in
1, from the proceeding event (Al,). Finally, stress level is known
to influence dynamic response; therefore, comparisons between
the soil mixtures must be made at the same depth to isolate this
effect.

The relationship between capacity (Dg) and demand (I,) is
shown in Fig. 6 for all 15 loading events applied to each model.
The size of each symbol is scaled to indicate the magnitude of
Al,, with larger symbols indicating a larger increase in 7, com-
pared to the proceeding event. Each symbol is also labeled with
its corresponding shaking event number. Fig. 6 was scrutinized
to identify clusters for analysis based on the following rank-ordered
criteria:

1. Each cluster must contain Soil 100A to make comparisons to the
baseline response of a clean sand.
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2. Clusters should encompass a narrow range of Dy and I, values
to isolate their influence on dynamic response.

3. Clusters should encompass a narrow range of secondary influ-
encers such as Al,, event number, and >1,.

4. Clusters should encompass a wide range of soil mixtures to be
better elucidate the effects of gradation on liquefaction potential
and system response.

Four clusters were identified in Fig. 6 and are described in
Table 2: Clusters 1, 5, 6, and 12, named based on the event number
corresponding to Soil 100A. Cluster 5 is presented herein whereas
Clusters 1, 6, and 12 are included as Supplemental Materials.

Figs. 7-11 show the soil mixtures’ dynamic response for
Cluster 5. Subplots c—d and g-h present the variation in measured
excess pore pressure ratio (r,) and acceleration at middepth and the
base of the model, respectively. Similarly, subplots a-b and e—f
present the variation in calculated CSR and ~y at Elements 12 and 23,
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Table 2. Summary of clusters selected for analysis

Cluster 1 Cluster 5 Cluster 6 Cluster 12
Soil 100A 100C  85A15D 33ABC 100A 100B 100D 60A40D 25ABCD 100A 33ABC 25ABCD 100A 25ABCD
Test APS07s APS13s APS09s APS15s APSO07s APS12s APSI11s APS05s APS08s APSO7s APSI15s APS08s APS07s APSO08s
Event 1 6 4 1 5 7 10 6 7 6 6 9 12 14
Dy (%) 51.6 53.7 52.9 50.1 67.8 68.1 68.6 66.2 66.8 70.9 72.6 71.1 83.5 80.0

e 0.73 0.69 0.61 0.51 0.68 0.62 0.63 0.43 0.38 0.67 0.46 0.37 0.62 0.35
1, (m/s) 0.88 0.88 0.88 0.92 0.89 1.03 0.95 0.95 1.03 1.69 1.60 1.59 2.42 2.37
Al, (m/s)  0.88 0.31 0.03 092  —0.05 0.09 -0.01 0.36 0.06 0.80 0.89 0.48 0.03 0.06
¥I, (m/s) 0.88 3.60 3.29 0.92 4.75 4.49 6.48 4.18 5.39 6.44 5.58 8.08 16.38 19.47

C Soil: 100A, Event: 5, Dg: 67.8%, e: 0.68, 1,: 0.89m/s, Al,: -0.053m/s, ZI,: 4.752m/s )
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Fig. 7. Dynamic response of Soil 100A during Event 5 of Cluster 5.

respectively (Fig. 3). The relationship between CSR and + is Cluster 5

presented for Elements 12 and 23 in subplots i and j, respec- o )
tively. Subsequently, this series of figures will be used to describe Soil mixtures 100A, 100B, 100D, 60A40D, and 25ABCD are in-

the dynamic response of each soil mixture for the clusters cluded in Cluster 5. Each soil mixture was at a Dy of 66%—69%
identified. when subjected to a 0.89—1.03 m/s [, loading event. Additional
© ASCE 04022045-6 J. Geotech. Geoenviron. Eng.
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C Soil: 100B, Event: 7, Dy: 68.1%, e: 0.62, 1,: 1.03m/s, Al,: 0.09m/s, 21,: 4.488m/s )
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Fig. 8. Dynamic response of Soil 100B during Event 7 of Cluster 5.

information regarding event number, e, Al,, and X1, is provided
in Table 2.

