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Displacement-Based Design of Axially Loaded Piles for
Seismic Loading and Liquefaction-Induced Downdrag

Sumeet K. Sinha, A.M.ASCE; Katerina Ziotopoulou, M.ASCE?; and Bruce L. Kutter, M.ASCE?

Abstract: Axially loaded piles in liquefiable soils can undergo severe settlements due to a shaking event. During shaking, the settlement is
caused by the reduction of its shaft and tip capacity from the excess pore pressures generated around the pile. Post shaking, additional pile
settlement is caused by the surrounding soil settling due to reconsolidation and the associated development of drag load. A new displacement-
based method is developed using a TzQzLiq analysis for designing axially loaded piles subject to seismic loading and liquefaction-induced
downdrag. The new displacement-based design method offers several advancements to the state of practice forced-based design procedure by
AASHTO’s force-based design procedure by reasonably accounting for the mechanisms that occur on axially loaded piles during and post
shaking. It accounts for the initial drag load on the pile, redistribution effects resulting in large excess pore pressures in the non-liquefied
layers, and reduction in the pile’s shaft and tip capacity from excess pore pressures around the pile. The new design procedure estimates the
pile settlement and axial load distribution during the entire shaking event, i.e., during shaking and reconsolidation. Design steps are provided
describing the procedure for obtaining design curves on the settlement and drag load on piles with varying pile lengths. The length of the piles
is then selected based on serviceability criteria and the pile’s structural strength. Finally, the new design procedure is applied on piles used in
centrifuge model tests, and results are compared, followed by an example design problem that illustrates the applicability of the new method

in practice. DOI: 10.1061/JGGEFK.GTENG-11178. © 2023 American Society of Civil Engineers.
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Introduction

Axially loaded piles in liquefiable soils can undergo severe settle-
ments due to shaking. During shaking, the settlement is caused
by the loss of shaft and tip resistance from the generated excess
pore pressures (u,) in the soil and seismic loads on the pile. After
shaking, soil settlement from reconsolidation results in the develop-
ment of a drag load leading to the additional settlement of the pile.
Madabhushi et al. (2010) and Kaynia (2022) describe the mecha-
nisms affecting the response of axially loaded piles in liquefiable
soils, which are also illustrated in Fig. 1. Generally, a pile resists
the dead load (Q 4e,q) (from the superstructure) by mobilizing positive
skin friction (positive shaft resistance) and tip resistance [Fig. 1(a)].
During shaking, u, generation around the pile reduces the positive
skin friction in that layer, transferring load further down the shaft
and to the tip. Moreover, the shaking of the superstructure induces a
cyclic seismic load (Qgeismic) On the pile [Fig. 1(b)]. The pile resists
the seismic load with the reduced shaft and tip capacity by under-
going settlement until enough resistance is mobilized to achieve
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force equilibrium. When u, develop around the pile’s tip, the tip
capacity and stiffness are reduced, potentially causing more settle-
ment in a pile. The loss of the confinement around the pile from
increased u, may also buckle the pile (Bhattacharya et al. 2004).
At the end of shaking, Qgsmic = 0, and only the dead load acts
on the pile [Fig. 1(c)]. However, post shaking, soil settlement due
to reconsolidation ensues and causes downdrag, resulting in drag
loads (from negative skin friction) on the pile [Fig. 1(c)]. Conse-
quently, the decrease in u, from reconsolidation also increases
tip capacity. The depth at which the soil and the pile settle equally
(i.e., their relative movement is zero) is known as the neutral plane
(Fellenius 1984). At this depth, the skin friction changes its di-
rection from negative to positive. Above the neutral plane, the
soil settles more than the pile resulting in negative skin friction
[Figs. 1(c and e)]. Below the neutral plane, the pile settles more
than the soil resulting in positive skin friction [Figs. 1(c and e)]. The
drag load increases the load on the pile and decreases the length of
the portion of the pile, providing positive skin friction. As a result,
more load is transferred to the shaft and tip below the neutral plane,
and the pile settles [Figs. 1(c and d)]. After complete reconsolida-
tion, a permanent drag load (Qyy,,) may remain, and the neutral
plane moves deeper into the liquefiable layer [Figs. 1(d and e)].
Due to drag load, the distribution of axial load along the pile
increases from its head toward the neutral plane, maximizes at the
neutral plane (Q,,) and decreases below that [Fig. 1()].
Existing procedures for designing piles in liquefiable soils
do not fully account for the mechanisms observed during shaking
and reconsolidation. The state of practice, AASHTO (2020), uses a
forced-based approach to design piles in liquefiable soils. First, the
total load acting on the pile is statically checked against the total
available resistance with appropriate load and resistance factors for
service and strength limit design. Then, for extreme loading con-
ditions (e.g., seismic loads during shaking and liquefaction-induced
downdrag), the superstructure’s integrity is checked against the
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Fig. 1. Illustration of mechanisms affecting the axial response of piles in liquefiable soils: (a) distribution of positive skin friction and tip resistance in
a pile before shaking; (b) loss of shaft and tip capacity due to generated excess pore pressures (u,), development of seismic loads, and resulting
pile settlement during shaking; (c) dissipation of excess pore pressures (u,) and development of negative skin friction due to soil reconsolidation;
(d) developed drag load, final depth of the neutral plane; (e) soil and pile settlement; and (f) distribution of axial load along a pile after complete

reconsolidation.

updated pile’s total capacity and structural strength: for the pile’s
capacity during shaking, the shaft capacity in the liquefied (r, = 1)
layer is assumed zero while assuming total shaft and tip capacity in
the non-liquefied layers (r, < 1). AASHTO (2020) does not recom-
mend evaluating reduced shaft or tip capacities in non-liquefied
layers, essentially ignoring any effect of excess pore pressure gen-
eration or redistribution from the liquefied layers. However, recent
studies on axially loaded piles in liquefiable soils (e.g., Knappett
and Madabhushi 2009; Sinha et al. 2022a, b, ¢, 2023) showed that
estimating u, and their effect on reducing the pile’s capacity is crucial
for pile design. Knappett and Madabhushi (2009) found that the
pile tip capacity and stiffness decreased as the u, increased around
the pile’s tip, and respectively increased as u, decreased during re-
consolidation. After complete reconsolidation, the tip capacity
can either be fully regained or even higher than its initial value
if the pile suffers significant settlement. Stringer and Madabhushi
(2013a, b) conducted several centrifuge tests and found that the
presence of an impermeable overlying soil layer, the redistribution
of u, from the loose liquefied layer can increase u, in the dense
sand (bearing) layer. In this scenario, piles suffer substantial settle-
ments during shaking (when u, increased near the pile’s tip) com-
pared to during reconsolidation (when u, decreased). Conversely,
the presence of a highly permeable overlying soil layer facilitates a
more rapid reconsolidation and, therefore, smaller u, in the dense
sand layer and a faster regain of tip capacity resulting in an overall
smaller pile settlement. Sinha et al. (2021b) conducted centrifuge
model tests on three identical axially loaded piles embedded three
diameters into a dense sand layer with small, medium, and large
pile head loads (Qy), resulting in a static factor of safety of 8,
2.6, and 1.6, respectively. Through these tests, Ziotopoulou et al.
(2022) and Sinha et al. (2022a) found that most of the pile settle-
ment occurred during shaking when high u, in the soil surrounding
the pile reduced its shaft and tip capacity. In these tests, Sinha
et al. (2023) observed significant u#, generation in the dense sand
(bearing) layer due to the redistribution of u, from the adjacent
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liquefied layer (Seed et al. 1976; Yoshimi and Kuwabara 1973).
The high u, developed near the pile’s tip caused large settlements
of the piles. Across multiple shaking events, the settlement of the
pile increased as the u, near the tip increased (Fig. 2), ultimately
leading to the piles with medium and large head loads plunging into
the soil (Fig. 2). Stringer and Madabhushi (2013b) conducted cen-
trifuge tests on free-standing and cap-supported pile groups. They
found that during plunging failure, the pile cap provided additional
resistance, thus limiting the overall settlement of the piles. Particu-
larly for accounting for the liquefaction-induced downdrag in pile
design, AASHTO (2020) recommends considering the neutral
plane at the bottom of the deepest liquefied layer or at the depth
where soil settlement equals 10 mm. The drag load is then calcu-
lated as the total negative skin friction above the neutral plane.
AASHTO (2020) “conservatively” assumes the negative skin fric-
tion is equal to the “residual shear strength” in the reconsolidated
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Fig. 2. Effect of excess pore pressure ratio (r,) near the pile’s tip on
settlement of three identical piles embedded at the same depth with
small, medium, and large pile head loads, resulting in a static factor
of safety of 8, 2.6, and 1.6, respectively. (Data from Ziotopoulou
et al. 2022.)
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liquefied soil and non-liquefied shear strength (i.e., equal to the soil
shear strength) in the non-liquefied soil. The factored drag load
(Qurag) 1s then added to the factored pile head load (Qgeqq) and
checked against the total resistance provided by the pile length
below the neutral plane [Figs. 1(d and f)], ignoring any pile move-
ment. However, contrary to the force-based method, if the pile
settles relative to the soil, the negative skin friction will change
to positive skin friction, providing resistance to the pile. AASHTO
(2020) also does not recognize the presence of initial (i.e., before
shaking) drag load in the piles and its effect on the downdrag
phenomenon. Furthermore, AASHTO (2020) does not provide a
method for calculating the pile’s settlement; hence, it cannot be
used for displacement-based design.

