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Postliquefaction Reconsolidation Settlement of a

Soil Deposit Considering Spatially Variable Properties
and Ground Motion Variability

Devdeep Basu'; Jack Montgomery, Ph.D., P.E., M.ASCE?; and Armin W. Stuedlein, Ph.D., P.E., F.ASCE®

Abstract: Assessment of earthquake-induced liquefaction is an important topic in geotechnical engineering due to the significant po-
tential for damage to infrastructure. Some of the most significant infrastructure damage occurs due to differential settlement of the ground,
including due to liquefaction. Postliquefaction deformations commonly are assessed using one-dimensional empirical models, which
inherently assume laterally homogeneous soil layers. Numerical models offer the potential to examine the effects of ground motion vari-
ability and spatially variable soil properties on liquefaction-induced deformations. This study explored the postliquefaction reconsoli-
dation settlement for a site in Hollywood, South Carolina, which was characterized using a three-dimensional (3D) geostatistical model
and simulated using the numerical platform FLAC and constitutive model PM4Sand. The effects of ground motion characteristics on mean
and maximum differential settlements were investigated. The physical mechanisms associated with postliquefaction responses such as
excess pore pressures, shear strains, and volumetric strains also were examined. The efficacy of uniform models assuming representative
percentile soil properties to represent the stochastic mean settlement was investigated. The inherent inability of uniform models to capture
differential settlements and therefore the need for using stochastic models is discussed. DOI: 10.1061/JGGEFK.GTENG-11768. © 2024

American Society of Civil Engineers.
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Introduction

Dynamic loading during earthquakes can generate sufficient shear
strain to generate excess pore pressures associated with liquefaction
of granular soils. Settlement of the ground surface can occur both
during and following liquefaction as volumetric strains accumulate
within the liquefied layer and liquefied materials breach the ground
surface as ejecta. Such settlements rarely are uniform, and differ-
ential settlement can cause significant damage to both underground
(e.g., foundations and buried utilities) and surface infrastructure
(e.g., buildings and bridges). Several empirical models have been
developed to predict postliquefaction settlements using results from
laboratory experiments and field observations (Tokimatsu and Seed
1987, Ishihara and Yoshimine 1992; Sento et al. 2004; Yoshimine
et al. 2006; Idriss and Boulanger 2008). These models commonly
estimate potential postliquefaction volumetric strains using profiles
of penetration resistances from standard penetration tests (SPTs)
or cone penetration tests (CPTs) and estimates of shear strain dur-
ing earthquake loading. Several limitations in these empirical
models or their use in practice have been highlighted, including
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overestimation of settlement for saturated soil layers that do not
reach initial liquefaction (Geyin and Maurer 2019), neglecting ef-
fects of partial saturation or partial drainage (Banister et al. 1976),
thin layers (Yost et al. 2019; Beyzaei et al. 2020; Cary et al. 2022),
nonliquefiable crusts (Youd and Garris 1995; Green et al. 2018),
and soil fabric (Lewis et al. 2008; Bwambale and Andrus 2019).
These models also assume one-dimensional (1D) conditions, im-
plying that the soil is laterally homogeneous. Most soil deposits
are heterogeneous, with the properties varying spatially in both
vertical and lateral directions. The effects of this spatial variabil-
ity on liquefaction-induced differential settlements are not well
understood.

Inherent spatial variability in soils generally arises from (1) vari-
ability in the thickness of a given soil layer (Fenton and Vanmarcke
1998), (2) variability in the lateral extent of a given soil layer
(Lumb 1975), (3) the inherent variability in properties within a
given layer (Phoon and Kulhawy 1999; Stuedlein and Bong 2017),
and/or (4) a combination of all these sources. Although the vari-
ability arising from Sources 1 and 2 can be estimated reasonably
using a sufficient number of soil explorations, the inherent variabil-
ity (Source 3) in a soil stratum can never be fully quantified using
any number of cost-effective explorations (Stuedlein and Bong
2017). Several in situ field tests and analytical studies have been
carried out to improve the familiarity with inherent spatial variabil-
ity and quantify it for geosystems (DeGroot and Baecher 1993;
Phoon and Kulhawy 1999; Griffiths et al. 2002; Bong and Stuedlein
2017).

Spatial variability in soil deposits can cause significant differ-
ential settlements over a loaded area, leading to structural damage
(Polshin and Tokar 1957). Popescu et al. (1997) used finite-element
analyses to investigate the effect of spatial variability on excess
pore pressures and displacements, and assessed the equivalent per-
centile deterministic properties that approximately matched the
stochastic responses. Chen et al. (2016) developed a CPT-based
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liquefaction model for the probabilistic and spatial assessment of
liquefaction-induced settlements at the regional and surficial
geologic unit scale as well as the local site-specific scale.
Montgomery and Boulanger (2017) evaluated the effect of spatial
variability on liquefaction-induced settlement and lateral spreading
for gently sloping ground utilizing numerical modeling, and also
recommended an equivalent percentile of uniform properties that
can be used to approximate the stochastic behavior. Bong and
Stuedlein (2018) used 1D liquefaction triggering and reconsolida-
tion settlement analyses from a well-characterized test site to illus-
trate the role of spatial variability of overburden stress and clean
sand-corrected cone tip resistance on the spatial distribution of dif-
ferential settlement, and noted that lower shaking intensities may
result in larger differential settlements than do high intensities.
However, excess pore-pressure migration and the in-shaking sys-
tem response (e.g., Cubrinovski et al. 2019) were not considered
in these simplified analyses. Additional work is needed to under-
stand the magnitude of differential settlement possible within spa-
tially variable soil deposits and to compare numerical results with
observations at field sites at which spatial variability in properties
has been quantified.

Stuedlein et al. (2021) quantified the spatial variability in differ-
ential settlement following controlled blasting of displacement
pile—improved ground using random field theory. They observed
that whereas the autocorrelation length of reconsolidation settle-
ment could be well-approximated by predensification corrected
cone tip resistance (g,), soil behavior type index (/,.), and fines con-
tent (FC), only the coefficient of inherent variability (COV,,) of
silty fines appeared to be similar to the COV,, of settlement. Addi-
tionally, Stuedlein et al. (2021) showed that the predensification
mean /. and FC at specific locations was positively correlated with
the magnitude of reconsolidation settlement, whereas no significant
correlation to postdensification ¢,, overburden stress and clean
sand-corrected cone tip resistance (g, y.s), Or relative density
(D,) was identified. Together, these findings suggest that the in-
creased compressibility of silty fines constitutes the main variable
driving the postdensification settlement expressed at the ground
surface following dissipation of excess pore pressures. However,
there are few sites at which liquefaction has been observed and soil
properties have been quantified to a sufficiently high degree to
enable stochastic modeling.