Fig. 7 presents the response of Soil 100A during Event 5. While
r, builds rapidly at middepth, initiating liquefaction in about two
cycles, r, at the model base only reaches a maximum value of 0.74.
This r, gradient leads to increasing stiffness with depth; therefore,
higher CSR and lower ~ values are observed at Element 12 than
Element 23. Base isolation occurs near middepth after the initiation
of liquefaction, which causes a reduction in CSR after Cycle 2. The
increased stiffness prior to load reversal seen in Fig. 7(j) is consis-
tent with low-level dilation.

Fig. 8 presents the response of Soil 100B during Event 7.
Near the base of the model, the soil behaves as a rigid body,
as exhibited by the small strain level and low pore pressures (note
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that this is a qualitative descriptor to describe general behaviors
and does not correspond to a threshold strain level). Near mid-
depth, a liquefied condition is suggested by the uniform shear
strains of approximately 1%. Lacking a PPT at the same depth as
Element 12, the liquefied condition cannot be confirmed. Unique
to the response of Soil 100B are the large magnitude decreases in
ru,» which coincide with the short-duration, high-amplitude CSR
spikes near middepth. While this behavior is typically associated
with dilation, the r, drops are larger in magnitude (approximately
0.35) than those observed in other soils and may be indicative of
simultaneous pore pressure dissipation in the higher-permeability
soil. Overall, the decreases in pore pressure result in temporary
increases in stiffness, which limit shear strains despite moderate
CSR levels.
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C Soil: 100D, Event: 10, Dg: 68.6%, e: 0.63, I,: 0.95m/s, Al,: -0.009m/s, 21,: 6.476m/s )
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Fig. 9. Dynamic response of Soil 100D during Event 10 of Cluster 5.

Fig. 9 presents the response of Soil 100D during Event 10.
Liquefaction is not initiated at any point with a peak r, value of
0.2 observed at middepth. Because the high permeability prevents
excess pore pressure generation, the entire column exhibits a rigid
response.

Fig. 10 presents the response of Soil 60A40D during Event 6.
Excess pore pressure builds gradually with each cycle at middepth
and the base of the model; however, neither is high enough to con-
stitute liquefaction. The r, gradient with depth and high shear
strains strongly suggest that liquefaction was initiated in the first
few cycles at Element 12 (though a PPT was not present to confirm
this hypothesis). As seen in Fig. 10(i), shear strains continue to
grow with each postliquefaction loading cycle (cyclic mobility)
(Idriss and Boulanger 2008). Furthermore, the spikes in CSR ob-
served at Element 12 are the largest observed thus far and indicate
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enhanced dilation. The response near the model base is markedly
different: the soil behaves as a rigid body at Element 23 because of
the small r, values.

Fig. 11 presents the response of Soil 25ABCD during Event 7.
A malfunction in PPT; prevented the measurement of r, at the
base of the model; however, the relatively high ~ values observed
at Elements 12 and 23, as well as the rapid generation of r, at
middepth, suggest uniform liquefaction in approximately three
cycles. Cyclic mobility is evident in the stress-strain response at
Elements 12 and 23. Additionally, evidence of dilation is observed
in both the acceleration and CSR time histories, with stronger
dilation occurring at shallow depths. Overall, the dynamic re-
sponse of Soil 25ABCD is similar to 60A40D; however, Soil
25ABCD exhibits enhanced dilation and a more uniform response
with depth.
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C Soil: 60A40D, Event: 6, Dg: 66.2%, e: 0.43, 1,: 0.95m/s, Al,: 0.355m/s, 21,: 4.181m/s )
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Fig. 10. Dynamic response of Soil 60A40D during Event 6 of Cluster 5.

Discussion

Soil Response

Differences in permeability (k) largely control the liquefaction po-
tential and dynamic response exhibited by the poorly graded soils
(100A, 100B, 100C, 100D). Sustained liquefaction cannot occur if
pore pressures dissipate faster than are generated by the contracting
soil skeleton. In centrifuge testing, the rate of pore pressure dissi-
pation is primarily controlled by soil permeability, fluid viscosity,
loading rate, and boundary conditions. Given that gradation was the
only parameter varied between models, differences in soil per-
meability are expected to have the strongest influence on the rate
of pore pressure generation and dissipation. As shown in Fig. 9,
Soil 100D generated r, peak values of 0.24; however, under
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comparable conditions, Soil 100A experienced rapid generation
of r,>0.95 and uniform liquefaction throughout the soil column
(Fig. 6). It is hypothesized that Soil 100D did not liquefy because
its permeability is 130 times greater than the permeability of Soil
100A (Table 1). Soil 100B generated peak r, values approaching
liquefaction despite having a permeability 7.5 times greater than
Soil 100A; however, these high pore pressure values were not
sustained and exhibited large decreases during each unload cycle
(Fig. 7). This behavior is consistent with dilation; however, given
the increased permeability of Soil 100B, it is more likely that the
reductions in r, are a result of permeability-controlled pore pres-
sure dissipation.

