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ARTICLE INFO ABSTRACT

Keywords: Liquefaction poses a significant risk to the built environment, and as a result, ground improvement (GI) tech-
Soil liqufffaCﬁOH niques are commonly used to mitigate this risk. Liquefaction mitigation strategies continually evolve, and several
Ground improvement relatively new techniques, such as Rammed Aggregate Piers® (RAP), have shown promise. While the densifi-

Rammed aggregate piers
Full-scale field test
Ata

cation mechanism associated with many of the GI techniques is generally well known, other mechanisms such as
reinforcement, lateral stress increase, and improved drainage that are thought to enhance liquefaction mitigation

Model calibration
Finite differences
Hydro-mechanical coupling

are still not completely understood. Moreover, field performance data for these GI schemes during actual
earthquakes is limited. To fill this gap and evaluate the performance of RAP, this study presents the first nu-
merical model on a specific GI technique that uses detailed site characterization, large-scale field test data, and

post-earthquake field performance observations to calibrate and qualitatively validate the model. The in-situ
characterization and full-scale field test data collected from the Ground Improvement Programme (GIP) per-
formed following the 2010-2011 Canterbury Earthquake Sequence (CES) in New Zealand are used in this study.
A set of fully-coupled hydro-mechanical finite difference (FD) models are performed in natural and reinforced
conditions. For the unimproved soil profile, the results predict shear strains and zones of high excess pore water
pressures reasonably well. For the profile reinforced with RAP, the analyses indicate that the stiffness properties
of the RAP have the greatest influence on the reduction of generated shear strains in the soil profile. Finally, the
calibrated models are subjected to a set of ground motions with different intensities to assess the efficacy of the
RAP under different loading conditions.

and its mitigation remain among the most active research areas in
geotechnical engineering [31]. Numerous studies have focused on un-
derstanding the physics of this phenomenon and methods to evaluate
and minimize the risk due to liquefaction (e.g., Refs. [6,14,18-21];
among many others).

Construction at sites containing shallow liquefiable deposits gener-
ally necessitates either the use of deep foundations to bypass the lig-
uefiable strata or the utilization of ground improvement (GI) methods.
At an intermediate depth range (<40 ft), the former option may be less
economically viable for mitigating the risk of liquefaction at large sites
due to the higher cost of material and construction equipment and
lengthier schedule [13,42]. Alternatively, GI techniques can be used to
create a non-liquefiable crust to mitigate risk due to liquefaction [17,45,
48]. Traditional GI methods such as deep dynamic compaction,
vibro-compaction, compaction piles, conventional stone columns, and
explosive compaction have been used with success to densify loose sands

1. Introduction

Following the 1964 Anchorage, Alaska, and Niigata, Japan, earth-
quakes, the effects and consequences of earthquake-induced soil lique-
faction (liquefaction) have been intensely studied. Loose saturated
granular soil that experiences liquefaction exhibits a significant decrease
in shear strength due to the large increase in excess pore water pressure
and a commensurate decrease in effective confining stress. Additionally,
post-liquefaction consolidation can be significant and potentially
damaging to infrastructure. Recent events in which liquefaction has
caused damage to critical infrastructure include the 2010 Chile earth-
quake (M8.8), in which repairs to infrastructure and residential
structures amounted to US$30 billion [52]; and the 2010-2011 Can-
terbury, New Zealand (Fig. 1), Earthquake Sequence (CES) where the
damage to infrastructure amounted to NZ$40 billion [35]. Liquefaction
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Notation

RAP diameter (unit: m)

Equivalent RAP diameter (unit:m)
RAP center-to-center spacing (unit:m)
Relative density

Frequency (unit:Hz)

Shear modulus (unit:kPa)

0 Shear modulus coefficient

DT TR A

hpo Contraction rate

IR Arias Intensity (unit:m/s)

k Hydraulic conductivity (unit:m/s)

K Bulk modulus (unit:kPa)

Ko At-rest lateral earth pressure coefficient

M,, Moment magnitude

Ni60 SPT N value corrected for overburden pressure and
hammer efficiency

P Mean stress (unit:kPa)

DPa Atmospheric pressure (unit:kPa)

ru Excess pore water pressure ratio

Sa,max Maximum Pseudo Spectral Acceleration (unit: g)

Tpeak Period corresponding to Sg max (unit:s)

u Velocity-time history (unit:m/s)

2 Compression wave velocity (unit:m/s)

Vs Shear wave velocity (unit:m/s)

Vs,across ~ Shear wave velocity measured across the RAP elements

and densified soil (unit:m/s)

Vs dense ~ Shear wave velocity measured in the densified soil (unit:
m/s)

Vs,raP Shear wave velocity of the RAP elements only (unit:m/s)

4 Unit weight (unit:kN/m?>)

Yxy Shear strain in the x-y plane

v Poisson’s ratio
Density (unit:kg/m>)

oy Total vertical stress (unit: kPa)

T Shear stress (unit:kPa)

Fig. 1. Picture of post-liquefaction damage in Christchurch, New Zealand, as a
result of the 2010-2011 Canterbury Earthquake Sequence. (Photo courtesy of
Dr. Lukas Hogan, University of Auckland).

(e.g., Ref. [29]). However, each of these methods has associated short-
comings that prompted the development of new GI methods. These
include Rapid Impact Compaction (RIC), Horizontal Soil-Cement Mixed
Beams (HSM), Low Mobility Grout (LMG), Resin Injection (RES),
Soil-Cement Rafts (SCR), Reinforced Gravel Rafts (RGR), and Rammed
Aggregate Pier® (RAP), among others. Apart from ground densification,
these GI techniques rely on mechanisms that increase liquefaction
resistance by providing shear reinforcement, enhancing drainage, and
increasing soil stiffness (e.g., Refs. [1,3,4,15,16,36,46]. The efficacy of
these mechanisms has been observed in laboratory studies, centrifuge
modeling, numerical studies, and back-analysis of field case histories (e.
g., Ref. [47]). Addressing the benefits among different GI methods is
beyond the scope of this paper. However, there is a need for additional
field validation of the GI techniques and a better understanding of the
coupled effects among the liquefaction mitigation mechanisms under-
lying these techniques.

