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ABSTRACT

Nonlinear dynamic analyses were performed to evaluate the effects of ground motion duration on
the dynamic response of a pile-supported wharf subjected to liquefaction-induced lateral ground
deformations. The numerical model was first calibrated using recorded data from a well-
instrumented centrifuge test, after which incremental dynamic analyses were conducted using a
suite of spectrally matched motions with different durations. The nonlinear dynamic analyses were
performed to evaluated three loading scenarios: combined effects of inertial loads from the wharf
deck and kinematic loads from ground deformations, deck inertial loads only in the absence of
liquefaction (with minimal kinematic loads), and kinematic loads only in the absence of deck mass
inertia. The analysis results were evaluated to provide insights on the relative contribution of
inertial and kinematic demands on the response of the wharf with respect to motion duration. It
was found that the contribution of peak inertial and peak kinematic loads to the maximum total

demand increases only slightly with motion duration and intensity. The response of the wharf was
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found to be primarily governed by kinematic demands when subjected to long-duration motions

for the type of foundation analyzed in this study which is commonly used in the port industry.

Keywords: Liquefaction, pile-supported wharf, inertia and kinematics interaction, long-duration

ground motions

1.0 INTRODUCTION

The damage to pile-supported bridges and wharves due to liquefaction-induced lateral spreading
has been documented in a number of case histories, e.g., 1989 Loma Prieta earthquake
(Donahue et al. 2005), 1995 Kobe earthquake (Tokimatsu and Asaka 1998), 2010 EI Mayor-
Cucapah earthquake (Turner et al. 2016), 2014 Chile earthquake (Morales et al. 2020), and 2016
Kaikoura earthquake (Cubrinovski et al. 2017). In most of these studies, the lateral spreading
displacements exceeding 1 m was reported as the likely cause of damage. In some case histories,
the acceptable performance of piles was attributed to design for either earthquake shaking
(inertia) or post-liquefaction lateral spreading (kinematic), as shown by Finn (2005) for
undamaged bridge piles in the 1983 Nihon-Kai-Chubu earthquake. This study focuses on the
combination of inertial and liquefaction-induced kinematic demands. Below is a summary of

studies that have focused on the interaction of these two loads on pile foundations.

MCEER/ATC (2003) states that, for most earthquakes, the peak inertia is likely to occur early in
the ground motion, while the maximum lateral spreading load will develop near the end of motion.
It recommended designing piles for independent effects of inertia and lateral spreading. However,

it acknowledged that the two loads may interact during long-duration shaking events.

A series of 14 centrifuge tests on piles in liquefiable soils was performed at UC Davis by Boulanger

and coworkers from 1997 to 2006. Using the results of these tests, Boulanger et al. (2007) and
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Ashford et al. (2011) recommended combining the lateral spreading load with a fraction of inertia

in contrast to the recommendations put forth in MCEER/ATC (2003).

Researchers at Rensselaer Polytechnic Institute (RPI) performed many centrifuge tests on piles
in liquefiable soils. In one series of tests, Abdoun and Dobry (2002) showed that while the bending
moments at depths shallower than 2 or 3 m are affected by superstructure inertia, this effect
disappeared for bending moments at deeper depths for 0.6-m-diameter piles. They also reported
a post-peak reduction in the lateral spreading force despite the increase in ground displacement
(Dobry et al. 2003; Abdoun et al. 2003). Olson et al. (2017) performed another series of four
centrifuge tests at RPI to investigate the magnitude of lateral spreading force on large-diameter
foundations and proposed revised method to estimate limiting lateral pressures. The latter tests

focused on the kinematic effects, and the effects of inertia were not considered.

Tokimatsu and coworkers performed large-scale 1-g shake table tests in Japan’s NIED facility to
study phasing of inertia and liquefaction-induced lateral spreading (Tokimatsu et al. 2005). They
concluded that the ground displacement tends to be in-phase with the superstructure inertia
(increasing the stresses in piles) when the natural period of the structure (Ty) is shorter than the
natural period of the ground (Tg), and the ground displacements tend to be out-of-phase with the

superstructure inertia (restraining the pile stresses from increasing) when T, is larger than Ty,

Vytiniotis et al. (2019) evaluated a mitigation strategy for damage to typical pile-supported
wharves subjected to lateral spreading and structural response. They used an uncoupled
numerical approach where the free-field and structure responses were analyzed separately. They
concluded that using an uncoupled approach provides significant computational advantages over
the full three-dimensional (3D) analysis for simulating soil-structure interaction. Shafieezadeh et
al. (2012) performed a similar uncoupled two-dimensional (2D) simulation to evaluate the seismic

performance of pile-supported wharf structures. They concluded that the liquefaction-induced
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lateral ground deformation was an important source of damage to the piles. They indicated that
the pile-deck connection and the pile sections near the interface between loose and dense sand
layers are susceptible to severe damage. In our study, a coupled analysis approach is used since
the interaction of inertial and kinematic demands during motion is the important mechanism that

is investigated in this paper.