In this paper, numerical models were used to simulate the
response of two-dimensional (2D) cross sections of a well-
characterized site in Hollywood, South Carolina, that was subjected
to blast-induced liquefaction. Numerous CPTs, downhole shear
wave velocity tests, and mud-rotary borings had been performed
at the site previously (Stuedlein et al. 2016; Gianella and
Stuedlein 2017). This extensive characterization program provided
good estimates of g, y., at the site, examined by Bong and Stued-
lein (2017, 2018) to estimate the spatial variability of silty fines and

the magnitude of liquefaction-induced reconsolidation settlement
that would be expected at the site using empirical models as de-
scribed previously. This paper builds on this prior work using
numerical simulations with the constitutive model PM4Sand v3.1
(Boulanger and Ziotopoulou 2017) and the finite-difference pro-
gram FLAC v8.0. Numerical simulations used in this study incor-
porated spatially variable soil properties such as D, and shear
modulus based on correlations with ¢,.y.,. Uniform soil sections,
using the median and percentiles from the gy, distribution for the
stochastic deposit, also were simulated to determine their ability to
estimate the reconsolidation settlements computed in the stochastic
models. Both synthetic, pseudo-harmonic earthquake loadings and
a suite of recorded earthquake loadings were used as input motions
to represent the expected seismic hazard at the Hollywood site. The
effects of lateral boundary conditions on mean reconsolidation set-
tlements and maximum differential settlements were investigated,
and were found to influence significantly both the mean and maxi-
mum differential settlement if the boundaries were close to the
region of interest (ROI). The effects of spatial variability on post-
liquefaction responses such as excess pore pressures, shear strain
(7), and volumetric strain (¢,) with g, y., and input motion param-
eters were examined. Comparisons with equivalent uniform models
showed that using median soil properties reasonably captured the
mean stochastic settlements, but not the maximum differential set-
tlements, which are driven in part by ground motion variability and
their evolutionary intensity measures.

Description of the Hollywood Test Site

The test site considered in this study is located in Hollywood, South
Carolina, 20 km west of Charleston, and is set within the Lower
Coastal Plain Unit formed during alternating periods of marine
and fluvial deposition (Doar and Kendall 2014). The native
beach sands are Pleistocene age deposits ranging from 70,000 to
200,000 years old (Maybin and Nystrom 1997; Andrus et al. 2008).
This site previously was used to evaluate liquefaction mitigation
using driven displacement piles through controlled blasting tech-
niques (Stuedlein et al. 2016; Gianella and Stuedlein 2017). The
site also has been used to examine the effects of pile spacing
and installation on driving and penetration resistance (Stuedlein
and Gianella 2016), time-dependent regain of small-strain stiffness
(Mahvelati et al. 2016; Mahvelati et al. 2020), spatial variability of
silty fines (Bong and Stuedlein 2017), and liquefaction-induced set-
tlements (Bong and Stuedlein 2018; Stuedlein et al. 2021). The site
has been characterized extensively using static and seismic CPTs,
downhole- and surface wave—based shear wave velocity tests, and
mud-rotary borings with split-spoon samples. Fig. 1 presents a plan
view of the test site showing the locations of the initial 25 CPTs
conducted in May 2014 and mud-rotary boreholes advanced in
June 2014 to identify baseline subsurface conditions prior to
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Fig. 1. Plan view of the Hollywood test site showing the locations of the various explorations performed. (Adapted from Bong and Stuedlein 2018.)
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Fig. 2. (a) Cross section of the general soil section at Hollywood site along with the FLAC mesh; (b) ¢,; and (c) /. measurements at two locations

from CPT tests. (Adapted from Bong and Stuedlein 2017.)

densification and controlled blasting. Soundings within each
grouping of five CPTs was initiated at the locations designated-1
(e.g., P1-1) and at the corner locations to reduce potential soil dis-
turbance. Two typical cross sections (Sections 1 and 12) are marked
in Fig. 1, and these are used for subsequent analysis in this paper.

The generalized stratigraphy at the Hollywood site is shown in
Fig. 2(a). Two typical ¢, and I, profiles [Figs. 2(b and c), respec-
tively] were determined using the seismic CPT tests P1-1 and P5-1
in Fig. 1. The upper 2.5 m is a loose to medium-dense silty or
clayey sand fill, which overlies an 8.5-m-thick potentially liquefi-
able layer composed of loose to medium-dense poorly graded sand
with lenses of silty sand which forms the focus of this study. The ¢,
and /. values for this layer are consistent with those expected for
clean sands or silty sands (Robertson and Wride 1998). The lique-
fiable layer is underlain by a 1.5-m-thick, soft to medium-stiff clay
layer which in turn is underlain by a 1.5-m-thick dense sand layer.
The thicknesses of the various layers generally are uniform across
the site (Bong and Stuedlein 2018), and stratigraphic variability
was not considered in this study. The depth to groundwater exhibited
seasonal variation, and can be as shallow as 2 m below the ground
surface.

Bong and Stuedlein (2018) used random field theory (Vanmarcke
1977) to produce a three-dimensional (3D) geostatistical model of
q,, FC, and ¢.qy.s Within the liquefiable layer to account for the
spatial variability of both the sand and the silty sand lenses. The
geostatistical model was discretized vertically using 5-cm intervals
from 2.5 to 11 m depth and 25 cm in horizontal directions (from 0
to 3 m in the east-west (E-W) direction and from O to 26 m in the
north-south (N-S) direction), resulting in 13 cross sections of gy
separated by a distance of 25 cm in the E-W direction. In contrast,
the 2D numerical simulations used in this study averaged the origi-
nal geostatistical discretization to produce grids with a 50-cm spac-
ing in the vertical direction and a 50-cm spacing in the N-S
direction to reduce the number of elements in the simulations
and decrease computation time. The numerical simulations consid-
ered the same discretization interval of 25 cm in the E-W direction
as the 3D geostatistical model, and all 13 cross sections were uti-
lized for simulations. Two cross sections through the 3D model at
0 m (E-W direction) and 2.75 m (E-W direction), referred to as
Sections 1 and 12, respectively, are shown in Figs. 3(a and b)
as an example of the spatial variability in penetration resistance
within the liquefiable layer at the site. Fig. 3(c) shows the cumu-
lative distribution functions (CDFs) of g,y for the 13s oil sec-
tions; differences were negligible. The median g y., is 80 and
standard deviation is 14.5.
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Numerical Simulation Approach

Numerical simulations were conducted for the 13 soil sections run-
ning along the N-S direction (Fig. 2) with a width of 26 m and a
total depth of 14 m. The simulations were performed using square
elements of 50 cm in width (baseline conditions), which allow
propagation of frequencies smaller than 28 Hz (Kuhlemeyer and
Lysmer 1973). Additional soil columns on either side of the speci-
fied stochastic ROI were considered to better replicate the in situ
free-field liquefaction response. The width of the extra soil columns
was 78 m [three times the width of the ROI (26 m)] to reduce the
effects of the boundaries (discussed in a subsequent section). Addi-
tional simulations were performed for five representative uniform
soil sections with g.qy.s values equal to the median (g,;y.s = 80),
16th (gcines = 65.5), 33rd (Geines = 72.7), 67th (qeines = 87.3),
and 84th percentiles (q.;y., = 94.5) as obtained from the source
CDFs (Fig. 3). The simulations used the numerical platform FLAC
v8.0 and the nonlinear constitutive model PM4Sand v3.1
(Boulanger and Ziotopoulou 2017) for the sand layers, and the
Mohr—Coulomb model for the clay layer.