Given this lack of understanding, cost-effective and reliable GI design
and the implementation for critical geotechnical structures are chal-
lenging. An example of this is the Lancaster Park (formerly AMI Sta-
dium) in Christchurch, New Zealand. The areas under the stadium
stands were improved with stone columns that extended partially

through a thick liquefiable layer. The site was subjected to motions
during the 2011 M,6.2 Christchurch earthquake that exceeded the
design ground motions for the site, and liquefaction was triggered in the
improved ground, effectively returning the improved ground to an un-
improved state [2,10,54]. Unfortunately, case studies of the perfor-
mance of structures founded on improved ground sites, such as the
former AMI Stadium, are scarce. Also, while numerical analyses of
improved ground liquefiable sites have been performed [16,38], very
few use post-event field observations to validate the numerical models
[49]. Moreover, none of the validated models are calibrated using
full-scale test data. This is because of the substantial cost and effort
associated with full-scale field testing and because only limited data can
be obtained from such tests solely from physical observation and
instrumentation. Thus, centrifuge data have been used as an alternative
for validation of numerical models [11,12,28,37]. The numerical
modeling of field tests performed on improved ground sites can com-
plement the field data and can help verify the efficacy of GI techniques.
This is especially relevant for studying liquefaction mitigation because
element test and centrifuge test data may not fully replicate the in-situ
hydraulic conditions and soil fabric. Furthermore, once validated, nu-
merical models can be used to study more complex soil profiles and
loading that represent a range of conditions of interest.

This study focuses on the performance of ground profiles improved
with RAP subjected to ground shaking. The RAP technique densifies the
ground and increases lateral stresses by driving a mandrel into the
ground using combined hydraulic crowd pressure and vertical vibratory
energy. Aggregate is placed in relatively thin lifts and compacted using a
specially-designed tamper foot, creating dense, stiff, aggregate pier el-
ements [53]. The objective of this paper is to investigate the mechanics
of RAP elements in liquefiable soils using a calibrated and validated
numerical model for dynamic conditions. The numerical modeling en-
tails fully-coupled hydro-dynamic plane-strain FD simulations using the
commercial program FLAC [22] that incorporates the PM4Sand consti-
tutive model [5]. The numerical model is calibrated and qualitatively
validated by comparing computed results with those obtained from field
tests in which natural and reinforced profiles are subjected to shaking
from a vibroseis (i.e., University of Texas at Austin’s T-Rex) and with
post-earthquake observations [39]. Finally, a parametric analysis per-
formed with a range of ground motion intensities is performed to better
understand the influence of the RAP on liquefaction mitigation.

2. Background and study overview

Following the 2010-2011 CES, a large-scale field test program was
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Fig. 2. Vibroseis (T-Rex) test program: (a) loading apparatus (photo courtesy of Dr. Russell Green, Virginia Tech), (b) profile showing instrumentation locations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Configurations of numerical models: (a) natural soil top-down shaking, (b) reinforced soil top-down shaking, (c) natural soil bottom-up shaking, and (d)
reinforced soil bottom-up shaking. Darker lines indicate layer boundary, and lighter lines indicate sublayer boundary. Units in meters. Diagrams not to scale.

initiated by the New Zealand Earthquake Commission (EQC) to evaluate
the efficacy of different shallow GI methods for reducing the risk due to
liquefaction [39]. The Ground Improvement Programme (GIP) was
conducted at three locations (Sites 3, 4, and 6) in Christchurch along the
Avon River three locations [48], where severe liquefaction damage was
observed during the CES. Actual locations can be found in Ref. [39]. The
natural and improved subsurface conditions at the test sites were char-
acterized with Standard Penetration Tests (SPT), Cone Penetration Tests
(CPT), small-strain shear- and pressure-wave velocities (Vs and V},) using
Direct-Push Cross-Hole (DPCH) method, and trenching. As part of this
GIP, eight different GI techniques were tested (e.g., Refs. [39,51,53].
Nine areas were improved using RAP at the three locations in
Christchurch. Hydraulic pressure and vertical vibratory hammer energy
were used to displace and densify the soil, while crushed aggregates
were fed and compacted in the cavities using a beveled-shaped temper.
The aggregate material used for the RAP construction comprised of
open-graded gravel with minimum and maximum nominal particle sizes

of 10 mm and 80 mm, respectively. The majority of aggregates used
ranged between 20 and 50 mm (Dj to Dy, respectively). This resulted
in 4 m long and 600 mm in diameter stiff piers. The elements were
constructed in a triangular pattern spaced at a range of 1.5-3.0 m. Based
on corrected CPT tip resistance performed between piers, the RAP ele-
ments effectively increased soil stiffness [51]. Small-strain shear wave
velocities of densified soil between piers (V; gense) and across piers (Vj,
across) Were collected from improved subsurface using DPCH testing. The
presence of the stiff piers resulted in a major increase of V; gense and Vg
across compared to shear wave velocity in natural soil profiles [51].
Among the GI methods tested, Ref. [39] concluded that the RAP ele-
ments provided the greatest increase in stiffness of the overall subsur-
face profiles based on CPT and DPCH testing.

The efficacy of the GI methods to mitigate liquefaction was evaluated
using explosives and vibroseis (T-Rex) shaking [7,51]. The T-Rex
vibroseis consists of a vehicle fitted with a square baseplate that can be
loaded vertically and horizontally (Fig. 2a). The self-weight of the T-Rex
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Table 1

Material properties of unreinforced (pre-RAP installation) natural soil.
Layer Depth Range *F.C. wxy **N1,60 Vs **G Gy D, hpo k

(m) (%) (kN/m®) (m/s) (MPa) (m/s)

SP-SM 0-0.5 - 17 15 102 18.2 699 0.73 0.77 9x10°°
ML2 0.5-1 96 17 10 102 18.0 590 0.50 0.38 6 x 1077
ML1 1-1.25 74 17 5 98 16.6 457 0.33 0.93 6 x107
SM2 1.25-1.75 3-25 17 5 105 19.2 457 0.33 0.93 2x10°°
SM1 1.75-2 3-25 19 10 119 27.6 590 0.44 0.57 2x10°°
SW2 2-3.25 3 19 10 150 43.4 590 0.42 0.64 2x107°
Sw1 3.25-10 3 19 20 155 46.7 792 0.66 0.38 7 x107°

*Based on [39].