The similarities in pore pressure generation exhibited by the
clean sand, gap, and well-graded mixtures are attributed to their
similar permeability values (Table 1). Despite the presence of larger
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( Soil: 25ABCD, Event: 7, D: 66.8%, e: 0.38, 1,: 1.03m/s, Al,: 0.061m/s, 21,: 5.393m/s )
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Fig. 11. Dynamic response of Soil 25ABCD during Event 7 of Cluster 5.

particles in the gap and well-graded mixtures, the permeabilities
were nearly identical to Soil 100A, indicating that smaller particles
(e.g., Dyp) are the primary controlling factor (e.g., Hazen 1911).
In general, the more well-graded soils (SOAB, 33ABC, 25ABCD)
exhibited increased dilation compared to the clean sand (100A).
Within Cluster 5, Soil 25ABCD sustains high CSR values prior
to unloading as a result of dilation-induced stiffness increases,
whereas Soil 100A exhibits a flat stress-strain response character-
istic of poorly-graded sands (Figs. 6 and 10). Both soils reach
similar maximum single-amplitude shear strains of approximately
0.5% and 0.75% at Elements 12 and 23; however, Soil 25ABCD
shows evidence of cyclic mobility not observed in Soil 100A.
The dynamic response of the gap and more well-graded soils
shared many similarities with respect to increased dilation. Increased
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dilation of the gap-graded soils is consistent with the hypothesis
that dilative tendencies increase with decreasing void ratio. For
the same Dy, soils 85A15D and 60A40D have lower e values than
Soil 100A due to their lower e, and e, values (Table 1). Inter-
estingly, the gap-graded soils tended to exhibit a variable response
with depth where the upper layer (Element 12) experienced lique-
faction, whereas the lower layer (Element 23) behaved as a rigid
body (Fig. 9). Although this behavior was observed in other soil mix-
tures (e.g., Fig. 7), it was generally associated with low A/, events,
whereas the gap-graded mixtures exhibited a variable response with
depth across a wide range of loading conditions. Differences in the
behavior of gap-graded soils are often explained in the literature via
compositional categorization as either matrix or clast controlled
(e.g., Fragaszy et al. 1992; Evans and Zhou 1994). As demonstrated
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by Hubler et al. 2017, 2018) the cyclic strength of gap-graded mix-
tures is not only dependent upon composition but also affected by
the state properties and loading conditions. The centrifuge testing
conducted herein allows for variable CSR values throughout the
soil column; therefore, it is hypothesized that the binary nature of
the gap-graded mixtures is a primary reason for their tendency to
produce a binary response with depth. The gap-graded soils were
included in this study because they are easy to conceptualize; how-
ever, their brittle sensitivity makes it difficult to generalize their
behaviors. Fortunately, gap-graded deposits are seldom encountered
in natural or human-made deposits; therefore, additional study may
not be pragmatic.

The effects of increasing Dg, I,, and Al, manifested them-
selves in similar manners across all soil mixtures. Increasing Dy
reduced the liquefaction potential and increased dilative tendencies
in all soil mixtures aside from 100B, 100C, and 100D where per-
meability effects overshadowed the influence of Dy. Increased 1,
placed more demand on the soil deposits, which generally lead to
higher shear strains, except for cases where base isolation occurred.
Overall, these effects were consistent with expectations based
primarily on the testing of clean sands (e.g., Idriss and Boulanger
2008; Darby et al. 2019).