Each simulation was performed in three stages. In the first stage,
the model geometry, soil properties and boundary conditions were
defined, and the geostatic stress state (static equilibrium) was
achieved. The base of the model was fixed against movement, and
only vertical movements along the sides of the model were allowed.
Hydrostatic pore-pressure conditions were established across the
model to match the depth of the ground water table (2 m below
the ground surface). In the second stage of the analysis, earthquake
shaking was applied to the base of the model as a horizontal accel-
eration time history. During this dynamic stage, the base of the
model was fixed against vertical movement, and free-field boun-
dary conditions were applied to the sides of the model. Drainage
could take place from the model top, but the sides of the model
were considered to be no-flow boundaries. Rayleigh damping of
0.5% centered at a frequency of 1 Hz was used to dampen numeri-
cal noise based on recommendations by Boulanger and Ziotopou-
lou (2017). In the final stage, boundary conditions at the model
base and sides were the same as those used in the first simulation
stage, and the model was allowed to reconsolidate until all the ex-
cess pore pressures generated during shaking had dissipated.
Analyses for Section 12 were repeated using 25-cm element widths
(half of the baseline) and half of the default time step in FLAC, and
resulted in mean and maximum differential settlements that were
almost identical to those of the simulation using the baseline
conditions.
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Fig. 3. (a) g.in.s distribution at Section 1 in the E-W direction; (b) ¢.jy., distribution at Section 12 in the E-W direction; and (c) cumulative

distribution function of ¢y, for each of the 13 sections at Hollywood.

Constitutive Models

The fill layer, liquefiable layer, and the dense sand layer at the model
base were modeled using the stress ratio—controlled bounding sur-
face plasticity model PM4Sand (v3.1, Boulanger and Ziotopoulou
2017), whereas the clay layer was modeled using the linear elastic—
perfectly plastic Mohr—Coulomb model. The dynamic response
was modeled in PM4Sand using three primary parameters: D,,
the shear modulus coefficient (G,) based on the maximum shear
modulus (G,,,) or shear wave velocity (V), and the contraction
rate parameter (/,,). Parameters D, and G, were selected based
on laboratory or field measurements, whereas h,, must be cali-
brated using single-element cyclic direct simple shear (DSS) sim-
ulations to obtain the desired cyclic strength. Continuum stress
ratio—based models cannot capture postliquefaction reconsolidation
strains that occur due to sedimentation (Ziotopoulou and Boulanger
2013; Howell et al. 2015) or excess pore-water pressure dissipation
along a constant stress ratio path (Malvick et al. 2006), because this
mechanism violates the plasticity condition that forms the basis of
the model formulation (Dafalias and Manzari 2004). Ziotopoulou
and Boulanger (2013) proposed an approach to compensate for this
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limitation by reducing the elastic modulus during the reconsolida-
tion process to increase the value of €, which is controlled through
a flag (PostShake) activated during the reconsolidation phase of
the simulations. PM4Sand was chosen as the constitutive model
for the liquefiable layer in this study because it is one of the few
models that have been shown to produce reasonable agreement
with postliquefaction responses from centrifuge experiments (Basu
et al. 2022a, b) and field sites (Ziotopoulou and Boulanger 2013).
Capturing postliquefaction reconsolidation is a very challenging
problem for most constitutive models used for liquefaction analyses
(Ramirez et al. 2018), and the development and validation of addi-
tional models that can capture this behavior is an important area for
future research.

Dynamic Properties

Stochastic properties were used for the liquefiable layer to isolate
the effects of spatial variability in the liquefiable layer on settlement
patterns, whereas all other layers in the model were assumed to
have uniform properties. For the liquefiable layer, the primary
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model parameters were correlated with the ¢.qy., in each zone us-
ing established correlations. Parameter D, was estimated based on
qc1Nes Using the Idriss and Boulanger (2008) correlation

Goines ) 0264
D, = 0.465 (0—9) —1.063 (1)

The stress normalized shear wave velocity (V)
Vi = 37.895(qcines) (2)
and G,
Gy = 33.192(qees) " (3)

also were correlated with g, y., by adjusting the default PM4Sand
correlation between G, and D, to better match the average Vg
measured at the Hollywood site by Stuedlein et al. (2016) and
Mahvelati et al. (2020). In contrast, %,, was calibrated to match
the CPT-based cyclic resistance ratio [proposed by Boulanger
and Idriss (2016)] to reach 3% single amplitude v in 15 cycles
(CRR5cy) in a cyclic DSS test (Fig. S1 in the Supplemental

Table 1. Uniform soil properties for nonliquefiable layers

Materials). This calibration process was repeated for 45 magnitudes
of ¢.1nes ranging from 30 to 250, which covered the range of g,y
value that exist in the geostatistical model. Values of #,,, for inter-
mediate ¢g.;y.s values were obtained through linear interpolation. A
reasonable upper limit of 0.8 was enforced on the calibrated
CRR 5.y for the very dense soils because the relationship by
Boulanger and Idriss (2016) becomes asymptotic for gy, values
above approximately 180 and because the case history database for
this relationship is limited to observed cyclic stress ratios below
0.6. The maximum void ratio (e,,c), minimum void ratio (e;,),
and hydraulic conductivity (k) were selected based on the recom-
mendations by Gianella (2015), whereas the critical state friction
angle (¢/;) was determined from DSS tests on Hollywood beach
sand reported by Rauthause et al. (2020). The properties for the
nonliquefiable layers are outlined in Table 1.

Reconsolidation Properties

The magnitude of the postshaking ¢, in PM4Sand is controlled by
two reconsolidation calibration parameters, fgeqmin aNd Pged oo
which control the magnitude of modulus reduction and the range

Input properties

Layer D, Cohesion (kPa) ¢, (degrees) pa (kg/m?) Vi (m/s) €max €min G, k (cm/s)
Fill 0.7 — 33 1,481 188 1.1 0.65 2.65 0.01
Clay — 38 0 1,500 168 — — — 0.0001
Dense sand 0.9 — 33 1,550 215 1.1 0.65 2.65 0.01
Note: p,; = dry density of soil; and G, = specific gravity of solids.
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Fig. 4. Four typical input motions used in this study: (a) RS input motion with a PGA of 0.35¢; and three linearly scaled recorded earthquake shaking:
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study scaled to a PGA of 0.25g.
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Table 2. Characteristics of earthquake loadings considered in this study

Recording Total Predominant CAV (m/s) la (m/s)

Earthquake loading station Year M,, duration (s) period (s) PGA =0.25¢ PGA =0.53g PGA =0.25¢g PGA = 0.53g
M1: Imperial Valley-06 Cerro Prieto 1979 6.53 63.7 0.30 25.52 53.91 3.48 15.53
M2: Duzce, Turkey Lamont 531 1999 7.14 41.5 0.26 9.41 19.89 1.05 4.71
M3: Taiwan SMART1(45) SMARTI E02 1986 7.30 329 0.20 10.19 21.54 1.28 6.74
M4: Helena, Montana-01 Carroll College 1935 6.00 40.0 0.14 2.08 441 0.19 0.86
MS5: Victoria, Mexico Cerro Prieto 1980 6.33 24.4 0.06 3.87 8.18 0.31 1.39
M6: Duzce, Turkey Mudurnu 1999 7.14 28.83 0.30 8.49 17.94 0.92 4.08
M7: Sitka, Alaska Sitka Observatory 1972 7.68 55.0 0.12 10.57 22.33 0.86 3.83
Ramped sinusoidal® — — — 15.0 1.00 12.84 — 2.57 —

Note: CAV = cumulative absolute velocity; /, = Arias intensity.