**Based on data obtained from New Zealand Geotechnical Database.

Table 2

Material properties of post-RAP installation densified soil.
Layer Depth Range oy ** N1,60 ** Vg **G Go D, hpo *k

(m) (kN/m?) (m/s) (MPa) (m/s)

SP-SM 0-0.5 17 10 90 14.9 724 0.64 0.32 9x107°
ML2 0.5-1 16 5 94 16.2 442 0.13 1.58 6 x 1077
ML1 1-1.25 18 15 114 23.7 525 0.65 0.36 6 x 1077
SM2 1.25-1.75 18 25 140 35.9 689 0.79 1.49 2x107°
SM1 1.75-2 19 30 151 46.6 835 0.85 2.53 2x10°°
SW2 2-3.25 19 35 171 59.4 954 0.88 3.31 2x107°
Sw1 3.25-10 19 35 179 65.6 893 0.85 2.42 7 x10°°

*Based on data obtained from New Zealand Geotechnical Database.

truck imparts a vertical load equivalent to 245 kN, resulting in an
average static pressure of 46 kPa beneath the baseplate. For the
Christchurch testing, dynamic horizontal shaking was applied to the
ground in increments with the load ranging from 1.5 to 25 kPa at a
frequency of 10 Hz for 100 cycles. The sites were instrumented with
geophones and pore pressure transducers (PPT) to capture the propa-
gation of shear waves and the buildup of excess pore pressure in the
subsurface, respectively (Fig. 2b) [39,51]. Specifically, 28 2D geophones
having a 28 Hz resonance frequency were used to record velocity time
histories, while PPTs were used to record pore pressures within the
profile before, during, and after loading [39]. The data from the T-Rex
testing provides a truly unique opportunity to calibrate and validate
numerical models for analyzing the shaking response of natural and
reinforced ground conditions.

The study presented herein entails the numerical analysis of four
different scenarios comprising two subsurface conditions (i.e., natural
and reinforced) subjected to two different dynamic loadings: T-Rex
shaking or “top-down shaking” (Fig. 3a and b) and earthquake shaking
or “bottom-up shaking” (Fig. 3c and d). The model of the natural profile
is based on soil properties before the installation of the RAP, while the
reinforced subsurface condition adds the RAP and a surrounding zone of
densified soil. The four numerical configurations that are analyzed are
illustrated in (Fig. 3). The study proceeded according to the following
steps:

1. Characterization of natural and reinforced soil profiles using field
data.

2. Numerical model development and calibration for the natural and
reinforced profiles using T-Rex shake testing data (top-down
shaking).

3. Qualitative validation of the numerical model for the natural profile
using recorded earthquake ground motions and comparing predicted
(bottom-up shaking) to post-event field observations.

4. Numerical parametric study of the performance of improved profiles
during earthquake loading (bottom-up shaking) to provide insights
into the liquefaction mitigation mechanisms of the profiles improved
with RAP.

The subsequent sections of this paper are organized according to the
four steps listed above in which the study progressed, expanding on the
details inherent to each step.

3. Profile characterization

In-situ tests on RAP elements carried out at Site 6 (test panels 6-NS-1
and 6-NS-2) are analyzed in this study [39]. Both CPT and DPCH data
are downloaded from the New Zealand Geotechnical Database [32]),
whereas trench data is obtained from Ref. [39]. In particular, CPT 022
and CPT 065 are used to characterize the unimproved soil profile in test
panel 6-NS-1, while CPT 060 is used to characterize the improved con-
ditions from test panel 6-NS-2. The subsurface conditions at Site 6
generally consist of a shallow layer of poorly graded sand with silt
(SP-SM) (~0.5 m thick) overlying layers of silt (ML) (~0.75 m thick),
silty sand (SM) (~0.75 m thick), and clean sand (SW) (>8 m thick), as
shown in Fig. 3a. Table 1 summarizes the soil layers and corresponding
material parameters extending to a depth of 10 m below grade. The
depth range and fines content of each layer is obtained from trench data,
supplemented by CPT data for depths below the 3.3 m excavation. Unit
weight (y), relative density (D,), SPT overburden and energy corrected
blow count (Nj60), and hydraulic conductivity (k) are correlated from
CPT data using Ref. [40]. An average value for each parameter is
calculated over the thickness of the layer and is assigned to the entire
layer. In particular, correlations proposed by Refs. [23,26] are used to
estimate D, - both give consistent results. The hydraulic conductivity is
estimated based on the normalized soil behavior index, as defined in
Ref. [40].

Subsequently, Vi of the unimproved soil (natural soil) at the test
panel 6-NS-2 is obtained from the DPCH soundings 35261 and 35269,
which are in close proximity to the test panel. After the reinforcement,
Vs across and Vg gense are obtained from DPCH 35279 at the test panel 6-
RAP-1. The shear modulus (G) is obtained using Equation (1) as follows:

G="v> ¢))
8

where g is the gravitational acceleration. The remaining two parameters
in Table 1 (Gg and hyo) will be discussed later in the numerical model
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Table 3
Material properties of RAP elements (based on data obtained from the New
Zealand Geotechnical Database).

Depth Range P Vs G K v K

(m) (kg/m®) (m/s) (MPa) (MPa) (m/s)
0-0.5 2039 555 628 1329 0.30 7 x 107°
0.5-1 2039 307 192 155 0.06 7 x107°
1-1.25 2039 217 96 132 0.21 7 x10°°
1.25-1.75 2039 399 324 1708 0.41 7 x 107°
1.75-2 2039 574 673 3756 0.42 7 x 107°
2-4 2039 885 1598 3338 0.29 7 x107°

section. Based on the CPT data, the depth to groundwater is estimated to
be at 0.5 m beneath the ground surface [41].

Similar to natural soil parameters, the post-installation soil proper-
ties measured from the soil between the RAP elements are summarized
in Table 2. A general increase in the magnitude of soil parameters with
respect to the natural profile is observed, indicating a denser and stiffer
condition of the site. In these conditions, liquefaction is less probable to
occur because of the tendency of denser material to dilate when sheared.
Note that decreases in Nj¢o and D, are observed for the top 1 m,
consistent with observations reported by Ref. [39]. This might suggest
the existence of a softer and looser layer likely due to construction
disturbance and subsequent lack of confinement pressure within shallow
subgrade depths.

Based on the locations of the DPCH sensor and receivers relative to
the installed piers (Fig. 4), Vs across is @ composite measurement of V gap
and V; gense- Therefore, the shear wave velocity of the RAP elements (V
rap) is de-aggregated from the composite response (V; qcross) considering
the sensors’ location using Equation (2), as follows:

0.6 m

VS“RAP =
144 m _ 144 m—06 m
Vsacross Vs.dense

where the sensor separation was 1.44 m, the diameter of the RAP was
0.6 m, and V rap, Vs acrosss and Vi gense are in units of m/s. The shear wave
velocity of the RAP elements (Vs gap) is then used to compute G (Equa-
tion (1)), assuming a pier density of 2039 kg/m°. Subsequently, the bulk
modulus (K) of RAP is computed using G and Poisson’s Ratio values
listed in Table 3. Poisson’s ratio (v) is estimated from the ratio of Vs to V),
[25] as given in Equation (3).