A displacement-based design approach offers the advantage
of directly evaluating the performance of piles in terms of their
settlement. The centrifuge studies by Sinha et al. (2021a, b) and
Stringer and Madabhushi (2013a, b) have confirmed that the result-
ing pile settlement is small even while large drag loads are caused
by liquefaction-induced downdrag. Among various methods, a
displacement-based approach using t-z and g-z springs analyses
may be used to estimate the load distribution and settlement of
piles. The t-z material models the behavior of shaft resistance, and
the q-z material models the tip resistance. Law and Wilson (2017)
used a displacement-based design procedure using t-z and -z
materials and reduced pile length by 20% compared to the force-
based design procedure from AASHTO (2020). Boulanger et al.
(1999) developed a TzLiq material to account for shaft resistance
and stiffness changes as excess pore pressures developed and
dissipated in the soil around the pile. That TzLiq material modeled
capacity and stiffness as a linear function of u, in the adjacent
soil. Boulanger and Brandenberg (2004) used the TzLiq material
to model liquefaction-induced downdrag on axially loaded piles
accounting for u, dissipation with the associated soil settlement.
Kim and Mission (2011), Wang and Brandenberg (2013), and
Wang et al. (2015) used a TzLiq material to compute consolidation-
induced drag load and downdrag settlement in clay. The model
assumed a constant mobilization of tip load equal to the undrained
tip resistance. Wang et al. (2015) modeled the pile’s tip resistance to
vary nonlinearly (based on pile settlement) between the undrained
tip resistance existing before the earthquake and after complete
reconsolidation. Lam et al. (2009) and Sun and Yan (2010) used
three-dimensional (3D) axisymmetric finite element analyses to
investigate drag load and settlement of piles in consolidating clay
layers with rigid tip conditions. Sinha et al. (2022c) developed a
QzLiq material to model tip behavior in liquefiable soils. The pile’s
tip capacity and stiffness were varied nonlinearly, with u, at the tip
ie., (1 —r,)™, where «, is a constant defined by Knappett and
Madabhushi (2009) that is a function of the soil’s friction angle (¢).
Sinha et al. (2022c) used the TzLiq and the QzLiq material and
performed a TzQzLiq analysis to model the response of axially

loaded piles in liquefiable soils and validated the numerical results
against centrifuge test data. The numerical model accounted for the
initial drag load on piles, changes in the shaft and tip capacities and
stiffnesses in the presence of u, in soil, and the timing of soil
settlement and u, distribution. The TzQzLiq analysis yielded time
histories of axial load distribution and settlement of piles during
and after shaking.

This paper presents a displacement-based design procedure for
single piles, such as monopile foundations used in offshore wind
farms for energy generation, transmission line foundations, and
large diameter drilled piers. It uses the TzQzLiq analysis method-
ology for designing axially loaded piles subject to seismic loading
and liquefaction-induced downdrag. The procedure accounts for
the initial drag load on the pile, excess pore pressures in the non-
liquefied layers following redistribution from the liquefied layers,
and reduction in the pile’s shaft and tip capacity from excess pore
pressures in the soil profile. However, the proposed procedure does
not account for the pile cap effects, which may provide additional
resistance and limit the settlement of the pile during plunging fail-
ures (Stringer and Madabhushi 2013b). Design steps are provided
to estimate the input properties required for running a TzQzLiq
analysis. Results from the analysis are then used to obtain design
curves describing the settlement and drag load on the pile with
varying pile lengths, which are then ultimately used for selecting
the design length of the pile. Finally, the design procedure is applied
to the piles used in centrifuge tests and the results are compared.
The paper concludes with an example design problem to illustrate
the applicability of the new method in practice (see Appendix A)
and a discussion of the results.

Displacement-Based Design Method

Extreme events considered in pile design include seismic loading
and liquefaction-induced downdrag. A TzQzLiq analysis of piles
(Sinha et al. 2022c) can be performed in three stages (shown in
Fig. 3) to obtain the axial load distribution and settlement of piles
from these loading conditions. Stage 1 applies a pile head load
(Qf = Qdead) and simulates the initial axial load distribution on
the pile. Stage 2 and Stage 3 model the extreme loading events
(as described in the following subsections), respectively. Results
from the TzQzLiq analysis can be used to obtain design curves
on drag load and pile settlement for varying pile lengths. The pile
length can then be selected based on serviceability criteria and
checked against the structural strength of the pile. The service-
ability criteria could be based on the total pile settlement or the
differential pile settlement relative to the free-field settlement.
Additionally, pile buckling instability during shaking can also
be checked using the procedure described by Bhattacharya
and Madabhushi (2008).
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Fig. 3. Stages of modeling in the TzQzLiq analysis.
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Design for Seismic Loading

During shaking, excess pore pressures in the soil around the pile
may decrease its shaft and tip capacity. At the same time, the
seismic shaking of the superstructure may impose cyclic loads
(Qgeismic) on the pile, which can be estimated by analyzing the
superstructure under the design earthquake load. AASHTO (2011)
suggests methods for determining seismic loads on bridges and
their foundations. Additionally, near-surface liquefaction leading to
surface manifestation and material removal from the vicinity of the
piles can cause a complete reduction of shaft resistance above the
liquefied layer (Caltrans 2020).

A conservative approach for estimating the settlement of piles
during shaking would be to perform a TzQzLiq analysis with a
dead load of Qf = Qgeqq» followed by reducing the shaft and tip
resistance due to u, and then applying cycles of seismic load
(£0¢eismic) to the pile head. This analysis approach is conservative
as it assumes the application of seismic loads at the state when u, is
maximum in the soil around the pile. An illustration of the sequence
of loads applied on the pile and the u, in the soil while performing a
TzQzLiq analysis for seismic loading is shown in Stage 2 of Fig. 3.
During real earthquake shaking, the pile can experience multiple
cycles of the seismic load depending on the ground motion’s
duration, intensity, and its predominant period relative to that of
the superstructure. The pile settlement caused by seismic loading
is expected to be most prominent in the first cycle with the greatest
amplitude and significantly lower during subsequent and lower
amplitude cycles (Wang et al. 2021). Therefore, applying one cycle
of the maximum expected seismic load while the pile capacity is
at its minimum is suggested (in this procedure) to provide a rea-
sonable estimate of pile settlement for most earthquake loading
conditions. However, if the superstructure experiences multiple
loading cycles (e.g., in a long duration earthquake), those need
to be adequately accounted for to assess pile settlement from
multiple cyclic seismic loads.