Despite significant achievements made to investigate the interaction of inertial and liquefaction-
induced kinematic loads on piles, there is currently no consensus in seismic design guidelines on
how to combine the two loads in design. This is due in part to the site-, ground motion-, and
project-specific nature of the interaction between inertial and kinematic demands as evidenced in
varying recommendations provided by maritime and highway transportation agencies. For ports,
ASCE COPRI 61 (2014) acknowledges the likelihood of the combination of the two loads and
recommends evaluating this assumption on a project-specific basis. For bridge foundations,
AASHTO (2014) recommends designing piles for the simultaneous effects of inertia and lateral
spreading only for large-magnitude earthquakes (M>8). Washington DOT (WSDOT 2021)
acknowledges that the two loads are more likely to interact during long-duration motions; using
earthquake magnitude as a proxy for duration, it recommends combining 100% kinematic with
25% inertia when earthquakes with M>7.5 contribute to more than 20% of the hazard for peak
ground acceleration. Caltrans recommended 100% kinematic + 50% inertia (Caltrans 2012), but

this recommendation was retracted in favor of higher performance criteria (Caltrans 2016).

The effect of motion duration on the interaction of inertial and kinematic loads is particularly
important in highly seismic regions like the Pacific Northwest of the United States, where the
probabilistic seismic hazard includes significant contributions from the Cascadia Subduction
Zone, which is expected to produce a long-duration Magnitude 9 earthquake. Khosravifar et al.
(2014) and Nasr and Khosravifar (2017) studied the effects of ground motion duration on inelastic

pile demands on relatively stiff large diameter shafts in liquefied soils and found that inelastic pile
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demands are amplified in long-duration earthquakes due to incremental yielding in the plastic
hinge. Dickenson et al. (2014) examined the effects of long-duration motions on the seismic
performance of a wharf structure at the Port of Los Angeles in a testbed study and found that
plastic hinges in piles (0.6 m concrete piles) formed generally once the ground displacements
passed a threshold of approximately 0.3 m. They found that for earthquake motions with an
average 475-year return period (contingency level earthquake (CLE) motions for a “High” hazard
classification per ASCE61-14), this threshold occurred after approximately 4 to 10 seconds of

significant shaking and Arias Intensity of 0.9 to 1.2 m/sec.

The primary objective of this study is to extend the breadth of the previous studies to investigate
the effects of inertial and kinematic load interaction on pile-supported wharves subjected to short-
and long-duration earthquake motions. First, a numerical model was developed and calibrated
against a centrifuge test on a pile-supported wharf subjected to short-duration earthquake
shaking. Then, numerical analyses were performed using a suite of spectrally matched ground
motions covering a wide range of strong motion durations. The nonlinear dynamic analyses were
performed for three loading cases: (a) a case with combined effects of liquefaction-induced lateral
spreading and wharf deck inertia, (b) a case with wharf deck inertia only in the absence of
liquefaction, and (c) a case with liquefaction but without wharf deck inertia. It is important to note
that even in nonliquefied conditions, the piles are subjected to kinematic demands from the
dynamic response of the soil profile as shown by a vast body of literature, such as Makris and
Gazetas (1992), Wang et al. (1998), and Bentley and El Naggar (2000). In this paper, the term
“kinematic” is used to define the demands on piles due to liquefaction-induced lateral ground
deformations (i.e., Displacement Demand), and the term “inertia” is reserved to define the inertial
loads associated with the deck mass. Incremental dynamic analyses were performed by linearly
scaling the spectrally-matched motions to three different levels of shaking to evaluate the effect

of timing of liquefaction triggering. The main contribution of this study is the quantification of the
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effects of ground motion duration and intensity on the contribution of lateral spreading and inertial
loads on pile demands for a typical pile-supported wharf structure. Considering the soil- and
structure-specific nature of the interaction of inertial and kinematic loads, this study provides a
benchmark, validated with centrifuge experiments, that can be used by Port engineers in project

specific applications.