@
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(4]

Considering the ramming of the aggregate and associated particle
degradation, and the partial infiltration of the host soil into the RAP
during installation (e.g., Ref. [15]), the hydraulic conductivity of the
RAP elements is assumed to be the same as the well-graded sand layer
(SW2) at the site. Further discussion regarding the influence of hydraulic
conductivity is presented in a later section of the paper for calibration
purposes.

V=

3

4. Numerical model development and calibration
4.1. General model details

The dynamic response of the natural and improved profiles is
simulated using plane-strain finite difference models implemented in the
commercial software FLAC 8.0 configured for large strain and dynamic
formulation. To account for pore pressure changes, fully-coupled hydro-
mechanical simulations are adopted to ensure simultaneous generation
and dissipation of excess pore water pressure in all analyses. For
simplification purposes, the geometry is defined in plane-strain condi-
tions. The configuration of the 10 m x 50 m models is shown in Fig. 3.
The use of a plane-strain model to represent the RAP elements is a sig-
nificant geometric simplification. To minimize this effect, several
compensating methodologies are considered in the calibration section,
including the use of equivalent panel width (d’) and hydraulic
conductivity.

Disturbances at the RAP-soil interface and the spatial variability of
the natural soil in the lateral direction are neglected. The relative
displacement (slipping/gapping) is not considered between the piers
and the surrounding soil. Initial stress conditions are established with
elastic gravity loading and an at-rest lateral earth pressure coefficient
(Ko) of 0.5. The groundwater table is set to 0.5 m below the top of the
model, while the bottom boundary is impermeable. The top 0.5 m of the
model are assumed to be dry during the analysis (pore pressure and
degree of saturation are kept equal to zero).

Because of the absence of a distinct impedance contrast at the model
base, a “quiet” (also known as “viscous” or “absorbing”) boundary
scheme is imposed along the bottom boundary of all the models. FLAC
uses the viscous boundary formulation developed by Ref. [27]. The
properties of the quiet boundaries are automatically calculated from the
material immediately adjacent to the boundary; hence, the definition or
calibration of additional parameters is not required [22]. Although site
profile data at larger depths (>10 m) at Site 6 are very limited, a
parametric analysis considering deeper profile characteristics was per-
formed to investigate boundary effects. The results showed that the
bottom boundary located at a depth of 10 m absorbs the wave reflection
adequately. Different lateral boundaries are considered depending on
the loading conditions. In the “top-down” shaking configurations
(Fig. 3a and b), “quiet” boundaries are applied to avoid the reflection of
outward waves and mimic the site conditions during the T-Rex shake
testing. In addition, lateral boundaries are placed considerably far from
the source load, further ensuring this condition. For the “bottom-up”
shaking configurations (Fig. 3c and d), the two vertical boundaries are
assumed “attached” (i.e., tied-node boundary condition). This assump-
tion ensures identical propagation of waves on both sides of the model
and minimizes unrealistic wave reflections. Note that “free-field”
boundary conditions could also be used, but the flat nature of the model
geometry makes the “attached” scheme more straightforward to
implement. In addition, “free-field” boundary conditions are less
compatible with advanced soil constitutive models (e.g., PM4Sand).

Each soil layer (in natural and densified conditions) is modeled with
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Fig. 6. r, vs. 7, computed at the center of natural soil model for top-down shaking of: (a) liquefiable soils (Category 1 and 2), and (b) non-liquefiable soils (Category

3 and 4).
Table 4
Categories of r,, as defined in Ref. [39].
Category  Description
1 Soils that generate positive excess pore pressure and are highly
susceptible to liquefaction triggering.
2 Soils that generate positive excess pore pressure but not rapidly enough
to be considered highly susceptible to liquefaction triggering.
3 Soils that generate little to no none excess pore pressure regardless of
shear strain level.
4 Soils that generate negative excess pore pressure.

the sand plasticity model PM4Sand (Version 3.1) because of its ability to
simulate the stress-strain responses of soil for geotechnical earthquake
engineering applications [5]. In particular, PM4Sand can capture the
contractive/dilative response from loose/dense sand-like materials,
essential to control the pore pressure generation and the liquefaction
triggering. Although PM4Sand requires 21 input soil parameters, typi-
cally, only three are considered primary and are required as inputs
calibrated for specific site conditions [5,30]. Recent studies have high-
lighted that the calibration of secondary parameters can affect the model
performance [8]. However, this study uses default values for all sec-
ondary input parameters since no information from single-element
laboratory testing is available. The primary inputs are the relative
density (D,), the shear modulus coefficient (Gp), and the contraction rate
(hpo). In particular, Dy is estimated using empirical CPT correlations as
explained in the previous section. Gy is calculated from G (determined

from V;) per Equation (4) [5]:

Go=— %5 (4a)
20
where
1
pzi(l +Ko)o, (4b)
Ko=—" (40)
1—v

Where P, is atmospheric pressure in the same units as p, oy is the total
vertical stress, and v is Poisson’s ratio. Finally, hyg is used to control the
contractive behavior such that a target cyclic resistance ratio is obtained
[5]. This is determined from the results of single-element simulations of
cyclic direct simple shear tests with stress-controlled loading, using D,
and G as predicting variables. The liquefaction triggering correlation by
Ref. [20] is used to get the cyclic stress ratios (CSR) needed to trigger
liquefaction. This relationship provides the target CSR values for an
effective overburden stress of 100 kPa and an earthquake magnitude of
7.5 in 15 uniform cycles of loading with a peak shear strain of 3% in
direct simple shear loading.

The model of the improved profile includes two 4-m long RAP
“panels” that are spaced 2 m on-center and a zone of densified soil
surrounding the RAP panels that extends 0.75 m laterally (Fig. 3b),
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Fig. 7. Raw y,, contours of natural soil model computed at end of top-down shaking (100 cycles) load of (a) 1.5 kPa, (b) 5 kPa, and (c) 15 kPa. The baseplate is

indicated on the top of the soil surface. Coordinates in meters.

consistent with the distance between sensor and receiver during DPCH
testing [56]. Natural soil condition encloses the densified area. For
simplification purposes and computational efficiency, RAP panels are
modeled as linear elastic elements. To evaluate the impact of possible
RAP non-linearities, two analyses (one for the reinforced top-down
shaking model and another one for the reinforced bottom-up shaking
model (Fig. 3b,d)) were performed with an elastic-perfectly plastic
Mohr-Coulomb model considering a friction angle of 45° and cohesion of
0 kPa for the crushed aggregates. The results were almost identical to the
results obtained with the elastic model, indicating that RAP elements
essentially behave elastically for the range of stress applied within this
study.