Design for Liquefaction-Induced Downdrag

During reconsolidation, only the dead load acts on the pile
[Figs. 1(c) and 3]. Thus, the proposed approach for estimating the
pile settlement during reconsolidation is to consider a dead load
(Qf = Qgeaq) acting on the pile with excess pore pressures decreas-
ing as soil settlement occurs. An illustration of the pile load, the
time history of excess pore pressures, and soil settlement consid-
ered while performing a TzQzLiq analysis for liquefaction-induced
downdrag are shown in Stage 3 of Fig. 3.

TzQzLiq Material Properties

The TzQzLiq numerical model uses TzLiq and QzLiq materials
[Fig. 4(e)] with zero-length elements to model the response of
piles in liquefiable soils (Sinha et al. 2022c). These materials
account for changes in the shaft and tip capacity of the pile as
free-field excess pore pressures are generated and later dissipated
[Fig. 4(e)]. The reduced shaft capacity (1;%) and tip capacity (g.5)
are each modeled as a function of the excess pore pressure ratio (r,)
around the pile’s shaft and near the tip as defined in the following
equations:

tlrlllll = fﬁn(l —7)

qt':.“ull - qtn,ult(l - ru)”r
3 —sin ¢’

where t7;, and g7 are the ultimate tip and shaft capacities, respec-
tively, when r, = 0. Both can be obtained empirically using equa-
tions and correlations provided in AASHTO (2020) or directly
measured from the field or lab tests. The parameter o is a constant
that, according to Knappett and Madabhushi (2009), depends only
on the effective friction angle (¢') of the soil at the tip.

The stiffness of the TzLiq and QzLiq materials in liquefiable
soils are scaled proportionally to the respective shaft (¢%) and
tip (¢q.%) capacities defined in Eq. (1). Sinha et al. (2022c) describe
the selection of stiffness parameter zs, (i.e., the displacement
corresponding to 50% of ultimate capacity) for the implemented
material models TzLiq and QzLiq in OpenSees (McKenna et al.
2010). The stiffness parameter of the TzLiq material can be
estimated, assuming a displacement in the order of 3% of the pile
diameter can mobilize the interface skin friction capacity (Sinha
et al. 2022b, c). The stiffness parameter (z5y) can accordingly
be chosen based on the backbone curve of the t-z material. For
example, the nonlinear backbone curve of the implemented t-z
material (Boulanger et al. 1999; Mosher 1984; Reese and O’Neil
1987) in OpenSees is a hyperbolic curve that takes a displacement
equal to about four times zs, to mobilize >90% of t{,.. Thus, a zs,
of 0.5% of the pile’s diameter can be assumed for modeling the
stiffness of the TzLiq material.

Determining a site-specific QzLiq material stiffness is essential
for accurately modeling the pile settlement and drag load. Sensi-
tivity studies on TzLiq and QzLiq material stiffness for axially
loaded piles in liquefiable soils by Sinha et al. (2022c) found that
the QzLiq stiffness significantly affected pile settlement and drag
load development. Therefore, that study recommended calibra-
ting the QzLiq material’s initial capacity and stiffness against
site-specific pile load tests (PLT). For the cases when a PLT is
not available, an empirical PLT curve is developed to aid in the
QzLiq material calibration. Well-documented PLT data from the
Federal Highway Administration’s (FHWA) Deep Foundation
Load Test Database (DFLTD)—Version 2.0 (Petek et al. 2016)
were used to develop the empirical pile load test curve. Pile load
tests from large diameter (>20 in.) cast-in-drilled-hole (CIDH)
piles of slenderness ratio (L/D) of about 20 were used to develop
the empirical curve. Fig. 5 shows the empirical pile load test curve.
It also summarizes the projects and the properties of the piles
[diameter, slenderness ratio (L/D), and the bearing layer friction
angle (¢")] used for developing it. The equation of the empirical
pile load test curve is:

Ap =a-exp(b- P/PA,,:S%D) —a - exp(c- P/PA,,:S%D) (2)

where P = pile capacity; A, = pile settlement in % of pile’s diam-
eter; Py _sqp = pile capacity corresponding to the settlement
equal to 5% of the pile’s diameter; and a, b, and ¢ = constants
equal to 0.24, 3.3, and 1.83, respectively. The functional form of
Eq. (2) (with displacement as a function of the load) was chosen
to represent the pile load test, where the load (P) is applied on the
pile and settlement (A ) is measured. It can be seen from Fig. 5
that the empirical pile load test curve matches quite well with the
field data.

Proposed Design Procedure

Obtaining design curves relating settlement and drag load to pile
length requires several steps. These have been labeled as (a—f) in
the proposed design procedure and are illustrated in Fig. 4. A pile
design problem includes information on soil layer properties, pile

= (1) properties, design earthquake motion, design loads, and service-
3(1 +sing’) ability criteria (see Appendix A). The information provided in
© ASCE 04023076-4 J. Geotech. Geoenviron. Eng.
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Fig. 4. Nlustration of the steps involved in the proposed displacement-based design procedure: (a) liquefaction hazard analysis; (b) evaluation of
surface manifestation potential (data from Ishihara 1985); (c) peak excess pore pressures estimation; (d) reconsolidation settlement estimation; (e) pile
settlement estimation by running a TzQzLiq analysis; and (f) pile design curves on pile settlement and drag load for varying pile lengths.

the pile design problem was used in Steps (a) to (d) to obtain the
input parameters for performing TzQzLiq analysis (Step e), whose
results were then used to obtain design curves (Step f). The input
parameters for a given design earthquake motion were: the factor of
safety against liquefaction (FSy;q) (Step a), the soil layers affected
by surface manifestation (Step b), profiles of peak excess pore pres-
sure (u? k) (Step ¢), and soil settlement profile (Step d). The t-z and
g-z material properties were estimated from the soil layer, pile
properties, and pile load test results (if available) as described in
the section “TzQzLiq Material Properties.” With the obtained input
parameters and t-z/q-z material properties, multiple TzQzLiq analy-
ses (Step e) were performed to obtain design curves on pile settle-
ment and drag load with varying pile lengths (Step f). Finally, the
serviceability criteria on pile settlement and the pile’s structural
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strength were used on the design curves to determine the design
length of the pile. Appendix A demonstrates a step-by-step app-
lication of the proposed design procedure on an example problem
and compares the results with Caltrans’ (2020) method. The
following subsections describe the design steps in detail.