“Synthetic, pseudo-harmonic loading with PGA = 0.53¢g was not considered for ramped sinusoidal loadings.

of mean effective stresses over which the reduction is active, re-
spectively. Boulanger and Ziotopoulou (2017) selected a value
of 20 kPa for pyq,, noting that €, was relatively insensitive to in-
creases in pyeq, above 20 kPa. The D,-dependent relationship for
[fsed.min» as described in PM4Sand v3.1 developed by Boulanger
and Ziotopoulou (2017)

fsed.min =A- exp(B . Dr) (4)

was implemented through calibration with the empirical relation-
ship suggested by Ishihara and Yoshimine (1992), where A and B
are constants, set to 0.03 and 2.6, respectively (Boulanger and
Ziotopoulou 2017). Later versions of PM4Sand (v3.2 and v3.3)
have suggested that a constant feq min = 0.04 would produce rea-
sonable responses in most cases, but they also have noted that users
can select both f.qmin and pgq, based on relevant soil-specific
data.

Basu et al. (2022a) demonstrated that the use of a soil-specific
calibration can improve estimates of reconsolidation settlements
from centrifuge tests, and Basu et al. (2023) proposed a correlation
between the A parameter and Ds for clean sands. Considering the
lack of available postcyclic reconsolidation test data for Hollywood
beach sand, a sensitivity analysis was conducted to estimate val-
ues of A that would produce a reasonable agreement with the free-
field reconsolidation settlements measured at the site following
controlled blasting experiments (Gianella and Stuedlein 2017).
Although there is some uncertainty regarding the similarity and dif-
ferences between the postliquefaction response of soil deposits sub-
jected to multidirectional blast- and earthquake-induced ground
motions, the use of the available full-scale, site-specific experimen-
tal reconsolidation settlement data was considered to be appropriate
herein because the dynamic far-field response of sands to blasting
motions is controlled by shear waves with frequencies which are
within the range of earthquake ground motions (Jana and Stuedlein
2021; Stuedlein et al. 2023). The settlement obtained using the site-
specific A, along with the settlements simulated using the default
and correlated A values from Basu et al. (2023) are discussed
subsequently.

Effect of Liquefaction on Hydraulic Conductivity

Previous studies (Arulanandan and Sybico 1992; Jafarzadeh and
Yanagisawa 1995; Shahir et al. 2012) suggested that liquefaction
results in an increase in hydraulic conductivity due to loss of con-
tact between soil grains in its liquefied state. As the liquefied soil
reconsolidates, the contacts between grains are re-established and
the hydraulic conductivity returns to some magnitude that may or
may not reflect its initial fabric. In this study, a sensitivity analysis
was conducted using the excess pore-pressure ratio (r, )-dependent
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variable k model developed by Shahir et al. (2012) to investigate

the effect of variation in k on reconsolidation responses; r, is de-

fined as the ratio of excess pore pressure to initial vertical effective

stress. The hydraulic conductivity relationship for the dynamic

phase is
Ky

=1 reS0=1+(a—1)xr

1

r.<l=a r,>1 (5
whereas the relationship for the reconsolidation phase is given by

re<0=1+4(@-1)xr* r,<l=a r,>1 (6)

where k; = initial hydraulic conductivity at r, = 0; k,, = modified
hydraulic conductivity; « is the factor by which hydraulic conduc-
tivity increases at r, = 1.0; and (3, and (3, control the rates at which
hydraulic conductivity increases and decreases with r, during and
following shaking, respectively. The hydraulic conductivity re-
mains constant for r, conditions above 1.0, which may occur due
to changes in total stress as the soil mass deforms, although this did
not occur in the simulations in this study. Exponents (3, and [3,
were set to 1 and 2, respectively, whereas o« = 17 was used for
Hollywood sand based on the correlation with D, developed
by Basu et al. (2022a). A simulation was performed for one of
the cross sections using a constant hydraulic conductivity, wherein
the postshaking dissipation rate decreased considerably compared
with the corresponding variable hydraulic conductivity simulation,
but the mean and maximum differential settlements differed by less
than 3% between the two cases. This result agrees with the findings
of Basu et al. (2022a), who found that variable conductivity had a

145
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Depth (m)

Qetnes

North-South distance (m) 75

Fig. 5. Typical cross section used in numerical simulations showing the
additional soil columns on either side of the stochastic ROIL. The g,y
values shown here correspond to those from Section 12.
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significant impact on dissipation rate, but a minimal impact on the
magnitude of the settlement.

Input Motions

Synthetic pseudo-harmonic ramped sinusoidal (RS) loading and re-
corded earthquake shaking [Figs. 4(a—d)] were used as input mo-
tions for the simulations in this study to parametrically investigate
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Fig. 6. Settlement profiles for various D obtained from simulations of
sections in the E-W direction using free-field boundary conditions:
(a) Section 1; (b) Section 5; (c) Section 8; and (d) Section 12.

the effects of motion intensity (as in the case of RS motions),
frequency, and duration (as in the case of recorded earthquake
motions) on reconsolidation settlements of the stochastic sections.
The RS motions had a duration and frequency of 15 s and 1 Hz,
respectively, and seven magnitudes of peak ground acceleration
(PGA)—0.05, 0.13, 0.25, 0.35, 0.45, 0.6, and 0.7 g—were consid-
ered in order to assess the role of intensity on mean and maximum
differential settlement. The fault-normal components of seven re-
corded earthquakes were chosen from the suite of motions (referred
to as Set 1A: broad-band ground motions) recommended by Baker
et al. (2011) to approximate a strike-slip event with a moment mag-
nitude (M,,) of 7 at distance of 10 km. This event approximately
represents the M,, and closest distance to rupture plane (Ry,,) com-
bination for the most probable earthquake events expected at the
Hollywood site that correspond to return periods of 475 and
975 years as determined using the Unified Hazard Tool (USGS
2014). Moreover, the most severe earthquake in the vicinity of the
Hollywood area, the 1886 Charleston earthquake (Nuttli et al.
1986), also corresponded to M,, = 7 with an epicentral distance
of 30 km from the Hollywood site. These seven selected motions
were recorded at rock sites and have a range of spectral shapes
[Fig. 4(e)]. Each of these motions was scaled linearly to produce
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Fig. 7. Variation of settlements with D for four sections each using two
different lateral boundary conditions: (a) mean settlement; and (b) max-
imum differential settlement. Hollow symbols and dotted lines corre-
spond to simulations using periodic boundary condition; solid symbols
and solid lines correspond to simulations using free-field boundary
condition. Periodic boundaries tend to overpredict mean settlement
and underpredict differential settlement relative to the more-realistic
free-field boundaries.
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PGAs of 0.25 and 0.53g that correspond to probability of exceedances
of 10% (475-year return period) and 5% (975-year return period) in
50 years. Table 2 lists some of the important characteristics of the
selected recorded earthquake records.