2.0 DEVELOPMENT OF NUMERICAL MODEL

A 2D numerical model was developed using Fast Lagrangian Analysis of Continua (FLAC)
numerical analysis software (Itasca, 2016) and was calibrated using a centrifuge test of a pile-
supported wharf structure subjected to a short-duration ground motion (Test NJMO1 in
McCullough et al. 2000). The numerical modeling presented in this calibration study is considered
Class-C1 prediction based on Lambe (1973) since centrifuge test results were available during

model development.

2.1 Overview of the Centrifuge Test

The centrifuge model configuration in this test is shown in Fig. 1. It consisted of a multi-lift rock
dike, a dry dense sand layer (relative density, Dr = 82%), overlying a liquefiable loose sand layer
(Dr = 39%), overlying a dense sand layer (Dr = 82%). A set of 21 piles in a 7-by-3 configuration
support the wharf deck. The piles were made with aluminum pipes having an outer diameter (D)
of 0.64 m, a wall thickness (t) of 0.036 m, and a length (L) of 27.2 m (in prototype scale). The
piles were equally spaced at approximately 10 diameters (10D; equivalent to 6.1 m) center-to-
center in the direction parallel to the slope and 8 diameters (8D; equivalent to 5.1 m) in the
direction perpendicular to the slope as shown in the plan view. The model was subjected to a
series of spin up and spin down events with low-amplitude sinusoidal excitations in between to
check the data acquisition system. The model was then spun up to a centrifugal acceleration of

40.1 g and was subjected to a sequence of earthquake shaking with increasing amplitudes. The
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first shaking event (Event 11) with a base acceleration of 0.138 g in prototype scale was modeled
in this study. The inferred failure surface, interpreted from the peak transient soil displacements
obtained from accelerometer arrays, is shown with a dashed red line in Fig. 1 which illustrates
how liquefaction-induced kinematic demands are applied to the piles. The accelerations,
displacements, and stresses reported in this study are in prototype scale which are converted
following scaling laws described in Kutter (1992). Details about this centrifuge test can be found
in McCullough et al. (2007) and the data report in McCullough et al. (2000). Data from this
centrifuge tests was thoroughly re-evaluated and vetted in the current study prior to the
calibration, using current procedures for the analysis and interpretation of centrifuge modeling.

The key characteristics of soil, pile, wharf deck and input motion are listed in Table 1.

2.2 Overview of Numerical Model Calibration

A two-dimensional (2D), plane-strain, fully coupled, effective-stress, dynamic model was created
in FLAC to model the centrifuge experiment described above. In the model geometry and
discretization of the soil mesh shown in Fig. 2, the soil and container of the centrifuge test were
modeled by 2D continuum elements, and the piles and deck were modeled using beam elements.
The pile nodes were connected to the soil mesh using soil interface non-linear springs.

2.2.1 Soil Constitutive Model

The pressure-dependent multi-yield surface model (PDMY03) was used to model the cyclic shear
behavior of sands and rockfill with different relative densities during the earthquake motion. The
original constitutive model was developed and calibrated against a dataset of laboratory and
centrifuge tests by Elgamal et al. (2003) and was updated by Khosravifar et al. (2018). The yield
criterion in the employed soil model is based on the multi-surface plasticity framework. The model
incorporates a non-associative flow rule in order to simulate the mechanism for the post-

liquefaction accumulation of shear strains and the subsequent dilation in liquefied soils. The
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primary focus in the calibration of the soil model was to capture the triggering of liquefaction and
post-liquefaction accumulation of shear strain. The loose sand was calibrated to trigger
liquefaction (defined here as 3% single amplitude shear strain) in 15 cycles at a cyclic resistance
ratio (CRR; defined as the cyclic shear stress to trigger liquefaction normalized by the initial
vertical effective stress) of 0.10 estimated from the correlations by Idriss and Boulanger (2008).
Fig. 3 provides an example result of a single-element undrained cyclic direct simple shear (CDSS)
simulation for sand with Dr = 39% (corresponding to energy- and overburden stress-normalized
standard penetration test blow count of (N1)so=7) under a vertical effective stress of 100 kPa. Fig.
3a shows the cyclic stress ratio (CSR) versus the number of uniform loading cycles, which was
calibrated to trigger liquefaction at the desired CSR in 15 cycles. The stress—strain loops and the
stress path responses are shown in Fig. 3b and 3c, respectively. The results for cyclic stress ratio
versus shear strain shown in these figures indicate that the model produces post-liquefaction
plastic shear strain accumulation of approximately 1% to 1.5% per cycle after liquefaction is
triggered. It will be shown later that the calibrated model reasonably estimates the permanent
liquefaction-induced soil displacements in the centrifuge test. The shear moduli of the soil units
were defined based on the Seed and Idriss (1970) relationship, using the soil modulus coefficient
(Komax) values reported in Table 2. The shear wave velocity (Vs) profile calculated using these
shear moduli generally agreed with the Vs measurements from the centrifuge test. The soil model
input parameters are summarized in Table 2. More details for each input parameter can be found

in Khosravifar et al. (2018).