Liquefaction Hazard Analysis

A liquefaction hazard analysis was performed for a given design
earthquake loading to estimate the factor of safety against liquefac-
tion (F'Sjiq) and identify the soil layers that are expected to liquefy.
During shaking, the layers expected to liquefy will achieve r, = 1.0
(hence referred to as “liquefied” layers), while the rest of the soil
layers will result in r, < 1.0 (referred to as “non-liquefied” layers).
A non-liquefiable layer, such as a clay layer, can be assumed to
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Fig. 5. Empirical pile load test curve for large diameter (>20 in.)
CIDH piles based on documented field tests by Petek et al. (2016),
where Pn = 5%D is the pile’s load capacity corresponding to a settle-
ment equal to 5% of its diameter.

develop u, = 0 during shaking. Among many methods (e.g., Youd
et al. 2001; Idriss and Boulanger 2008; Robertson 2015; Cetin et al.
2018), the empirical procedure by Idriss and Boulanger (2008) is
widely used for performing a liquefaction hazard analysis for a
design earthquake loading, typically quantified via an expected
magnitude (M,,) and peak ground acceleration (PGA). These are
used to estimate the imposed demand in terms of cyclic stress ratio
(CSR) in the various soil layers. The available strength of soil is
quantified via liquefaction-triggering correlations that correlate the
soil’s penetration resistance (either with a standard penetration test
Nigoes OF cOne penetration test g.qy.s values) to a cyclic resistance
ratio (CRR). The factor of safety against liquefaction [FSy, =
(CRR/CSR)] is computed to categorize the layers as “liquefied”
(with FS;q < 1) and “non-liquefied” (with FSy, > 1). Fig. 4(a)
shows FSj, and the interpreted soil layers as liquefied and
non-liquefied layers. It should be noted that the identification of
layers, whether liquefied or non-liquefied, is always in reference to
the design earthquake loading. A layer initially identified as
non-liquefied for a given shaking event can still get liquefied under
a stronger shaking event. The FSy, computed was used in Step (c)
to estimate the peak excess pore pressures (u? ) and Step (d) to
estimate soil settlement from reconsolidation.

Evaluation of Surface Manifestation Potential

During shaking, liquefaction can result in manifestation in the form
of the ejecta of liquefied material reaching the ground surface
(Hutabarat and Bray 2021). Ejecta can travel through the interface
of the pile (e.g., interface gaps developed from shaking [Fig. 1(c)])
and decrease the pile’s shaft resistance. Caltrans’ (2020) design
procedures use Ishihara’s (1985) chart to assess the potential for
surface manifestation as a function of the depth and thickness of
the liquefied layer and assume zero shaft resistance in all layers
affected by the surface manifestation to determine the pile capacity
under seismic loading. However, the Caltrans (2020) procedure
assumes 100% shaft capacity during reconsolidation, even for
layers affected by surface manifestation. Fig. 4(c) illustrates the
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manifestation-affected layers. The new design procedure also
conservatively assumed the extremes of zero shaft capacity in the
manifestation-affected layers during shaking but assumes a time-
varying shaft capacity as a function of r, and f, [see Eq. (1)]
during reconsolidation (i.e., for liquefaction-induced downdrag).

Peak Excess Pore Pressure Estimation

Significant excess pore pressures (u,) can generate quickly in
liquefiable layers during earthquake loading. While it is expected
to develop smaller u, in the non-liquefied layers, it could increase
due to the migration of pore pressure from the adjacent hqueﬁed
layers. Estimating the peak excess pore pressures (i} ) from
earthquake loading, considering redistribution is thus essential
for evaluating the minimum shaft and tip capacity following a
shaking event. Fig. 4(c) illustrates u? % in the soil layers. Sinha et al.
(2023) developed an approximate procedure to estimate peak

excess pore pressures in liquefied (u?” Lu) and non-liquefied

(ue_NLu) layers considering redistribution. The subscript “Lu”
and “NLu” refers to a liquefied layer (“L”) and non-liquefied
(“NL”) under a given undrained loading (“u”) condition, such as
during an earthquake shaking. The procedure first estimated the
earthquake-induced excess pore pressure (u%) (with a superscript
“u” referring to undrained loading condition) considering no pore
pressure redistribution between the adjacent layers [refer to

Eq. (3)]. The estimated u% was then used for computing ul* [refer
to Eq. (4)] considering redistribution effects from the adjacent
layers by accounting for their relative thickness, compressibility,
depth, and effective stress.

The earthquake-induced excess pore pressures in the liquefied
(u4_;,) and non-liquefied (u_,,,) layers were calculated using
FSjiq computed in Step (a) as

2.0
—arcsm(FShz'”), FSyg > 1
T (3)

/
uszu(Or u:LNLu) = Owo
1.0, FS]iq <1

where o}, = initial mean effective stress; and b and (3 = parameters
in terms of g.qy.s and Nygo., defined by Mele et al. (2021).

Eq. (4) summarizes the functional form for estimating u? ¥ in the
liquefied and non-liquefied layers. Sinha et al. (2023) describes all
the equations behind these functional forms. The peak excess pore

pressure in the liquefied layer (uff L.) Was taken equal to its mean

effective stress (o,,_ L“) The peak excess pore pressure in the

non-liquefied layer (ue_ ~L,) depends upon the layer’s initial mean
effective stress (o), y,,) and earthquake-induced excess pore
pressure (u"_y, ). the relative compressibility ratio [, = (m,_,/
m,_yry)] and layer thickness ratio [H = (Hy.,/H;,)] with the
adjacent liquefied layer and the depth (Z) to the top of the
non-liquefied layer [Z = (Z/H,)]

pk o _
Uepy = Uw Lu
Pk / [ 7 7 U
U NLu = f(o—vofNLu’ Tvo—Lu> H’ my, Z’ uefNLu) (4)

In Eq. (4), the compressibility (m,) of the soil layer is computed
using relations provided by Seed et al. (1976) and Janbu (1985) as
per the procedure described in Sinha et al. (2023) (Fig. 6). The Seed
et al. (1976) relation is used to compute the relative compressibility
(m,/m,,) of the soil layers in liquefiable soils depending on the
relative density (D) and the earthquake-induced excess pore pres-
sure ratio (r = u"/o,,) as follows:
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Fig. 6. Estimation of compressibility (m,) of liquefiable soils using (a) the compressibility ratio (m,/m,,) relation as a function of earthquake-
induced excess pore pressure ratio (r}) from Seed et al. (1976); and (b) compressibility (m,,) of normally consolidated sand and silts at mean effective

stress (a,,) with (7% = 0) from Janbu (1985).

my, _ exp(y)
My, L+y+y2/2
y =5(1.5 = Dg)(ry)"
b = 3(4)~Px (5)

where m,, = compressibility at zero excess pore pressure ratio
rit = 0. The compressibility (m,,) of the normally consolidated
sand at mean effective stress (o,,) with 7 = 0 was estimated using
empirical correlations from Janbu (1985) as

1

/ !/
m Patm UL‘()

where m = modulus parameter depending on the porosity (n) of
the sand layer (determined from Fig. 6); and P, = atmospheric
pressure, 101.3 kPa. The complete procedure for estimating u’ k
in layered soil deposits are described in detail in Sinha et al.
(2023) and Sinha (2022).

(6)

my, =

Reconsolidation Settlement Estimations

The proposed procedure requires determining the settlement distri-
bution due to post-liquefaction reconsolidation. Several empirical
methods, such as Tokimatsu and Seed (1984), Shamoto et al.
(1998), Wu (2002), and Idriss and Boulanger (2008), have been
developed for estimating reconsolidation settlement; however, their
accuracy varies between 25% and 50% (Tokimatsu and Seed 1984).
Darby (2018) conducted several centrifuge tests on loose and dense
sand under multiple earthquake shakings and found that the esti-
mated reconsolidation settlement using the empirical procedures
overestimated the observed measurements. An overestimated
reconsolidation settlement would be conservative for pile design.
Further research could lead to improved estimates of reconsolida-
tion settlements. Among all available methods, the empirical
method from Idriss and Boulanger (2008) was selected to be
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consistent with the liquefaction hazard analysis. In the section
“Comparison of Estimated Pile Settlement and Drag Load With
Centrifuge Test” of the present paper, a study is performed to evalu-
ate the effect of reconsolidation settlement on drag load and the
associated downdrag settlement in a pile. Fig. 4 illustrates the esti-
mated reconsolidation soil settlement profile corresponding to the
liquefaction hazard analysis of Fig. 4(a).