Soil Performance

Given that engineering practice is increasingly embracing
performance-based design, the data presented herein was analyzed
to assess the effect of particle size and gradation on system-level
performance. The most appropriate measure of performance for the
level-ground prototype site is volumetric strain (g,), computed
herein based on the LP measurements at the center of the model
(LP,). The central LP was used as opposed to an average of all
three LPs because it was found to be most consistent with the
assumption of one-dimensional settlement. Fig. 12 shows the rela-
tionship between cumulative volumetric strain (2¢,) and loading
event for all nine soil mixtures. Those soils that did not liquefy
(100C, 100D) experienced the least Y., which resulted in Dy pla-
teauing as observed in Fig. 4(a). The clean sand (100A) exhibited
the greatest settlement (worst performance) with a e, value of
approximately 8% after 15 loading events. The performance of Soil
100B was between the other poorly graded soils, likely stemming

from its intermediate permeability. In contrast, the well-graded soils
all exhibited lower ¢, than the clean sand, with Soil 25ABCD
performing the best of the well-graded soils with a final e, of
approximately 5%. These trends suggest that decreasing e,
and e, values, which produced increased stiffness and enhanced
dilation, translate directly to improved performance under cyclic
loading. This observation explains the similar performance of Soils
25ABCD and 60A40D: despite their compositional differences,
both soils share similar e, and e;, values (Table 1), which re-
sulted in similar e, trends (Fig. 11). Extending these trends to
the field case suggests that well-graded soils may provide better
performance than clean sands even though both can generate high
r, values due to their low permeabilities (Table 1). Future testing
of alternative model geometries susceptible to large predictable
deformations (e.g., embankments) may better elucidate how perfor-
mance changes as the soil becomes more well graded.

System versus Element-Level Response

The centrifuge results previously discussed provide unique insights
into system-level dynamic response that cannot be replicated via
element-level testing. Typically, cyclic element testing mechani-
cally imposes an undrained condition to study pore pressure gen-
eration. In contrast, the pore pressure response in centrifuge tests is
primarily controlled by soil permeability and loading characteris-
tics. This allows for pore pressure gradients with depth which
can lead to pressure-driven water flow in the centrifuge model
(pressure-driven flow is assumed to not occur in element tests).
The loading conditions imposed during centrifuge testing are also
directly controlled by soil response, with identical input ground
motions leading to different CSR levels throughout the soil column.
Upon initial liquefaction, the softened soil may not be able to trans-
mit stress waves, which results in base isolation of the shallow
layers. This type of behavior is not present in element testing where
a constant maximum CSR is typically imposed for each loading
cycle.

Cubrinovski et al. (2019) demonstrated the importance of these
and other system-level responses when analyzing 55 liquefaction
case histories from the 2010 to 2011 Canterbury earthquake se-
quence in Christchurch, New Zealand. The study concluded that
accounting for system-level responses dramatically improves the
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Fig. 12. Dynamic performance illustrated by change in cumulative volumetric strain with event number.
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ability to explain differences in liquefaction-induced damage not
captured by simplified liquefaction triggering procedures. In some
instances, aspects of system-level response helped to reduce lique-
faction damages (e.g., base isolation), whereas other responses
worsened damages (e.g., upward flow). Although differences in
stratigraphy primarily controlled the system-response of the sites
analyzed by Cubrinovski et al. (2019), the paper clearly demon-
strates the importance of these phenomena. Obviously, element
testing is an invaluable tool to characterize the influence of particle
size and gradation on dynamic response; however, the system-level
response offered by centrifuge testing could be used in parallel to
increase the benefit to engineering practice.

While a powerful tool, centrifuge testing has its challenges.
As discussed by Kutter and Wilson (1999), changes in effective

stress caused by liquefaction and subsequent dilation lead to chang-
ing shear wave velocities (V) throughout loading. This causes
stress waves to travel at variable speeds because of the shifting site
period. Though this mimics realistic field processes, it is difficult to
couple stress-strain and pore pressure responses. Fig. 13 presents
the results of a cyclic DSS test on Soil 100A at a Dy of 48.5%
(Tognolini 2018). Liquefaction is triggered in six cycles, which
leads to increased shear strains and dilation prior to unloading,
as observable in both the CSR and r, response [Fig. 12(c)].
Fig. 13(a) shows the coupled stress-strain pore pressure response,
which clearly demonstrates the effect of dilation and lends itself
well to additional analyses (e.g., Zhang and Wang 2012;
Humire et al. 2019). In contrast, Fig. 14 presents a similar plot
showing the dynamic response of Soil 100A at Element 23 during
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Fig. 13. Cyclic direct simple shear test results for Soil 100A.
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Fig. 14. Dynamic centrifuge results for Soil 100A.
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Event 6 at a Dy of 70.9%. While the soil experienced dilation prior
to unloading, the stress-strain and pore pressure responses are
poorly correlated in time [Fig. 14(a)]. This lack of correlation stems
from both the variation in site period as well as the physical dis-
tance between the PPT and Element 23. Ideally, a denser sensor
array would be used to better adhere to the minimum sensor spac-
ing recommendations of Kamai and Boulanger (2011). These chal-
lenges make it difficult to reliably assess the time of liquefaction
and associated CSR, which precludes the ability to generate lique-
faction triggering curves based on this data set.