Values of the PM4Sand primary inputs for natural and densified soil
profiles are summarized in Tables 1 and 2, while the RAP elastic
modulus is included in Table 3.

4.2. Model calibration

The calibration of the models is performed by using GIP data
collected from geophones and pore pressure transducers (PPT) for both
natural and reinforced subsurface conditions during T-Rex testing post-
processed by Ref. [39]. The data considered include: (a) maximum en-
gineering shear strains (y,) provided from filtered velocity-time records
at the sensors using a displacement-based technique [9] and (b) excess
pore pressure ratios (r,) obtained from the ratio between the residual

component of the excess pore pressure records and the initial effective
stress.

The natural and reinforced models (Fig. 3a and b) are subjected to
top-down shaking simulating the in-situ testing. The T-Rex baseplate is
modeled using typical elastic structural beam elements having a total
width of 2.5 m and negligible weight, located at the center top of the
mesh. The beam elements are rigidly interconnected to enforce uniform
vertical displacement during loading, and the rocking of the baseplate is
numerically prevented. The T-Rex test is simulated by applying a static
vertical load of 46 kPa onto the baseplate. Once the system achieves
static equilibrium, the dynamic shear loading is applied as sinusoidal
shear stress with frequency (f) of 10 Hz and amplitudes ranging between
1.5 and 25 kPa for a total of 100 cycles, consistent with the field test
program.

Five control points along the vertical centerline of the models are
used for reference; these control points are at depths consistent with the
pore water pressure transducers (Fig. 2b). Computed values of shear
strain in the x-y plane (yxy) consist of residual and transient components.
The residual yy, corresponds to permanent displacement, while the
transient yy, corresponds to the cyclic strain. In this case, transient yy, is
the parameter of interest; therefore, a high-pass filter with a cut-off
frequency of 2 Hz is applied to remove the residual component.
Representative shear strain versus depth profiles are then generated
using the maximum absolute value of the filtered data at each control
point, consistent with data processing in Ref. [39]. The computed excess
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Fig. 8. Raw r, contours of the natural soil model computed at the end of the top-down shaking (100 cycles) load of (a) 1.5 kPa, (b) 5 kPa, and (c) 15 kPa. The

baseplate is indicated on the top of the soil surface. Coordinates in meters.
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Fig. 9. yx vs. depth profile computed at the center of the reinforced model for a top-down shaking load of 5 kPa from a parametric study of RAP: (a) width, (b)
hydraulic conductivity, and (c) elastic stiffness. Comparison between field data (6-RAP-1) and numerical results.

pore water pressure ratios, ry, are low-pass filtered with a cut-off fre-
quency of 3 Hz to filter out transient (hydro-dynamic) responses. The
cut-off frequency values are evaluated based on trial-and-error and are
consistent with those in Ref. [39].

The results from the calibration analysis are presented below. While

the numerical results from the natural soil profile (Fig. 3a) match the
data relatively well without “tuning” the input parameters correlated
from field testing, the reinforced soil model (Fig. 3b) requires a greater
calibration effort.
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Table 5
Material properties of RAP elements based on uniform
stiffness.
Parameter Value
Density (p) 2039 kg/m®
Shear Modulus (G) 750 MPa
Poisson’s Ratio (1) 0.48
Bulk Modulus (K) 18.5 GPa
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4.3. Model calibration of natural soil profile

Fig. 5 presents the measured and predicted peak shear strain profiles
for the natural soil profile for three top-down shaking loads (i.e., 1.5, 5,
and 15 kPa) applied by T-Rex. Each of the profiles shows a decrease in
shear strain with depth and good correspondence between the measured
and computed values. At a depth of 3 m, the agreement between the
measured and computed values is less than for those at shallower depths.
This is likely due to the inherent effects of modeling a 3D problem using
a 2D plane-strain model. At shallow depths, the 2D vs. 3D effects are less
significant because of the proximity of the dynamic source (i.e., 2D vs.
3D radiation damping is less significant). However, at greater distances
from the dynamic source (i.e., at deeper depths), the effects of 2D vs. 3D
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Fig. 10. y,, vs. depth profile computed at the center of the reinforced model for a top-down shaking load of 5 kPa for a parametric study of the densified soil
surrounding the RAP: (a) Dy, (b) Gy, and (c) K,. Comparison between field data (6-RAP-1) and numerical results.
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Fig. 11. Raw (i.e., pre-processed) (a) yx, and (b) r, contours of reinforced soil model computed at the end of the top-down shaking load of 5 kPa (100 cycles). RAP
and densified soil outlined in red, baseplate outlined in black. Coordinates in meters. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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radiation damping are more significant, and the energy of the shear
waves may be overestimated in the 2D model, resulting in larger pre-
dicted strains.

Ref. [39] provided the measured r, vs. shear strain at depths 0.75,
1.25,1.75, 2.25, and 3 m for the T-Rex tests, presented as gray points in
Fig. 6. Based on the trends in r, vs. shear strain data, Ref. [39] grouped
the liquefaction response characteristics of the soil into four categories
(Table 4), where Categories 1 and 2 exhibit liquefaction potential, and
Categories 3 and 4 do not. To further validate the numerical model, a set
of dynamic simulations is performed using shear stress loading of 0.5,
1.5,25,3,5,7,10, 13, 15, and 18 kPa. The computed values of r;, and
shear strains at 30 cycles of loading are shown in Fig. 6, consistent with
the data from Ref. [39]. Similar to the liquefaction response character-
istic categories used by Ref. [39], two trends are clearly identified in the
computed results: soils that exhibit liquefaction potential, consistent
with Categories 1 and 2 (Fig. 6a), and soils that do not exhibit lique-
faction potential, consistent with Categories 3 and 4 (Fig. 6b). The soils
that exhibit liquefaction potential are those at depths of 1.75, 2.25, and
3.0 m (i.e., silty sand and well-graded sand), while the soils that do not
exhibit liquefaction potential are those at depths 0.75 and 1.25 m (i.e.,
low plastic silt). From Fig. 6, it is observed that the numerical results
match reasonably well with the field measurements presented by
Ref. [39]. However, the predicted ry values are slightly higher than the
measured values, especially at a depth of 3 m. This difference may be
due to higher in-situ permeability values than the ones considered in the
model or due to lateral heterogeneity and soil layer variability.