Pile Settlement Estimation

The pile settlement during seismic loading (Stage 2) and due
to liquefaction-induced downdrag (Stage 3) was estimated by
performing a TzQzLiq analysis [Fig. 4(e)]. The analysis was
performed in three stages. Stage 1 models the initial condition with
zero excess pore pressures (i.e., u, = 0). Stage 2 models the earth-
quake shaking period, where u, is increased linearly from 0 to u? k
(evaluated in Step c) followed by the application of seismic loads.
Stage 3 models the reconsolidation period, where u, is decreased
linearly from u? *t00. Consequently, with the linear decrease of u,,
the reconsolidation soil settlement is increased linearly (see Fig. 3).
The pile’s shaft capacity and tip capacity were modeled as a func-
tion of the excess pore pressure ratio (r,) as shown in Eq. (1).
The effect of surface manifestation on the pile’s shaft resistance
was modeled by considering the manifestation-affected layers as
liquefiable layers, which liquefy during shaking (i.e., r, = 1.0),
resulting in zero shaft capacity and reconsolidate post shaking
resulting in shaft capacity equal to (1 — r,) times the ultimate shaft
capacity [see Eq. (1)]. The TzQzLiq analysis provides pile settle-
ment and drag load results, which are ultimately used to obtain
design curves for the piles [see Fig. 4(f) and Step (f)]. Input param-
eters for the TzQzLiq numerical model include the pile cross
section and material properties, pile head loads (Qy), profiles of
effective stress and soil settlement, and the TzLiq and QzLiq
material properties. Cross section and material properties were
obtained from the dimension of the pile and the material selected
for the design. The load Qy is the design load applied to the pile’s
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head during the seismic loading and liquefaction-induced down-
drag (see section “Displacement-Based Design Method”). Profiles
of effective stress and soil settlement were obtained from Steps (c)
and (d), respectively. The TzLiq and QzLiq properties were
estimated and calibrated against the pile load test (see section
“TzQzLiq Material Properties”).

Pile Design Curves

The design curve of the pile comprises the pile settlement (i.e., the
head settlement) and drag load for different lengths of the pile
[Fig. 4(f)]. Multiple TzQzLiq analyses for different lengths of
the piles are performed to obtain the design curves. Fig. 4(f) shows
the settlement of the pile at the end of seismic loading as % of its
diameter (Stage 2) and the end of liquefaction-induced downdrag
(Stage 3), as well as the drag load developed on the pile (at the
end of Stage 3) for varying pile lengths (y-axis). Under the same
loading conditions, the pile settlement decreases as the pile length
increases. On the other hand, the drag load increases and reaches a
saturation equal to the shaft resistance above the deepest reconsol-
idated layer.

The design length of the pile is selected from the design curve
based on a serviceability criterion on pile settlement. Typically, the
allowable settlement is based on the level of movement that the
structure can tolerate. Structures such as long-span bridges may
accommodate significant pile settlement without risk of collapse
(Law and Wilson 2017). For large diameter piles such as CIDH
piles, the serviceability criterion on pile settlement for extreme
events generally may be in the range of 5%—10% of the pile’s diam-
eter. For some structures, the settlement of the pile relative to the
ground could serve as the serviceability criterion. For example, the
post-earthquake functionality of the superstructure may be better if
the pile settlement is closer to the free-field soil settlement (Sinha
et al. 2022b). Fig. 4(f) illustrates the selection of pile design length

Axial Load (MN)

0.5 1 1.5 2 0.5

clay
W == 5DPile 1

ODPile i i

loose sand |

Depth (m)

Before Shaking

for an assumed serviceability criterion. With the selected design
length of the pile, the design drag load (Qg,,) Was then estimated.
The maximum load acting on the pile Q,, = Qgeaq + Qarag [S€€
Fig. 1(f)] was then checked against the pile’s structural strength.
If the maximum load exceeds the structural strength of the pile,
then the cross section of the pile or its material strength properties
are revised, and an associated new design curve is evaluated.

Comparison of Proposed Designh Procedure with
Centrifuge Tests

The proposed design procedure was applied on piles used in cen-
trifuge model tests SKS02 (Sinha et al. 2021a) and SKS03 (Sinha
et al. 2021b) for selected shaking events EQM; and EQMy, respec-
tively. The following subsections briefly describe the centrifuge
model tests and the analysis using the proposed design procedure
and compare the estimated drag load and pile settlement with
centrifuge data.

Description of Centrifuge Model Tests

The tests were performed on the 9-m-radius centrifuge at the Center
for Geotechnical Modeling (CGM) at the University of California
Davis at a centrifugal acceleration of 40 g. The units reported for
the centrifuge test are in the prototype scale following centrifuge
scaling laws by Garnier et al. (2007). The centrifuge models
consisted of 21 m of the soil profile with an undrained boundary
condition underneath due to the impermeable base of the model
container. The relative position of the soil layers with their thick-
nesses for the centrifuge model tests SKS02 and SKS03 are shown
in Fig. 7. Table 1 summarizes the soil layer properties for the two
centrifuge tests. The soil profile of the centrifuge model test SKS02
consisted of a 9-m-thick liquefiable loose sand layer with relative
density (D &~ 43%) and porosity (n &~ 0.41) sandwiched between
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Fig. 7. Axial load distribution in piles before and after shaking, and their corresponding limit load curve for shaking events: (a) EQMj (in centrifuge

model test SKS02); and (b) EQM, (in centrifuge model test SKS03).
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Table 1. Soil layer properties in the two centrifuge model tests

Relative density,

Saturated density Shear wave velocity, Permeability,

Centrifuge model Layer Dg® (%) Thickness (m) (kg/m?) VP (m/s) k¢ (cm/s)
SKS02 Monterey sand 95 1 2,054 55 0.04
Clay — 2 1,700 75 0.000312
Loose sand 43 4.7 1,971 160 0.026
Dense sand 85 1.3 2,000 242 0.026
SKS03 Monterey sand 95 1 2,054 55 0.04
Clay — 2 1,700 75 0.000312
Loose sand 40 4.7 1,971 141 0.026
Clayey silt — 1.3 2,000 110 0.00036
Medium-dense sand 60 4 1,019 195 0.022
Dense sand 86 8 2,051 250 0.022

“Measured during model construction.

PEstimated from the empirical correlations of Baldi et al. (1989), Hegazy and Mayne (1995), Clarid and Rinaldi (2007), and Mayne and Rix (1995).

“Scaled to prototype scale.

a 4-m-thick layer of low permeable over-consolidated clay layer
(with an undrained shear strength s, &~ 20 kPa) on top and dense
sand (Dp ~ 85%) layer below. The soil profile of the centrifuge
model test SKS03 consisted of 1 m of Monterey Sand, 2 m of
clay crust (s, ~ 28-35 kPa), 4.7 m of a loose liquefiable sand
layer (Dg ~40%, n~0.41), 1.3 m of a clayey silt layer (20%
clay and 80% silt), 4 m of a medium-dense sand layer (Dg ~
60%, n ~ 0.39), and a dense sand layer (Dy ~ 86%, n ~ 0.36).
The effective unit weight (') of the sand layer was about
10 £0.1 kN/m?3.