2.2.2 Wharf Deck and Pile Elements

The wharf deck was modeled with elastic beam elements using the properties listed in Table 1.
The piles exhibited elastic behavior in the centrifuge test and were modeled as elastic in the
numerical model that was used for validation (the piles were modeled as elasto-plastic in the

subsequent incremental dynamic analysis as described later). The piles were modeled using
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beam elements in FLAC connected to soil mesh using interface springs. Based on the rigidity of
the wharf deck and pile to deck connection, the pile head connections to the wharf deck were
modeled as fixed head condition. The pile tips were fixed in the vertical direction given that the

pile tips were at the container base, however they were free to rotate.

In the 2D FLAC model, it was assumed that the mass of the deck was equally distributed between
the three rows of piles. To implement this assumption, the deck was defined with 1/3 of the actual
total mass, and the “spacing” parameter for pile elements in FLAC was set to 6.1 m which is the
center-to-center spacing between the piles in the out-of-plane direction (note that this modeling
approach in FLAC is equivalent to setting the out-of-plane thickness of the soil mesh to 6.1 m).
2.2.3 Soil Interface Elements

Modeling in 2D has the advantage of being computationally more efficient than modeling in 3D
and it simplifies the interpretation of results. However, to account for large deformations of the
soil mesh and the ability of the soil to “flow” around the piles, nonlinear soil springs were used to
capture the lateral interaction between the piles and soil, and to approximate the 3D effects of soil
deformation around the piles. The p-y spring properties were based on American Petroleum
Institute (APl 1993) recommendations for sand; however, the moduli of the subgrade reaction
were modified from API to account for the difference in behavior between the local soil interface
and the rest of the soil mesh. The final spring parameters were based on calibration to four
pseudo-static lateral load tests that were performed in two centrifuge tests by McCullough et al.
(2001) with very similar soil and pile properties to the centrifuge test used in this study. The
modulus of subgrade reaction was selected to be 3900 kN/m? for the loose and dense sand and
5800 kN/m? for rockfill. More details on the back-calculation of the moduli of subgrade reaction
from the centrifuge tests are provided in Souri et al. (2020). The p-y strengths (i.e. Put) were
developed based on the friction angles reported in Table 2. A pseudo-cohesion of 15 kPa was

incorporated as a practical, yet adequate, approximation for calculating the ultimate soil reaction
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in rockfill to account for additional resistance caused by the interlocking and movement of rock
particles near the ground surface (McCullough and Dickenson 2004). Slope effects on the
stiffness of p-y springs were accounted for as described in McCullough and Dickenson (2004).
No additional multipliers were applied in the liquefiable soils, as the first-order softening effects of
liquefaction were assumed to be captured by the soil elements connected to the free end of the
p-y springs. The advantage of using this modeling approach compared to assigning a constant p-
multiplier to p-y springs is that the time-dependent softening of soil elements due to the generation
of excess pore water pressure during the earthquake time history is better captured. The
backbone curve for the soil interface elements in FLAC (i.e., p-y springs) is characterized using a
bi-linear relationship with the same stiffness used for the loading and unloading behaviors. The
soil interface elements in FLAC have the capability of modeling the gap formation during cyclic
loading such that a gap that is formed on one side of the pile during lateral spreading needs to

close before lateral soil reactions can develop upon load reversals.