Finally, to get a general idea of the overall natural soil model’s
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response, contour plots of the raw y,, and r, at the end of shaking for
load amplitudes of 1.5, 5, and 15 kPa are presented in Figs. 7 and 8,
respectively. Note that the scale in Fig. 7 changes to better represent the
shear strain contours at different shaking levels. These figures show that
the values of shear strain and r,, increase with applied load and clearly
depict the localization of shear strain around the edges of the load plate.
For a load corresponding to the 15 kPa stress, the model predicts the
onset of liquefaction below the edges and surrounding perimeter of the
T-Rex baseplate at depths of 1.25 m and 3 m. These predictions are in
general accord with observations made during the vibroseis testing [39].
Furthermore, it is observed that the baseplate underwent an appreciable
amount of settlement and soil heave surrounding it, likely due to cyclic
densification.

4.4. Model calibration of reinforced soil profile

The calibration of the reinforced soil model is more challenging than
that of the natural soil model. This is because the interfaces between the
natural and densified soil surrounding the RAP, and between the
densified soil and the RAP, complicate the transmission and dissipation
of downward-propagating shear waves. Fig. 3b shows the cross-section
of the reinforced soil model where the two RAP elements are repre-
sented as two plane-strain panels. Because the RAP elements are rep-
resented by two-dimensional panels, the equivalent panel width (d’)
needs to be determined to minimize the 2D vs. 3D effects and its influ-
ence on correlated material parameters. Towards this end, the calibra-
tion process mainly relies on determining the equivalent width and the
hydraulic conductivity of the RAP panels. In addition, to determine the
impact of other key input parameters on the system’s dynamic response,
a sensitivity analysis is performed on the RAP panels’ stiffness and the
relative density, and the stiffness, and at-rest lateral earth pressure co-
efficient of the densified soil. The final selection of these parameters is
based on the comparison of the computed response with field
measurements.

Ref. [33] proposed several methodologies for modeling a 3D array of
reinforcing elements as 2D panels in plane-strain analyses. These
methodologies result in reducing the width of the modeled 2D panels to
obtain equivalency in (a) area, (b) moment of inertia, or (c) section
modulus to the 3D array of reinforcing elements. Considering the actual
diameter (d = 0.6 m) and center-to-center spacing (D) of the RAP ele-
ments installed at Site 6, the three methodologies are applied to obtain
the equivalent RAP diameters, d’ (or RAP panel widths). Using Vi rap,
the calculated d’ ranges from 0.12 m to 0.44 m. Based on these results
and maximizing the mesh regularization of the model, two numerical
models are constructed considering equivalent RAP diameters of 0.25 m
and 0.5 m. The shear strain profiles for the two models are evaluated and
compared to field measurements, as shown in Fig. 9a. It may be observed
that the magnitude of the shear strain increases slightly when the
equivalent RAP diameter decreases, but the difference is small. An
equivalent RAP diameter of 0.5 m is chosen as the default value for
further analyses due to its better agreement with field data.

The 2D vs. 3D effects also influence the dissipation of excess pore
water pressures, as does the selected equivalent diameter of the RAP. To
assess the influence of these on the model response, three models are
analyzed considering RAP elements with hydraulic conductivities (k) of
0.1, 1, and 10 times the values reported in Table 3. Fig. 9b shows that a
10-fold increase or decrease of RAP hydraulic conductivity values has
little influence on the computed shear strains, suggesting that RAP hy-
draulic conductivity is not an important mechanism for reducing shear
strains in this loading configuration.

As mentioned above, the RAP stiffness used in the previous analyses
is based on V;gap, which is extracted from the Vj 4cross measurements
using Equation (2). To assess the validity of this approach, an additional
simulation is carried out with the elastic properties of RAP elements
based on V; gcross directly. Also, considering that RAP elements are often
designed assuming constant properties along their length, an additional
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Fig. 15. Factor of safety (FS) against liquefaction at Site 6 (CPT 022 and CPT
065) during 2010 Darfield earthquake. Based on [44].

analysis is performed assuming constant stiffness RAP elements
(Table 5). The results are presented in Fig. 9c. The assumption of a
constant stiffness along the length of the RAP element results in shear
strains that are less in the silty layers but matches the V; gap-based model
in the deeper sandy layer. These trends highlight that the stiffness of the
RAP might be less in strata that are loose/soft and provide less lateral
constraint. Furthermore, the Vj 4cros-based model results in an over-
prediction of the shear strains for the entire depth of the reinforced
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Fig. 16. y, vs. depth profile computed at the center of natural soil and rein-
forced model for bottom-up shaking.

zone, highlighting the shortcomings of using a composite stiffness for
the reinforced zone. In combination, these results highlight the impor-
tance of the stiffness of the RAP elements on the induced shear strains.

Similar to the parametric study performed to assess the influence of
various RAP parameters on the model response, a sensitivity study is
also performed to evaluate the parameters for the densified zone sur-
rounding the RAP. Specifically, the influence of D,, Gy, and Kj of the
densified zone on the model response is considered. In the previous
simulations, the D, of the densified soil is estimated through correlations
with CPT measurements [23,26]. This is different from the correlation
suggested by Ref. [5]. Fig. 10a shows the influence of increasing the
relative density of the densified zone from the soil’s pre-RAP-installation
D, (Table 1) to D, = 75% [43], with a corresponding change in the
contraction rate parameter value (hpp). These results show that the D, of
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Table 6

Additional ground motions (based on PEER NGA-West2 Database [34]).
Event Name Year Station Magnitude PGA Sa,max Tpeak In

® ® O] (m/s)

Darfield, New Zealand 2010 North New Brighton School 7.0 0.1 0.54 0.25 0.17
Christchurch, Canterbury 2011 North New Brighton School 6.2 0.35 1.15 0.08 0.24
White Narrows 1987 Garvey Reservoir 5.99 0.38 0.52 0.18 0.96
Chalfant Valley 1986 Tinemaha Reservoir 6.19 0.04 0.17 0.40 0.02
Palm Springs 1986 Tule Canyon 6.06 0.11 0.38 0.29 0.06
Morgan Hill 1984 Coyote Lake Dam SW Abutment 6.19 0.71 2.89 0.26 2.88
Kocaeli 1999 Gebze 7.51 0.24 0.67 0.40 0.55
Chi-chi 1999 ILA031 6.2 0.08 0.18 0.28 0.10
Kobe 1995 KIM 6.9 0.82 3.33 0.34 8.39
San Fernando 1971 Maricopa Array #2 6.61 0.01 0.04 0.30 0.00
Northridge 1994 West Covina - S Orange Ave 6.69 0.06 0.25 0.20 0.08
Landers 1992 Calabasas - N Last Virg 7.28 0.01 0.05 0.30 0.01

o

o
o

Pseudo Spectral Acceleration (g)

0.001

0.0001

Period (s)

Additional Motions = = =Darfield 2010 NNBS

Fig. 18. Pseudospectral response spectra at damping ratio of 5% of the ground
motions used in this study. The scaled Darfield 2010 NNBS motion is shown as a
dashed line.

the densified zone has little influence on the computed shear strains.
Fig. 10b and c further show that the computed results are not very
sensitive to selected values for Go (based on either V; and Ny ¢0) or Ko.