The models consisted of identical pipe piles of aluminum with
an outer diameter (D) of 635 mm and a thickness of 35 mm. The
centrifuge model test SKS02 consisted of two piles: ODPile and
5DPile, both with a dead load of Qy.,q = 500 kN, resulting in a
static factor of safety of 5.4 and 12.4, respectively. The centrifuge
model test SKS03 consisted of three piles: 3DPileS, 3DPileM,
and 3DPileL. with a dead load of Qg4.,q = 500 kN, 1,500 kN, and
2,400 kN with a static factor of safety of 8, 2.6, and 1.6, respec-
tively. The OD, 3D, and 5D naming annotations indicate the embed-
ment depth of the pile’s tip, i.e., the ODPile had its tip placed at
the bottom of the loose sand layer. The annotations S, M, and L
in 3DPiles correspond to the small, medium, and large dead loads
applied to the piles.

The models were shaken with multiple scaled Santa Cruz
earthquake motions of M, = 6.9 from the Loma Prieta 1989
earthquake. Shaking event EQM; was the third shaking event in
sequence applied to the centrifuge model SKS02 with a peak base
acceleration (PBA) of 0.24 g. Shaking event EQM, was the fourth
shaking event in sequence applied to the centrifuge model SKS03.
It was a long duration modified Santa Cruz motion (Malvick et al.
2002) consisting of one large pulse followed by five small pulses,
scaled to produce a PBA of 0.45 g.

The models were instrumented with accelerometers, strain
gauges on piles, pore pressure transducers, and settlement sensors
to monitor accelerations on piles, the generation of excess pore
pressures, and soil and pile settlement. The normalized overburden
corrected cone tig() resistance (¢, yes = Cnq./P,), peak excess
pore pressure (u2"), and soil settlement profile measured during
the shaking events EQM; and EQM, are shown later in Figs. 8
(a, ¢, and d) and 9(a, ¢, and d), respectively. The ¢y, profile was
interpreted from the cone penetration test (CPT) conducted in the
centrifuge (Sinha et al. 2021a, b). Thin layer effects were accounted
for by ignoring g, close to the transition near the top and bottom
of each layer (Khosravi et al. 2022). While the sand layers were
placed uniformly during construction, following the empirical
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procedure of overburden correction (Cy) by Idriss and Boulanger
(2008) resulted in computed g1, slightly varying with depth, sug-
gesting either an increase in Dy (about 10%) with depth and/or a
discrepancy between C, applicable to our mini-cone tests in the
centrifuge and field-scale cone tests in calibration chambers upon
which the empirical procedures are based. The CPTs in the centri-
fuge are a good indicator of changes in soil densities (Bolton et al.
1999; Darby et al. 2019; Kutter et al. 2020); however, their inter-
pretation using C factor is not unique but depends on the soil den-
sity, sand properties, and cone to particle diameter ratio (Boulanger
2003). Profiles of u?* are the peak excess pore pressure profile
recorded during the shaking event [Figs. 8(c) and 9(c)]. The soil
settlement profile [Figs. 8(d) and 9(d)] was estimated from the
inverse analysis of measured u, in the centrifuge test (Sinha et al.
2022b). The initial (i.e., before shaking) and final (i.e., at the end of
reconsolidation) axial load distributions of the piles are shown in
Fig. 7. The figure shows that the piles had an initial drag load
developed from the prior shaking events. After complete reconso-
lidation, the drag load on the piles and the axial load at all depths
increased. During shaking, the piles: two 3DPiles (3DPileS and
3DPileM), the ODPile, and the SDPile experienced a vertical accel-
eration of 0.1 g, 0.25 g, and 0.03 g, respectively. The limit load
curve for the piles, defined as axial load distribution for maximum
drag load developed on the pile, is shown in Fig. 7 (Sinha et al.
2022b). The limit load curve is obtained from the summation
of the pile head load and the cumulative integration of the pile’s
interface shear strength with depth, assuming the pile mobilizes
negative skin friction equal to its interface shear strength. The
measured settlement of the piles during shaking and due to
liquefaction-induced downdrag are listed in Table 2.

Analysis Using Proposed Design Procedure

The simplified liquefaction-triggering procedures of Idriss and
Boulanger (2008) and others typically use the input as the maxi-
mum ground surface acceleration (PGA) that would have occurred
if the site did not liquefy (Allmond 2012; Olson et al. 2020). Since
the ground surface acceleration measured in the centrifuge tests was
affected by the liquefaction, the use of the measured motion is not,
in general, the appropriate input for the liquefaction evaluation in
the experiment. Instead, a one-dimensional equivalent linear analy-
sis (EQL) with no pore pressure generation was performed in
DEEPSOIL (Hashash et al. 2020) to estimate PGA that could
be used with the liquefaction-triggering procedure. The soil layer
properties used in the analysis are summarized in Table 1.
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Fig. 8. Results from the proposed design procedure for shaking event EQM; in centrifuge model test SKS02 with (a) normalized overburden
corrected cone tip resistance (q.iy¢); and (b) cyclic stress ratio (CSR) resulting in a factor of safety against liquefaction (FSy,). Comparison of
(c) estimated peak excess pore pressures profile against measurements from pore pressure transducers; and (d) estimated soil settlement profile against
soil settlement profile obtained from the inverse analysis of measured excess pore pressures. (Data from Sinha et al. 2022c.)

Empirical correlations using cone tip resistance (Hegazy and
Mayne 1995; Clarid and Rinaldi 2007; Mayne and Rix 1995;
Baldi et al. 1989) were used to estimate the shear wave velocity
(V) of the soil layers (see Table 1). The soil models used were
the shear modulus and damping curves obtained from Seed and
Idriss (1970) (for the sand layers) and Vucetic and Dobry (1991)
(for clay and clayey silt layers). The PGA obtained from the analy-
sis for the two shaking events, EQM; and EQMy, was 0.23 g and
0.16 g, respectively.

The cyclic stress ratio (CSR), the factor of safety against lique-
faction (FSy,), peak excess pore pressure (u?%), and soil settlement
profiles obtained for the shaking events EQM; and EQM, follow-
ing the proposed design procedure are shown in Figs. 8 and 9,
respectively. The figures also compare the estimated ul* with
the measurements from pore pressure transducers; and the recon-
solidated soil settlement profile with the settlement profile obtained
from the inverse analysis of measured excess pore pressures. The
subsections below briefly describe the soil liquefaction hazard
analysis, estimated peak excess pore pressure, and soil settlement
profile for the two shaking events and their comparison with the
centrifuge test, while a separate subsection describes the TzQzLiq
analysis of piles using the estimated u?* and soil settlement
profiles.

Soil Liquefaction Hazard Analysis

A liquefaction hazard analysis of centrifuge model tests SKS02 and
SKSO03 for shaking events EQM; and EQM, was performed using
the CPT-based (g, n.s) liquefaction-triggering correlation proce-
dures from Idriss and Boulanger (2008). For EQM; in SKS02,
the liquefaction-triggering correlation procedure estimated lique-
faction (FSjq < 1) in the loose sand layer between 5-14 m (Fig. 8).
For EQM, in SKS03, liquefaction was estimated in the loose sand
layer and the upper 1.6 m of the thick medium-dense sand layer
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(Fig. 9). The non-liquefied layers (F'Syq > 1) consisted of the dense
sand layer below 14 m in SKS02 and the medium-dense and dense
sand below 10.7 m in SKS03. Empirical curves from Ishihara
(1985) predicted no surface manifestation. The predictions were
consistent with the results from the centrifuge tests.