Conclusions

The results of this study on the liquefaction potential and dynamic
response of coarse-grained soils of varying particle size and grada-
tion have led to the following conclusions:

* Pore pressure generation depends primarily on permeability,
which is governed by particle size. At a higher permeability,
poorly graded soils (100B, 100C, 100D) did not reach r, >
0.95; however, the gap (85A15D, 60A40D) and more well-
graded (50AB, 33ABC, 25ABCD) soil mixtures did reach r, >
0.95 because their lower permeabilities prevented rapid pore
pressure dissipation (Table 1). The effect of particle size on
permeability has long been understood (Hazen 1911); however,
the results of this field-scale simulation disprove a common mis-
conception that gravelly soils cannot liquefy. USCS classifies a
soil as gravelly based on the abundance of large grains; however,
permeability is governed by the smaller grain sizes (e.g., D).
As demonstrated by herein, a soil only needs to contain a
smaller percentage of finer grains to reduce its permeability and
enable liquefaction (defined as r, > 0.95).

* Dilation during cyclic loading becomes more prominent as €,
and e, decrease and C, increases. For the same Dy, the gap
(85A15D, 60A40D) and more well-graded (50AB, 33ABC,
25ABCD) soils had lower e values because of their decreased
emax and e, (Table 1, Fig. 5); therefore, they exhibited en-
hanced dilation compared to the clean sand (100A). At the
element level, the enhanced dilation results in increased stiffness
before load reversal, which limited the maximum cyclic strain in
the gap and more well-graded soils. For example, the maximum
single-amplitude cyclic strain exhibited by 25ABCD was 1.8
times lower than Soil 100A, despite both soils reaching r, >
0.95 (Figs. S5 and S7). This result demonstrates that gradation
plays a key role in determining a soil’s strain potential even if
r,>0.95 can be sustained.

* Enhanced dilation during cyclic loading limits deformations.
The clean sand (100A) experienced higher volumetric strains
than any other other soil tested (Fig. 12), despite many of the
soils consistently reaching r, > 0.95. While this study tested
sands over a narrow range of C,, values, these results imply that,
as C, increases, the susceptibility to deformations decreases
relative to clean sands, all else being equal. The increase in dilat-
ive tendency with C, has been observed in cyclic element tests
(e.g., Evans and Zhou 1994; Kokusho et al. 2004; Hubler 2017);
however, the results of this field-scale simulation enable these
differences in elemental response to be directly related to field-
scale performance.

e While the gap-graded soils (85A15D, 60A40D) exhibited many
similarities to the more well-graded soils (50AB, 33ABC,
25ABCD), their brittle sensitivity made it difficult to generalize
their response. Fortunately, gap-graded soils are infrequently
encountered in engineering practice, as most natural soils are
well-graded because of their depositional processes.
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* Centrifuge testing provided insights into system-level response
not replicated by element testing. The modeling of field-scale
processes illustrates the interplay between soil properties, sys-
tem response, and performance. Studies that combine the ben-
efits of element and centrifuge testing may prove useful for
verification of analysis procedures predicting the liquefaction
potential and dynamic response.

Overall, these findings emphasize the importance of accurately
characterizing and isolating the multitude of physical, index, and
mechanical properties that influence liquefaction potential and
dynamic response. Particle size was found to primarily influence
permeability, which affects pore pressure generation and liquefac-
tion potential. Gradation was found to primarily influence packing
efficiency, which affects strain response and deformations. While
this study tested sands over a relatively narrow range of D5, and
C,, the trends have implications for more coarse-grained soils, in-
cluding gravels, which can have greater Ds, and C, values in natu-
ral and human-made soils. Extrapolating the trends observed herein
suggests that soils with higher C,, values may be less susceptible to
large deformations even if they experience liquefaction (r,>0.95).
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