Contour plots of raw (i.e., before processing) yxy and r, computed at
the end of the shaking (5 kPa) for the calibrated reinforced soil model

12

are presented in Fig. 11. Fig. 11a clearly shows that the shear strains
concentrate between the RAPs, just beneath the baseplate. As expected,
the presence of the relatively stiff RAP elements and densified zone
surrounding the RAP elements resulted in reduced shear strains as
compared to the natural soil model. Fig. 11b shows r,, contours and, to
some extent, the reduction of excess pore pressure buildup between the
RAP elements and densified soil.

4.5. Summary

The calibrated models show good correspondence between the
measured and computed shear strains and r;, values over most of the
reinforcement depth. The overestimated shear strains at a depth of 3 m
likely result from the radiation of shear waves in three dimensions
during T-Rex testing (especially at deeper depths) compared to the nu-
merical model, in which shear waves only travel within a 2D plane. The
results also indicate that the stiffness properties (shear modulus and bulk
modulus) of the RAP columns control the response of the reinforced
model when subjected to top-down cyclic loading. In contrast, the RAP
hydraulic conductivity, panel width, the increase in relative density in
surrounding soil, and the increase of lateral earth pressure have less
influence on the computed shear strains.

5. Qualitative validation of the numerical model with field
observations

The calibrated model for the natural profile is assessed by applying
earthquake motions from the CES (i.e., bottom-up shaking) and
comparing the predicted liquefaction response of the profile to post-
event field observations. The analysis is performed using the ground
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Fig. 19. Plots of (a) maximum r,, (b) percent reduction in r,, (¢) maximum y,,, and (d) percent reduction in y,, as a function of I, measured at the centerline between
two RAP panels. For plots (a) and (c), the filled symbols indicate liquefaction is triggered, whereas empty symbols indicate liquefaction did not triggered.

motions recorded at the North New Brighton School (NNBS) station
during the M,,7.1 Darfield earthquake (September 4, 2010), the largest
event in the CES (Fig. 12). The NNBS station is the closest recording
station to Site 6, where the RAP testing was performed [55]. The NNBS
ground motion is deconvolved to the depth corresponding to the base of
the FLAC model using the 1D site response analysis program STRATA
[24]. To account for the influence of multi-directional shaking on
liquefaction triggering in a 2D plane-strain model, the deconvolved
NNBS motion is scaled by a factor of 1.11 and used as an input at the
base of the FLAC model. This scaling factor is based on Ref. [44]; which
recommends reducing the liquefaction resistance determined in a 1D
cyclic simple shear test by a factor of 0.9 to account for multi-directional
shaking. Therefore, the inverse (i.e., 1/0.9 = 1.11) needs to be
accounted for in the proposed model. The motion is converted to shear
stress (7) time history using Equation (5) and truncated to a total
duration of 40 s to reduce unnecessary computational time.

T=2pVu 5)

where p and V; are the density and small-strain shear wave velocity of
the soil at the base of the FLAC model, respectively, and u is the velocity-
time history at the base of the FLAC model (i.e., “quiet” boundary).
Fig. 13 presents the r, vs. time plot computed along the vertical
centerline of the model at six different depths. The simulation shows
that, as expected, r, increases with time during the shaking until it
reaches a stable value at ~25 s. The maximum r, computed at depths
1.25 and 1.75 m is the highest (>0.8), followed by r, at depths of 2 m
(0.75), 2.5 m (0.7), and 3 m (0.55). The lowest r, is at 0.75 m (0.2),
which can be attributed to its proximity to the depth of the groundwater
table, resulting in rapid dissipation of the excess of pore water pressures.

13

For all intents and purposes, r;, > 0.8 indicates that liquefaction is pre-
dicted to have triggered in the field. As shown in Table 1, the subsurface
soil grades from silt (depth of 0.75 m) to silty sand (depths of 1.25 and
1.75 m) to well-graded sand (depths of 2-3 m) with depth. The
computed r, values are consistent with the liquefaction susceptibility of
the soil layers in the model. Fig. 14a shows the pattern of computed r,
values at the end of the shaking. It is observed that r,, > 0.8 for the entire
silty sand and well-graded sand layers located between 1 and 2 m deep.
Fig. 14b shows calculated shear strains with the highest values corre-
sponding to layers with high r,, values.

The results of the bottom-up analysis for the natural soil profile are
consistent with field observations [50] that indicate that Site 6 liquefied
due to the shaking during the Darfield event. These results are also
consistent with the liquefaction analysis performed by Ref. [44] for Site
6 utilizing the CPT-based simplified liquefaction triggering procedure
proposed by Ref. [18]. The liquefaction-triggering analysis indicates
that soil layers with higher liquefaction potential are concentrated
within the top 4 m below the groundwater table (Fig. 15).

There are no sites in Christchurch that were improved with RAP and
subjected to the CES events, and hence, a similar validation exercise
cannot be performed for the calibrated model for the RAP reinforced
profile. However, given the parallel paths followed to calibrate the
natural and reinforced profiles, and the validity of the calibrated natural
profile model, by supposition, it is assumed that the calibrated model of
the reinforced profile is also “valid.” Accordingly, to assess the efficacy
of the RAP on mitigating liquefaction, the reinforcement is extended
across the model’s width to simulate a realistic scenario used in ground
improvement projects (Fig. 3d) and subjected to the same motion used
to validate the natural profile model. Fig. 16 compares the computed
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shear strains at the vertical centerline of the model for both unreinforced
and reinforced conditions. The shear strains computed for the reinforced
soil profile are generally more uniform with depth and about 30%
smaller than those for the natural (or unreinforced) profile. Fig. 17
shows that the computed maximum r, values for the reinforced soil
profile are approximately 0.3. These values are much lower than those
calculated for the same unreinforced layers at depths of 1.25 m and 1.75
m, where r, is computed to be approximately 0.8. The comparison of
Figs. 16 and 17 clearly shows that the presence of the relatively high
stiffness RAP elements significantly reduces shear strains and the
resulting excess pore water pressures.