The peak excess pore pressure ul* in the non-liquefied layers
was estimated considering the redistribution effects. The peak
excess pore pressures in the soil layers estimated for the selected
shaking events EQM; and EQM, are shown in Figs. 8(c) and 9(c),
respectively. For EQM3 in SKS02, the u?* in the non-liquefied
layer was estimated for a compressibility ratio of (77, = 20), the
thickness ratio of (H = 0.78), depth to the top of the non-liquefied
layer (Z = 14 m), and the average earthquake-induced excess pore
pressure ratio in the non-liquefied layer (rj_y;, = 0.096). For
EQM, in SKSO03, the parameters included i, = 12, H=56,
Z =10.8 m, and r}j_,;, = 0.24. The peak excess pore pressures
estimated in the non-liquefied layers were uffNLu = 98 kPa and
uf,'fNLu = 74 kPa in SKS02 and SKS03, respectively [Figs. 8(c)
and 9(c)]. The estimated u?* in the non-liquefied layers match
pretty well with the pore pressure transducer measurements.

Soil Settlement from Reconsolidation

The estimated soil settlement profile using the empirical procedures
from Idriss and Boulanger (2008) for EQM; and EQM, are shown
in Figs. 8(d) and 9(d), respectively. The figures also include the soil
settlement profile obtained by performing an inverse analysis of
measured excess pore pressures and validated against surface
settlement measurements (Sinha et al. 2022c). From the figures,
it can be seen that the empirical procedures predicted significantly
higher (>400%) magnitudes of soil settlement (in the loose and
medium-dense sand layers) compared to the estimated settlement
from the inverse analysis. At the same time, the estimated soil
settlement underpredicted settlements in the dense sand layers.
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Fig. 9. Results from the proposed design procedure for shaking event EQM, in centrifuge model test SKS03 with (a) normalized overburden
corrected cone tip resistance (q.iy¢,); and (b) cyclic stress ratio (CSR) resulting in a factor of safety against liquefaction (FSj;,). Comparison of
(c) estimated peak excess pore pressures profile against measurements from pore pressure transducers; and (d) estimated soil settlement profile against
soil settlement profile obtained from the inverse analysis of measured excess pore pressures. (Data from Sinha et al. 2022c.)

For both shaking events [Figs. 8(d) and 9(d)], the soil settlement
profile from the inverse analysis showed some small settlements in
dense layers. The estimated soil settlement from the inverse analy-
sis (Sinha et al. 2022c¢) at the tip of ODPile, 5DPile, and 3DPiles
was about 6, 3, and 1.5 mm, respectively. In contrast, Idriss and
Boulanger’s (2008) empirical procedure estimated no settlement
in the dense sand layer. Soil settlements in the dense sand layers
and near the pile’s tip can significantly affect the settlement of the
pile and the development of drag loads. Sinha et al. (2019) studied
the effect of reconsolidation strains near the pile’s tip and found that
it results in more drag loads and pile settlement. TzQzLiq analyses
were performed for the two soil settlement profiles to investigate
the effect of reconsolidation strains in the dense sand on pile
settlement and drag load and are described in what follows.

TzQzLiq Analysis of Piles

A TzQzLiq analysis of the piles was performed in OpenSees
(McKenna et al. 2010) with a mesh discretization of 0.1 m. The
latest version of OpenSees (available from the GitHub repository
at https://github.com/OpenSees/OpenSees) with the QzLiq material
model implemented was used to perform the analysis. The proper-
ties of the TzLiq and QzLiq materials used in the analysis are sum-
marized in Table 2 of Sinha et al. (2022¢). The material properties
were calibrated against limit load curves and pile load test results
obtained from the centrifuge tests (Sinha et al. 2022c). Load trans-
fer backbone curves from Reese and O’Neil (1987) and Mosher
(1984) were used to model the TzLiq material behavior in sand
and clay layers, respectively. The QzLiq load transfer behavior
was modeled with backbone curves from Vijivergiya (1977).
The ultimate capacity of TzLiq at different depths along the length
of the pile was obtained from the limit load curves shown in Fig. 7.
The stiffness parameter (zs5y) of TzLiq was taken as 0.3% of the
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pile’s diameter in the clay, silt, loose sand, and medium-dense sand
layers and 0.15% of the pile’s diameter in the dense sand layer. The
QzLiq material parameters [capacity (q7,,,) and stiffness (zs9)] were
calibrated against pile load test results. The constant «, was taken
as 0.55, calculated using Eq. (1) with an effective friction angle
of ¢’ =30°. The piles’ seismic loads were calculated from the
maximum vertical acceleration experienced during shaking and
were 125, 15, 50, and 150 kN for the ODPile, 5DPile, 3DPileS, and
3DPileM, respectively.

While many empirical methods exist for estimating soil settle-
ment profiles, they may not predict soil settlements accurately at all
depths. Since the downdrag phenomenon depends upon the recon-
solidated soil profile, it is essential to study the effect of two critical
parameters: (1) the magnitude of overall soil settlement; and (2) the
soil settlement at the pile’s tip on the development of drag load and
downdrag settlement. A sensitivity study on the magnitude of
reconsolidation soil settlement on drag load and pile settlement
was performed by analyzing multiple soil settlement profiles scaled
to produce surface settlements in the range of 10-400 mm. Addi-
tionally, two types of TzQzLiq analyses (denoted henceforth as I
and II) were performed to study the effect of reconsolidation
strains in the dense sand layer and near the pile’s tip. TzQzLiq
I used the soil settlement profile estimated from the inverse
analysis of measured excess pore pressures described in Sinha
et al. (2022c). TzQzLiq II used the soil settlement profile esti-
mated by Idriss and Boulanger (2008) scaled to produce surface
settlement equal to the measurement in the centrifuge test.
Finally, a TzQzLiq analysis using the proposed design procedure
(i.e., TzQzLiq II with an unscaled soil settlement profile) named
“Proposed Design Procedure” was performed, and the results were
compared with the centrifuge test. All other components of the
three analyses were identical.
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Table 2. Comparison of pile settlement and drag load results obtained from the TzQzLiq analyses of 0DPile, S5DPile, and the 3DPiles (3DPileS, 3DPileM, and
3DPileL) for shaking event EQM; in centrifuge model test SKS02 and shaking event EQM, in centrifuge model test SKSO03 respectively, against the

measurements from each centrifuge test

Soil settlement

Pile settlement (%D)

Pile Methods Surface (mm) At the tip (%D) Seismic Downdrag Drag load (kN)
0DPile Centrifuge test 54 1.0 1.7 14 498
TzQzLiq I 54 1.0 Pile plunged into the soil due to loss of tip resistance
TzQzLiq P 54 0 (r, ~ 1.0 near the tip)
Proposed design procedure® 370 0
SDPile Centrifuge test 54 0.4 0.0 0.8 1,068
TzQzLiq I 54 0.4 0.0 0.8 527
TzQzLiq I° 54 0.0 0.0 0.3 690
Proposed design procedure® 370 0.0 0.0 0.6 1,024
3DPileS Centrifuge test 56 0.2 0.3 0.6 600
TzQzLiq I* 56 0.2 0.1 0.8 641
TzQzLiq I° 56 0.0 0.1 0.5 597
Proposed design procedure® 212 0.0 0.1 1.4 1,127
3DPileM Centrifuge test 56 0.2 44 0.9 620
TzQzLiq I 56 0.2 35 0.9 672
TzQzLiq I° 56 0.0 3.5 0.7 674
Proposed design procedure® 212 0.0 3.5 1.7 1,021
3DPileL Centrifuge test 56 0.2 31.5 1.1 —
TzQzLiq I* 56 0.2 21.1 0.9 686
TzQzLiq I° 56 0.0 21.1 0.7 699
Proposed design procedure® 212 0.0 21.1 1.7 1,032

“TzQzLiq Analysis with soil settlement profile estimated from the inverse analysis of measured excess pore pressures (Sinha et al. 2022c).
TzQzLiq Analysis with soil settlement profile estimated from Idriss and Boulanger (2008) and scaled to get a surface settlement equal to measured surface

settlement in centrifuge test.