Sensitivity Analysis

Early simulation attempts indicated that the boundary conditions
and fyqmin parameter produced a significant impact on the

computed settlements. A sensitivity analysis was carried out
to investigate these effects, and the settlement results were com-
pared with the maximum settlement observed from a blast-
induced liquefaction study performed at the site (Gianella and
Stuedlein 2017). All the simulations described in this section
were subjected to a RS input motion (1 Hz and 15 cycles) with
a PGA of 0.7¢g. The I, value of this input motion was 21 m/s,
which is similar to the 7, value estimated for the blast event
(Gianella and Stuedlein 2017).
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Fig. 9. Responses from two simulations of soil Sections 1 and 12 in the E-W direction: (a) settlement; (b) end-of-shaking r,; (c) end-of-shaking ~;
and (d) postreconsolidation ¢,. Both simulations were subjected to the RS input motion with a PGA of 0.13g.
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Effect of Lateral Boundary Conditions on Settlement
Simulations were performed using both free-field (baseline) and
periodic boundary conditions along the lateral sides of the model.
The free-field boundary condition seeks to approximate a 1D
response along the sides of the model, and is described by Itasca
(2016). A linear elastic constitutive model was assigned to the el-
ements forming two columns on either edge of the section, with
properties identical to those from the adjacent columns that utilized
the PM4Sand model. The periodic boundary condition enforced
identical displacements at each side of the model, and commonly
is used for infinite-slope conditions (e.g., Montgomery and
Boulanger 2017). For both sets of simulations, additional soil col-
umns were used on either side of the stochastic ROI up to the lateral
boundaries to evaluate the effect of lateral v smearing as a result of
the boundary condition. Separation distances (D) of 13, 26, 39, 52,
65, 78, 90, and 100 m from the lateral boundaries were utilized for
the simulations (Fig. 5). The soil properties from the columns on
either edge of the stochastic ROI were used for the additional col-
umns to imply lateral continuity in the free-field and isolate the
stochastic variability within the ROI. Similar exercises of isolating
the ROI from lateral boundaries in numerical models were con-
ducted by Chian et al. (2014) and Pretell et al. (2022).

Profile 1 Profile 2 Profile 3
| | |

Fig. 6 shows the settlement profiles for various D values
obtained from simulations of cross sections at distances of 0
(Section 1), 1 (Section 5), 1.75 (Section 8), and 2.75 m (Section 12)
in the E-W direction using the baseline free-field boundary condi-
tion. When the boundaries were close to ROI (D < ROI width), the
boundary conditions led to much larger settlements along the north
edge of the model and lower settlements along the south edge of
model compared with those at larger separation distances for all
four cross sections; thus, the distance separating the ROI from
the vertical boundary impacts the magnitude of maximum differ-
ential settlement when using free-field boundary conditions. The
mean and maximum differential settlements (calculated as the dif-
ference between the maximum and minimum settlements obtained
from a stochastic section) for each of the simulations are shown in
Fig. 7. For free-field boundaries, convergence of settlements was
observed for D = 78 m (three times the width of the ROI) and
greater (Fig. 7). Thus, a D value of 78 m (baseline) was selected
for all subsequent simulations. This ratio of D with respect to the
width of the ROI was slightly greater than the value of 2.50
(D = 250 m, ROI width = 100 m) that Pretell et al. (2022) found
appropriate for their study. The larger D/ROI width ratio that was
required for this study possibly could be a result of the nonlinearity
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in the numerical model used herein, unlike the linear elastic model
used by Pretell et al. (2022).

The effect of using periodic boundary conditions on the lateral
edges of the model on settlements also was evaluated. Periodic
boundary conditions are meant to simulate infinite-slope bounda-
ries (Montgomery and Boulanger 2017) and attached boundaries
such as those imposed by laminar centrifuge containers (Basu
et al. 2022a), but are not intended to capture free-field conditions.
Despite this, periodic boundaries have been used in recent numeri-
cal analyses of liquefaction-induced deformations, so the effect of
these boundaries on the response was examined. In this study, the
mean and maximum differential settlements from simulations using
periodic boundary conditions were insensitive to D (Fig. 7). The
periodic boundaries overpredicted the mean settlement (by ap-
proximately 2 cm) and underpredicted the differential settlement
(2-4 times lower) compared with the more realistic free-field boun-
dary conditions [Fig. 7(b)]. This occurs because the periodic boun-
dary conditions lead to larger and more-uniform ~ values across the
model due to the tied displacement degrees of freedom along the
edges. Although this boundary condition is computationally effi-
cient and insensitive to separation distance, it is meant to simulate
infinite slope conditions and is not representative of level ground
conditions, and therefore was not considered further in this study.

These results highlight that the use of this boundary may provide
misleading results when applied to spatially variable sites.

The characteristics of the model base boundary govern pertinent
aspects of site response. Mejia and Dawson (2006) provided a com-
prehensive review of the dynamic boundary conditions available in
FLAC and how to properly select a base location (e.g., depth and
thickness) and deconvolution procedure to perform a site response
analysis. The present study does not focus on reproducing a spe-
cific surface motion given an input motion, and so the type and
location of the bottom boundary remained fixed throughout the
simulations. An analysis was performed using a thicker dense sand
layer (7.5 m versus the 1.5 m used in the baseline analyses), and no
significant change was observed in the response of the liquefiable
layer or the surface settlements.

Effect of fseq,min 0N Settlement

Early simulations indicated that the default reconsolidation param-
eters underpredicted the settlement relative to the results from the
blast-induced liquefaction study (Fig. 8). The constant A in the re-
lationship for fg.qmin [Eq. (4)] was modified iteratively to 0.02 to
better fit the maximum blast-induced settlement observed (Fig. 8).
The correlation developed between A and D5, by Basu et al. (2023)
for clean sands produces A = 0.015 corresponding to the mean D5
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of 0.18 mm for Hollywood sand (Gianella 2015). Basu et al.’s
(2023) correlation was developed using different clean sands with
D5 ranging from 0.19 to 0.34 mm, so the power-law correlation
was extrapolated to calculate A for this site. Fig. 8 also shows em-
pirical estimates of settlement computed using the Yoshimine et al.
(2006) correlation (assuming M,, = 7.5 and PGA = 0.7¢g, as was
used in the RS motions), which were significantly larger than either
the observations or simulations. The simulations using the default A
value from PM4Sand underpredicted the maximum observed set-
tlement, whereas the simulations utilizing the A value from Basu
et al. (2023) overpredicted the observed settlement. The calibrated
value (A = 0.02) offers the best match to the field observations and
was used for the remaining simulations described in this study. The
recommended default value of 20 kPa for py 4, (Boulanger and
Ziotopoulou 2017) was used in all the simulations performed in
this study.

Results

Simulations were performed for all 13 sections using both RS and
recorded earthquake input motions scaled to different PGAs.
Detailed results are presented for the two stochastic Sections 1
and 12. These sections were selected because of the noticeable dif-
ference in the shape of the simulated settlement profiles between
them (Fig. 6). The corresponding tip resistance contours are shown
in Fig. 3.