6. Parametric study

To better understand the influence of the RAP on liquefaction miti-
gation for a range of ground motion intensities, the qualitatively vali-
dated natural (or unreinforced) and reinforced models (Fig. 3c and d)
are subjected to eleven different input motions (Table 6), each from a
different magnitude event and ranging in frequency content and dura-
tion. The pseudospectral response spectra of the motions are presented
in Fig. 18. The maximum pseudo spectral acceleration value (Sqmax) at
damping ratio of 5% of each motion and its corresponding period are
included in Table 6. The ground motions were obtained from the PEER
NGA-West2 Database [34], truncated based on the first and last ex-
ceedance of 0.005g acceleration to minimize the computational time.

The computed maximum r,, and yy, during shaking are correlated to
different input ground motion parameters, including Arias Intensity (I4),
peak ground acceleration (PGA), and Sgma, without site effects
considered. The best correlation is achieved with I, consistent with the
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notion that this parameter value reasonably quantifies the characteris-
tics of the ground motion by a single value. Fig. 19 shows correlations
between I4 and computed maximum shear strain and excess pore water
pressure, with both r, and y,, increase with I of the input motion. As
before, assuming r,, > 0.8 indicates liquefaction is triggered, the results
shown in Fig. 19 highlight three different scenarios: (a) when I < 0.04
m/s, liquefaction is not predicted to occur for either the natural or
reinforced conditions; (b) when 0.04 m/s < Iy < 0.4 m/s, liquefaction is
predicted to occur for the unreinforced conditions but not for the rein-
forced conditions; and (c) when I4 > 0.4 m/s, liquefaction is predicted to
occur for both the natural and reinforced conditions. In all cases, the
inclusion of RAP leads to a reduction of ry, (Fig. 19b). For the conditions
described herein, the r;, reduces an average of 61, 63, and 12% for each
range of I (i.e., I4 < 0.04, 0.04 m/s < Iy < 0.4, and I > 0.4).

Using the same I4 grouping for the shear strain plots, the results of
the analyses show that liquefaction is mitigated when the maximum
induced yyy is less than 0.08% (Fig. 19¢c). The inclusion of the RAP
reduced the induced shear strains by 40-60% when Iy < 0.04 m/s and
70-95% when Iy > 0.04 m/s (Fig. 19d). Note that because I, is a
function of the frequency content of the input ground motions, it is not
likely that the identified thresholds for I4 corresponding to the different
liquefaction responses of the profiles universally apply to all profiles.
Rather, it is likely that similar trends will hold, but thresholds for I,
corresponding to the different liquefaction responses will be dependent
on the response characteristics of a given profile.

For completeness, Figs. 20 and 21 show the correlations to PGA and
Sq,max at damping ratio of 5%. Both intensity measures also differentiate
the three scenarios described by I4. For PGA < 0.06 g and Sg max < 0.18
g, liquefaction is not predicted for both natural and reinforced soil
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Fig. 21. Plots of (a) maximum r,, (b) percent reduction in r,, (c) maximum y,,, and (d) percent reduction in y,, as a function of Sq q at damping ratio of 5%
computed at the centerline between two RAP panels. For plots (a) and (c), the filled symbols indicate liquefaction is triggered, whereas empty symbols indicate

liquefaction did not triggered.

conditions (scenario a), whereas liquefaction is mitigated for 0.06 g <
PGA< 0.24 g and 0.18 g < Sgmax < 0.52 g (scenario b). However, for
PGA> 0.24 g and Sg max > 0.52 g, the grouping is less obvious due to an
outlier case corresponding to the motion recorded at NNBS station
during the Christchurch 2011 event. In the case of Sqmay, the Darfield
2010 event also borders the mitigated and non-mitigated zone. There-
fore, the I4 is believed to be the best indicator for the range of lique-
faction mitigation efficacy.

7. Conclusions

This paper presents, to the best of the authors’ knowledge, the first
study performed on a specific ground improvement methodology that
uses detailed site characterization, large-scale field test data, and post-
earthquake field performance observations to calibrate and qualita-
tively validate a numerical model. The numerical analyses consisted of
2D fully-coupled hydro-mechanical finite-difference plane-strain simu-
lations in natural and reinforced subsurface conditions. The calibration
exercise consisted of comparing the numerical results with vibroseis test
(T-Rex) data while varying a few input parameters (e.g., RAP panels’
width and hydraulic conductivity). The calibrated natural soil profile
model is then qualitatively validated by applying scaled earthquake
ground motions from the 2010-2011 Canterbury, New Zealand, Earth-
quake Sequence to the bottom of the model and comparing computed
results with field observations. Parallel paths were followed to calibrate
the natural and reinforced profiles. This, given the validity of the cali-
brated natural profile model to both top-down and bottom-up shaking,
by supposition, it is assumed that the calibrated reinforced profile,
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which was validated for top-down shaking, is also valid for bottom-up
shaking. Accordingly, the reinforced soil model is then subjected to
eleven different scaled ground motions representing a range of earth-
quake magnitudes, frequency contents, and durations.

The conclusions of this study are as follows, which summarize the
performance of RAP for conditions similar to those described in this

paper:

1. Calibrated numerical models can be effective for providing insights
into the complex mechanisms associated with liquefaction mitiga-
tion in treated ground.

2. RAP reinforcement reduces the shear strains in the reinforced layer
to approximately 10%-30% of those values in unreinforced ground.
This reduction in shear strain results in a reduction in excess pore
water pressure, with the maximum r, in the most-susceptible layer
decreasing from 80% to 30%.

3. The efficacy of the RAP reinforcement is dominated by the stiffness
of the RAP elements in comparison to the natural soil. A good match
between the computed and measured results is achieved when the
“ture” shear wave velocity of the RAP panels is back-calculated from
the measured value of the RAP and surrounding densified soil. The
panel width is determined such that its moment of inertia is consis-
tent with that for the columnar elements.

4. The density, Kj, initial stiffness, and hydraulic conductivity of the
soil immediately surrounding the RAP elements had a relatively
small effect on the calibration procedure and computed results.

5. A correlation is observed between the liquefaction response of the
profiles and the I4 of the input motion. However, it is noted that
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because I, is a function of the frequency content of the input ground
motions, it is not likely that the identified thresholds for I4 corre-
sponding to the different liquefaction responses of the profiles uni-
versally apply to all profiles. Rather, it is likely that similar trends
will hold, but thresholds for I corresponding to the different lique-
faction responses will be dependent on the response characteristics
of a given profile.

6. These results should be used to inform further analysis performed in
full 3D conditions to better understand the performance of RAP and
fully evaluate the 3D effects and multi-directional response of the
system.
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