“TzQzLiq Analysis using Proposed Design Procedure with soil settlement profile estimated from Idriss and Boulanger (2008).

Comparison of Estimated Pile Settlement and Drag
Load with Centrifuge Test

The TzQzLiq analysis is shown to produce a reasonable estimate of
the seismic settlement of piles. The comparison of the seismic
settlement of the piles with measurements from the centrifuge test
is shown in Table 2. Since all the different TzQzLiq analyses
(TzQzLiq I, TzQzLiq II, and Proposed Design Procedure) had
the same excess pore pressure profiles and seismic loads, their
results on the seismic settlements were the same. The TzQzLiq
analysis predicted the plunging of ODPile due to the excess pore
pressure ratio reaching ru = 1.0 around its tip. Contrary to that,
the centrifuge test showed no plunging failure and resulted in
the seismic settlement of about 1.7% D. The penetration of the
0DPile’s tip to the dense sand layer (during shaking) could have
provided additional tip resistance leading to a smaller seismic set-
tlement. The estimated seismic settlement for the deeply embedded
5DPile with a small dead load was negligible, similar to centrifuge
test recordings. The estimated seismic settlement for all 3DPiles
was slightly smaller than the measured settlements. The predicted
seismic settlement in the 3DPileS, 3DPileM, and 3DPileL. were
about 0.1% D, 3.5% D, and 21.1% D compared to the measured
settlement of 0.3% D, 4.4% D, and 31.5% D, respectively. The dif-
ference in the result could be due to the multiple cycles of seismic
load occurring on the piles, compared to the single cycle of seismic
load applied in the TzQzLiq analysis. A separate analysis showed
that ten cycles of seismic load on 3DPileM could predict seismic
settlements equal to the settlements observed in the centrifuge test.
Like the centrifuge test, TzQzLiq analysis showed a substantial
settlement of 3DPileL (>20% D), indicating the plunging of the
pile into the soil. The difference in the seismic settlement prediction
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for 3DPileL is due to the inability of the TzQzLiq analysis to model
pile settlement during plunging.

The estimated downdrag settlement in the piles from the
TzQzLiq analyses matched reasonably well with the centrifuge
tests. The downdrag settlement for the different magnitudes of soil
settlement profile is shown in Fig. 10. The TzQzLiq analyses
showed an increase in downdrag settlement with the magnitude
of soil settlement and settlement in the dense sand layers. For
example, for 3DPileS, downdrag settlement increased from 0%
to about 1.5% of the pile diameter when the soil settlement
increased from 10 to 370 mm. Overall for all the piles (SDPile
and 3DPiles), the resulting downdrag settlement was small and
was within 2% of the pile’s diameter. Results on downdrag settle-
ment from the three TzQzLiq analyses and their comparison with
the centrifuge test are summarized in Table 2. Results show that for
the same magnitude of soil settlement, the downdrag settlement is
higher if there are soil settlements near the pile tip (Sinha et al.
2019). TzQzLiq I (which had soil settlement at the pile’s tip) con-
sistently showed higher downdrag settlement than TzQLiq II
(which had no soil settlement at the pile’s tip). The downdrag
settlement of TzQzLiq I with the soil settlement profile estimated
from the inverse analysis matched quite well with the centrifuge test
results. The downdrag settlement results from TzQzLiq analysis
following the proposed design procedure were found to be con-
servative due to the large magnitude of soil settlement predicted
from the empirical procedure.

The drag load on piles also increased with soil settlement, but it
approached saturation at large magnitudes of settlements (see
Fig. 10). For example, for 5DPile, the drag load increased from
100 to 1,000 kN as the soil settlement increased from 10 to
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Fig. 10. Results from the proposed design procedure on downdrag settlement and drag load with the magnitude of soil settlement for (a) SDPile for
shaking event EQM3 of the centrifuge model test SKS02; and (b) 3DPileS, 3DPileM, and 3DPileL for shaking event EQM4 of the centrifuge model

test SKS03.

370 mm. Among the 3DPiles, the drag load was higher for lightly
loaded piles (3DPileS) than heavily loaded piles (3DPileM and
3DPileL). The comparison of drag loads in Table 2 for the three
different TzQzLiq analyses showed larger drag loads for a larger
magnitude of soil settlement. The TzQzLiq analysis following
the proposed design procedure gave conservative estimates of drag
load compared to the measured drag loads in centrifuge tests.

Overall, the proposed design procedure analysis of piles used in
the centrifuge test provided a reasonable estimate of seismic settle-
ment, downdrag settlement, and drag loads on piles. The majority
of the pile settlement was coseismic. Although significant drag
loads developed on the piles, the resulting downdrag settlement
was small (<2% D). The predictions from TzQzLiq analyses
following the proposed design procedure (see Table 2) were
conservative compared to the results from the centrifuge test.
The conservatism in drag load and downdrag settlement estimates
was mainly due to the conservatism in predicting the magnitude of
soil settlement from reconsolidation.

Summary and Conclusions

A new displacement-based design procedure using a TzQzLiq
analysis was presented for designing axially loaded single piles
(with no pile cap effects) for earthquake loading and liquefaction-
induced downdrag. Although the proposed procedure is derived
from experiments and simulations of single piles, it is likely to
be useful for pile groups where spacing is large. The pile cap effects
will be minor if the pile cap settlement is less than the ground set-
tlement, as there would likely be a gap under the pile cap. For the
case where pile cap settlement is greater than the soil settlement,
ignoring pile cap effects would be conservative. The design pro-
cedure accounts for the initial drag load (or axial load distribution)
on the pile, peak excess pore pressures in the non-liquefied layers
following redistribution from the liquefied layers, and the reduction
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of the shaft and tip capacity from free-field excess pore pressures in
the soil around the pile. The design procedure, in total, involves six
simplified steps (described in detail in the paper) for obtaining de-
sign curves relating to pile settlement and drag loads for varying
pile lengths. Finally, using the design curves, a design pile length
is selected based on the serviceability criterion of the pile settle-
ment (both absolute and relative to the free-field ground settlement)
and its structural strength. The proposed design procedure was
applied to analyze piles conducted in centrifuge tests. Results
showed that the proposed procedure reasonably predicted the pile’s
seismic settlement, downdrag settlement, and drag load. Finally, an
example problem was presented to demonstrate a step-by-step
application of the new design procedure and compare the results
with Caltrans’ (2020) method (refer to Appendix A). Some of
the main conclusions from this paper are as follows:

* Liquefaction-induced downdrag is not the controlling mechanism
for pile settlement. While reconsolidation settlement caused large
drag loads on piles, the resulting downdrag settlement was small
(<2% of pile diameter).

*  Most of the pile settlement occurs during shaking. The develop-
ment of large seismic loads simultaneously with the increased
excess pore pressure in the soil, causing the reduction of the pile
tip and shaft capacity, is the leading cause of pile settlement in
liquefiable soils.

* The pile’s tip should be embedded sufficiently from the liquefi-
able layer to avoid significant loss of tip capacity during
shaking. Migration of pore pressure from the liquefied layer
can cause increased excess pore pressure in the bearing (non-
liquefied) layer, resulting in decreased pile tip capacity and
stiffness.

The proposed design procedure captures all the mechanisms
during a shaking event and estimates both pile settlement and axial
load distribution, resulting in a more informed and safe design. The
design pile using the proposed procedure was governed by pile
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settlement during seismic shaking as opposed to the drag load using
the force-based design procedure by Caltrans (2020) (Appendix A).
The proposed design procedure saved pile length (for the consid-
ered example design problem) by more than 10% compared to
Caltrans’ (2020) procedure (Appendix A). Such savings in pile
length can significantly reduce the cost of construction projects that
involve installing many piles.
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study are available in a repository online under funder data reten-
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