Soil Responses from Two Stochastic Sections
Subjected to Ramped Sinusoidal Motions

Fig. 9 presents the reconsolidation settlement, end-of-shaking r,
and -y, and postreconsolidation ¢, from simulations of stochastic
soil Sections 1 and 12 for the RS input motion with PGAs of
0.13g. Results for 0.35 and 0.7g are shown in Figs. 10 and 11, re-
spectively. All simulations used the baseline conditions (50-cm el-
ements with free-field boundaries located 78 m from the ROI). The
mean settlement was similar for both soil sections at a given PGA
but exhibited differing differential settlement profiles as a result
of the spatial variability of the liquefiable layer [Figs. 9(a), 10(a)
and 11(a)]. The simulation of Section 12 resulted in a larger maxi-
mum differential settlement (2.7 cm versus 1.96 cm at a PGA of
0.7¢) than those of Section 1. The mean and differential settlement
patterns are discussed subsequently.

Initial liquefaction with r, = 0.95-1.00 often is defined as the
criterion that governs the onset of liquefaction (Seed and Lee
1966). High r, values were observed at the end of shaking at shal-
low depths for all three PGAs [Figs. 9(b), 10(b) and 11(b)], and the
thickness of this region increased with an increase of input motion
PGA. The simulations performed using the motion with a PGA of
0.7¢g had r, values above 0.85 across the entire stochastic soil sec-
tion at the end of shaking [Fig. 11(b)]. These figures show the ex-
cess pore pressures at the end of shaking, but some dissipation and
redistribution of excess pore pressures occur during shaking, lead-
ing to a reduction in r, (Fig. S2 in the Supplemental Materials),
especially near the base of the liquefiable layer. No significant
variation in r, was observed laterally for any of the PGAs, as in-
dicated by the r, values at the three vertical profiles chosen at dis-
tances of 3.25, 12.75, and 24.25 m along the N-S direction (Fig. S3
in the Supplemental Materials). This can be verified further through
the overlapping of r, histories observed at five adjacent FLAC
zones within the model at which ¢y, varied between 68 and 100
(Fig. 12).

The magnitude of €, during reconsolidation is correlated with
the magnitude of v during shaking (Ishihara and Yoshimine 1992;
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Yoshimine et al. 2006). Simulations using the RS motion with
PGA = 0.13¢ exhibited relatively low ~y values (<2.5%) with con-
centration of strain in a few localized zones [Fig. 9(c)] in which
q.1nes Values were relatively low (Fig. 3). This pattern of ~y distri-
bution is similar to that observed by Montgomery and Boulanger
(2017) for gently sloping ground, in which v values were observed
to localize in a path of interconnected weaker zones when liquefac-
tion was triggered. The simulations with PGA = 0.35 [Fig. 10(c)]
and 0.7¢ [Fig. 11(c)] exhibited significant shear strain concentra-
tion at a depth of about 10 m for both the soil sections with maxi-
mum 7 of ~10% and ~20%, respectively, corresponding to a band
of soil in which ¢y, values ranged between 50 and 70 (Fig. 3). At
these higher shaking PGAs, conditions close to initial liquefaction
conditions (r, > 0.95) can be observed almost throughout the en-
tire soil section except in the bottom 2—3 m, where the shear strain
was concentrated. This v concentration at the base likely was due to
attenuation of the seismic energy by the liquefied region above, as
evident from the acceleration time histories (Fig. 13). Vertical pro-
files of ~ are shown in Fig. 14. At the lower PGA of 0.13g, only
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Fig. 12. Time histories of r, at five adjacent FLAC zones along the
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of (a) 0.13¢; (b) 0.35¢g; and (c) 0.7¢. All simulations correspond to
Section 12.
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to Section 12.

slight variation in v occurred across the section, whereas at the
higher shaking PGAs of 0.35 and 0.7¢, v varied by as much as
5% laterally at the shear bands (Fig. 14).

Figs. 9(d)-11(d) indicate that €, was concentrated in zones that
corresponded to low ¢,y values for the three PGAs and two sec-
tions considered. Nagase and Ishihara (1988) reported test results
on Fuji River Sand with D, = 47% that exhibited an increase in ¢,
to ~4% with an increase in maximum <y to ~10%, upon which ¢,
became asymptotic. The same maximum ¢,,~4%, also was ob-
served in the simulations that used input motions with PGAs of
0.35 and 0.7g. The average ¢, across the soil sections increased
by ~0.75% with an increase in input motion PGA from 0.13 to
0.35¢g. However, ¢, increased by a lesser extent, 0.2%, when
PGA increased further from 0.35 to 0.7g.

The similar ¢, values noted for simulations with PGA = 0.35
and 0.7¢g led to similar mean settlements. This trend can be ex-
plained partially by examining the acceleration time histories
recorded at the bottom and top of the liquefiable layer (Fig. 13).
In both sections, the weakest zone was near the bottom of the pro-
file. When this region liquefied, the reduction in stiffness led to
damping of the seismic energy and a reduction in the loading
on the shallower zones. For the PGA of 0.13g, this reduction oc-
curred around the time of peak intensity (~7 s), whereas it occurred
after only 5 s of loading at 0.35¢ and 3 s of loading at 0.7g. The
ratio of 7, of the recorded motions at the top and bottom of the
liquefiable layer decreased from 0.69 to 0.09 as the PGA increased
from 0.13 to 0.35¢, and it decreased further to 0.03 as the input
motion PGA increased to 0.7¢. This demonstrates that the settlement
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patterns are dependent not only on the distribution of gy, within
a soil section, but also on the intensity of the motion, and, sub-
sequently, on the values of r, and ~ generated within the soil
section.

Mean and Maximum Differential Settlements: Ramped
Sinusoidal Motions

The previous discussion noted that mean settlements were similar
for the two stochastic sections, but the settlement patterns varied,
and depended on PGA. The mean and maximum differential settle-
ments for all 13 stochastic sections are shown in Figs. 15(a and b),
respectively. The mean settlements from these stochastic models
are compared with those obtained from uniform models assuming
representative ¢y, Which exhibited negligible differential settle-
ments. Mean settlements were observed to increase at a decreasing
rate with increases in PGA to 0.6g [Fig. 15(a)], after which the
mean settlements did not change appreciably with increasing PGA.
At any particular PGA, the mean settlements from the various sto-
chastic sections did not vary significantly from each other. At all
PGAs, a uniform model using the median ¢, y,, reasonably would
predict the mean settlement from the stochastic models, consistent
with the findings of Montgomery and Boulanger (2017).
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Fig. 15. (a) Variation of simulated mean reconsolidation settlements
from the stochastic sections and the settlements from uniform sections
with PGAs of the RS input motion, where solid lines represent the
mean settlements from the stochastic sections, and symbols correspond
to the settlements from the uniform sections using different percentile
qc1nes Values; and (b) maximum differential settlements from simula-
tions of all 13 stochastic sections using RS motions with different PGA
levels.
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The maximum differential settlement also tended to increase
with input motion PGA and therefore mean settlement [Fig. 15(b)].
The largest spread in maximum differential settlement estimates
among the 13 sections occurred in the simulation with PGA =
0.45¢g and decreased slightly at higher PGAs, which is attributed
to more-uniform strain distributions at higher PGAs as both loose
and dense zones liquefy. The maximum differential settlement as a
percentage of the mean settlement varied from 5.3% to 8.6% at a
PGA of 0.13g, from 10% to 20.8% at a PGA of 0.45¢, and from
8.4% to 17% at a PGA of 0.7g.

Empirical estimates of maximum differential settlement using
the Yoshimine et al. (2006) framework for the Hollywood site re-
ported by Bong and Stuedlein (2018) indicated an opposite trend
from that shown in Fig. 15(b), with higher maximum differential
magnitude estimated at low PGAs (e.g., 12.8 cm at 0.11¢) and a
decrease in magnitude of maximum differential settlement with
an increase in PGA (e.g., 10.2 cm at 0.15¢, and 8.3 cm at 0.39):
simplified triggering analyses represent 1D assessments, and cannot
capture system responses (Cubrinovski et al. 2019). Furthermore, the
magnitudes of empirical estimates of maximum differential settle-
ment also were 2-10 times larger than those obtained numerically
from the stochastic simulations over the range of PGAs. The sim-
ulations described herein allowed for excess pore-pressure redis-
tribution, which served to reduce the magnitude of maximum
differential settlement anticipated from simplified 1D empirical
estimates.

Effect of Recorded Earthquake Motions

Simulations also were conducted using the selected suite of re-
corded earthquake motions to assess how differences in duration
and frequency content might influence the spatial distribution of
settlement further. Figs. 16 and 17 present the spatial distribution
of settlement, end-of-shaking r, and -y, and postreconsolidation ¢,
for the stochastic soil Section 12 using Motions M1 and M5 with
PGAs of 0.25 and 0.53g. Despite their shared PGA, the mean set-
tlement obtained from the simulations using Motion M1 was much
larger than that obtained using Motion M5 [Figs. 16(a) and 17(a)],
owing to its increased duration, cumulative absolute velocity
(CAV), and I, (Fig. 4 and Table 2). Widely used empirical lique-
faction triggering and reconsolidation settlement models are unable
to capture the complexity and sensitivity of reconsolidation settle-
ment to the finer characteristics of earthquake ground motions, and
would not have yielded the differences in settlement computed
herein. Similar to the simulations using RS motions, the maximum
r, at the end of shaking occurred near the surface and decreased
with depth [Figs. 16(b) and 17(b)]. In contrast to the RS motions, a
greater degree of excess pore-pressure dissipation during shaking
was found for the recorded earthquake motions, which led to lower
r, values at the time at which shaking ended and reconsolidation
began (Fig. 18). This resulted in reductions in the simulated settle-
ments, because PM4Sand is not able to model settlements that
would be expected due to excess pore-pressure dissipation during
shaking in a physical system (Ramirez et al. 2018). Values of ~
were relatively small and were distributed across the model for
Motion M5, whereas they localized near the base of the liquefiable
sand for the lower-intensity Motion M1 (with PGA scaled to 0.25g),
and at a depth of approximately 7 m for M1 scaled to the higher
PGA intensity of 0.53¢ [Figs. 16(c and c)]. These depths are char-
acterized by relatively low g.;y., values (Fig. 3). Values of €, were
largest near the base of the liquefiable layer [Figs. 16(d) and 17(d)],
as was observed with the RS motions with higher PGAs, due to a
base-isolation effect caused by liquefaction of the region above,
reducing the demands at the shallower depths. Overall, the trends
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from the recorded earthquake motions were similar to those ob-
served from the RS motions for this section.

Simulations were repeated for stochastic Sections 1, 5, and 8
using the recorded earthquake motions. The mean settlements from
the recorded motions were similar for all four sections, and all were
less than the RS motions for similar PGAs [Figs. 19(a and b)], but
this was expected because the /,, value of the most intense recorded
earthquake motion (M1 with PGA = 0.53¢g) was similar to the RS
motion with PGA = 0.6¢. In contrast, the /, values of the other six
recorded motions with PGA = 0.53¢ were less than half of those
for M1. Moreover, some excess pore-pressure dissipation was ob-
served in case of the recorded earthquake motion simulations, a
factor that likely led to reduced settlements because the PM4Sand
does not model reconsolidation settlements during shaking. Simu-
lations also were conducted using a uniform model with the median
qc1nes Value [Figs. 19(a and b)] for comparison with the stochastic
simulations. The mean settlements from the stochastic simulations
were nearly identical to that obtained from the uniform model for
all motions. Goodness-of-fit statistics such as the coefficient of de-
termination (R?), mean squared error (MSE), mean bias (calculated
as the ratio of settlement from stochastic and uniform models), and
COV (bias) are summarized in Table 3. The median ¢.y., appears
to serve as an excellent predictor of the mean stochastic settlement
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for the lower PGA, and is slightly conservative for the higher PGA,
similar to observations drawn from the RS motions.

The maximum differential settlements from the various sections
had significant variation for any particular motion [Fig. 19(c)].
The level of variation was similar to that of the RS motions, but the
magnitude of maximum differential settlement as a percent of the
mean settlement was larger for the recorded earthquake motions; it
varied from 3.5% to 51.3% among the four sections at a PGA of
0.25g, and from 3.3% to 36% at a PGA of 0.53¢. These results
show that RS motions can give reasonable estimates of liquefaction-
induced settlements, although the variability is significantly lower as
a result of the uniform motion frequency and duration. Uniform
sections with median properties provided reasonable estimates
of the mean settlement for all of the stochastic simulations, but can-
not provide estimates of differential settlement, which often is more
damaging to infrastructure (Polshin and Tokar 1957; Stuedlein
et al. 2022).

Discussion

For a soil section with spatially variable properties, as is the case for
any real soil deposit, numerical estimation of the liquefaction-induced
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reconsolidation settlements involves two components: the mean,
and the differential settlements. Most experimental and numerical
studies assuming a single representative value of relative density or
penetration resistance for a soil section can capture the mean set-
tlement, but fail to capture the differential settlement, which often is
more detrimental to infrastructure. This study demonstrated that
simulations performed considering uniform sections that utilize
the median ¢,y., from a stochastic soil section can estimate the
corresponding stochastic mean settlement reasonably well for RS
and recorded earthquake motions with a wide range of PGAs. The
agreement was excellent at low PGAs and slightly conservative at
higher PGAs, which aligns with observations by Montgomery and
Boulanger (2017).

However, the maximum differential settlement, calculated as the
difference between the maximum and minimum settlements ob-
tained from the ROI of a stochastic section can be captured only
by taking into account the stochastic distribution of soil properties
within the section. In the case of simulations using RS motions, the
maximum differential settlement as a percentage of the mean set-
tlement varied from 5.3% to 8.6% for low PGAs (~0.13g), from
10% to 20.8% for intermediate PGAs (~0.45¢), and from 8.4%
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to 17% at large PGAs (~0.7¢g). The simulations using recorded
earthquake motions had mean normalized maximum differential
settlements ranging from 3.5% to 51.3% for a low PGA (0.25¢g)
and from 3.3% to 36% for a high PGA (0.53¢). These observations
are consistent with those of Bong and Stuedlein (2018), who they
utilized the Yoshimine et al. (2006) empirical framework to com-
pute €, and found smaller maximum differential settlements when
PGAs were high. These observations indicate that maximum differ-
ential settlement as a proportion of the mean settlement may be
critical for low-intensity motions, and that accounting for differen-
tial settlement hazards using stochastic simulations may be neces-
sary. The continuum model used herein could not capture ejecta, so
this observation is limited to cases in which ejecta do not occur, for
example, due to a relatively thick surface crust layer.

Selection of the most appropriate lateral boundary conditions in
numerical simulations appears to be critical for liquefaction studies.
Free-field lateral boundaries have been observed to replicate the in
situ condition reasonably well (Chian et al. 2014; Pretell et al.
2022), and were used in this study. A sensitivity analysis appears
to be critical for optimization of the distance of the free-field boun-
daries from the ROI to isolate the ROI from the effects of any
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two PGA levels.

numerical artifacts of the free-field boundaries (Chian et al. 2014;
Pretell et al. 2022). In this study, a separation distance of 78 m was
found to be optimal, beyond which convergence of responses was
observed. At smaller separation distances, the boundaries led to
much larger maximum differential settlements. The use of attached
or periodic boundaries is appropriate for infinite-slope simulations,
but was found to lead to more-uniform ~ values across the model
(due to tied degrees of freedom on each side). This increased the
mean settlement and reduced the maximum differential settlement
regardless of the separation distance. This result shows that peri-
odic boundaries are not appropriate for level-ground simulations.
The soil-specific calibration of the PM4Sand reconsolidation
parameter f.qmin also is essential for accurate estimation of the
magnitudes of reconsolidation settlements (Basu et al. 2022a,
2023). The calibration could be performed either using postlique-
faction soil stiffness data, if available, or using experimental or in
situ estimates of settlement for the same soil type. Herein, f.q min
was modified from the default PM4Sand value by adjusting it to
match the mean settlement observed from a blast-induced liquefac-
tion study conducted at the site (Gianella and Stuedlein 2017).
Owing to the multidirectional nature of blast-induced motions
(Jana and Stuedlein 2021, 2022; Jana et al. 2023), the calibration
of fseqmin indirectly incorporated the effects of multidirectional
shaking on reconsolidation settlement (Pyke et al. 1975) despite
the use of unidirectional ground motion input. Consideration of
multidirectional shaking in forward analyses should evaluate the
potential for multidirectional shaking to increase settlements.
This study used 2D soil sections to estimate mean and maxi-
mum differential settlements across individual sections stacked at
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a certain distance interval along the into-the-plane direction. How-
ever, to estimate the overall variation in settlements over an area, a
3D numerical modeling of the site is necessary, which was not ex-
plored herein. Moreover, the use of harmonic motions at other pre-
dominant frequencies and a larger set of recorded earthquake
motions to evaluate liquefaction-induced settlements are other as-
pects that need to be examined in the future. Finally, the reconso-
lidation modeling approach used in this study used a phenomeno-
logical adjustment to the postshaking properties to capture recon-
solidation strains. Development of modeling approaches that can
directly model effects such as sedimentation and ejecta are needed.

Conclusions

This study investigated the liquefaction-induced mean and maxi-
mum differential settlements, along with other postliquefaction re-
sponses such as excess pore-pressure ratios (r,), shear strains (7),
and volumetric strains (g,) for a well-characterized site at Holly-
wood, South Carolina. A total of 13 2D stochastic soil sections with
a width of 26 m and thickness of 14 m (referred to as the region of
interest) from this site were simulated numerically using the
numerical platform FLAC and the constitutive model PM4Sand.
Free-field lateral boundaries were used at an optimum separation
distance from the ROI as estimated through sensitivity analysis.
The soil-specific calibration of the PM4Sand reconsolidation param-
eter feq.mn Was performed for accurate prediction of postliquefac-
tion responses. The numerical simulations incorporated spatially
variable soil properties such as relative density (D,) and shear
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Table 3. Statistical parameters corresponding to numerical fit of simulated
mean settlements from stochastic Section 12 using uniform model
assuming representative median ¢y

Parameter PGA = 0.25¢g PGA = 0.53¢g
R? 0.9965 0.9699
MSE 1.029 1.04
Mean bias 1.012 1.016
COV (bias) 0.07 0.084

Note: All simulations utilized recorded earthquake motion suite.

modulus based on correlations with the measured clean sand-

corrected cone tip resistance (¢.qy.s)- A few representative uniform

soil sections using median and percentile values from the q.y.s

distribution for the stochastic deposit were subjected to shaking

to determine their ability to estimate reconsolidation settlements
compared with those from the stochastic model. Ramped sinusoidal
input motions with different peak ground accelerations and a suite
of recorded earthquake motions linearly-scaled to two PGAs

(0.25 and 0.53¢) that corresponded to the expected hazard at the

Hollywood site were applied to the base of the soil model.
Some of the key observations from this study include the

following:

e The soil-specific calibration of the PM4Sand reconsolidation
parameter f.qmi, Was critical for accurate prediction of recon-
solidation settlements. The default PM4Sand parameter f.q min
was modified by adjusting it to match the mean reconsolidation
settlement observed following a blast-induced liquefaction ex-
periment of the deposit simulated herein and by using the cor-
relation developed by Basu et al. (2022a) based on centrifuge
tests on clean sands. The soil-specific calibration fell between
the default values and that resulting from the correlation sug-
gested by Basu et al. (2022a).

* Higher r, values were observed at shallower depths in stochastic
sections with the thickness of the zone of initial liquefaction in-
creasing with an increase in PGA for the case of RS motions and
with an increase in CAV and I, for the recorded earthquake mo-
tions. Lateral variation of r, was found to be insignificant in any
of the simulations, due to possible redistribution of pore pres-
sures in the lateral direction.

e The distribution of v was found to be dependent on both the
q.1ne¢s distribution of a given soil section and the r, distribution
following liquefaction. The magnitude of + depended on the
evolutionary intensity measures such as CAV and /,. The shear
strain localized in regions of lower ¢, 5., and higher r,, but as
soon as initial liquefaction (r, &~ 1) conditions developed, a re-
duction in the demand above the liquefied area was observed
due to damping of seismic energy at these depths, even if these
zones had low ¢.iyes-

* ¢, was found to be concentrated in zones that corresponded to
low q,.incs Values. They also were found to attenuate for inter-
mediate PGAs (~0.45¢g), leading to an asymptotic mean settle-
ment relationship.

e For any particular motion, the mean settlements derived from
the stochastic sections were similar; however, considerable
variation in maximum differential settlements among the sec-
tions was found owing to differences in the lateral distribution
of dciNes-

* Uniform models using the median properties from the stochastic
sections were able to predict the mean settlements reasonably
well. However, the inherent limitation of uniform models lies
in their inability to predict differential settlements, which often
are responsible for the majority of damage to infrastructure.
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The stochastic simulations performed herein highlighted that
the maximum differential settlement for a section can be a sig-
nificant percentage of its mean settlement (exceeding 50%).
Critically, the mean normalized maximum differential settle-
ments were found to be higher at lower PGAs.

* One-dimensional empirical modeling approaches overestimated
both the mean and maximum differential settlement compared
with the numerical models. This is attributed to three factors:
redistribution of excess pore pressures between loose and dense
zones; the two dimensional strain patterns observed in the sim-
ulations, which tended to concentrate in weaker bands; and the
inability of the empirical approaches to capture reductions in
loading on shallower layers as deeper zones liquefy. These fac-
tors would be difficult if not impossible to include in a simpli-
fied model, which highlights one of the advantages of using
numerical models.
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