The piles in the centrifuge model were in contact with the base of the centrifuge box which is
representative of end-bearing piles tipped in a competent rock layer in field conditions. Therefore,
the pile tips in the baseline numerical model were simply fixed in the vertical direction without any
side shear and end bearing soil springs. A sensitivity analysis was performed by removing the
pile tip fixity in the vertical direction and adding vertical side shear and end bearing springs which
showed minimal differences in the natural period of the wharf deck and the peak wharf
acceleration, likely because the lateral behavior of the wharf system is dominated by the flexural
response of the piles. This modeling approach resulted in a reasonable agreement between the

numerical model and the centrifuge test results, as will be explained in a later section.
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2.2.4 Modeling Centrifuge Container

The approach presented by Boulanger et al. (2018) was followed to calculate the equivalent 2D
properties of the centrifuge container. The centrifuge model employed a flexible shear beam
container, which consisted of six rigid aluminum rings separated by a 12-mm (model scale) soft
layer of 20-durometer neoprene rubber. The container included vertical shear rods to facilitate
transfer of vertical shear forces to the soil. The container nodes with the same elevation on the
left and right sides of the model were attached to have identical vertical and horizontal
movements. The aluminum ring and rubber rings were modeled as linear elastic materials. It was
important to model the interface between the soil elements and the container elements in a way
that allows for slippage and simulates an impermeable boundary between the soil and the
container. To do so, extremely flexible beam elements were placed between the soil elements
and the container elements in the FLAC model. One side of each beam element was attached to
a soil element using a frictional interface element with a friction angle of 23 degrees, which was
approximately two-thirds of the friction angle in the soil elements. The other side of each beam
element was glued to a container element. This modeling approach allowed for relative
displacement between soil and beam elements and restricted the relative movement between the
beam and container, and it provided an impermeable boundary at the interface. The beam
element properties were selected to be extremely flexible such that they would have no effect on
the container response.

2.2.5 Damping

A relatively small mass and stiffness proportional Rayleigh damping (0.5%) was employed in soil
elements at a center frequency of 1.25 Hz corresponding to the natural period of the wharf system.
While the natural period of the system changes before and after triggering of liquefaction, the
assigned damping (equivalent to 1% damping at 0.3 Hz and 5 Hz) applies a small amount of

damping over the periods of interest to account for small-strain damping and reduce numerical

11
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noise. A nominal 2% damping was applied to the structural elements using a mass proportional
Rayleigh damping at a center frequency of 1.25 Hz. Past studies have shown the importance of
accounting for the radiation damping to represent the loss of energy due to outgoing waves
transmitted from the pile to the soil medium (e.g., Gazetas and Dobry 1984; El Naggar and Novak
1996; Wang et al. 1998). The radiation damping can be modeled using dashpots distributed over
the length of the piles as explained by Boulanger et al. (1999) where the dashpot coefficients can
be assigned based on the recommendations of Gazetas and Dobry (1984). While some numerical
platforms have the capability of modeling this damping using distributed dashpots along the piles
(e.g., Brandenberg at el. 2013; Shafieezadeh et al. 2012), this damping was approximated in the
2D analysis in FLAC using an additional mass proportional Rayleigh damping. First, the viscous
radiation dashpot coefficients were calculated along the pile using depth varying values equal to
4pDV; with Vs taken as 10% of the pre-earthquake values to account for the softening effects of
pore water pressure generation in the soil units. Next, the damping ratio of the first mode of
vibration was calculated as 13% using ¢ = C/(2Mw) where C and M are the modal damping and
mass matrices calculated for the first model of vibration and w is the natural angular frequency
(Chopra 1995). The nominal 2% structural damping and 13% radiation damping were only applied
to the structural elements (i.e. piles and deck). Sensitivity analysis confirmed that using these
damping ratios provided a reasonable match between wharf accelerations computed from
simulations and recorded in centrifuge test. The large amount of deformation experienced in

liquefied soil and laterally spreading rockfill further justifies the use of this damping.

2.3 Comparison of Numerical and Experimental Results

The main objective in calibration of the numerical model was to ensure that key responses
important to study the interaction of inertial and liquefaction-induced kinematic demands are

reasonably captured. These key responses include amplitude and timing of peak accelerations

12
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and peak displacements at the wharf deck and soil surface, and triggering of liquefaction in the
loose sand. Therefore, the calibration of the numerical model presented in this section is only
focused on the comparison of the mentioned responses between the numerical model and the

centrifuge test.

Fig. 4 presents a comparison of the time histories of selected dynamic responses computed from
FLAC against those measured in the centrifuge test. The figure illustrates (from bottom to top)
horizontal acceleration at the base, excess pore pressure ratio (r,) in the middle of the loose sand
layer, horizontal acceleration and displacement at the wharf deck, and horizontal acceleration and
displacement at or near the ground surface. All reported displacements are relative to the base
of the model. The location of the sensor where the centrifuge data was recorded is shown using

a diagram inside each plot.

It can be noticed from this figure that the computed soil and wharf displacements slightly under-
predict the peak (transient) recorded soil and wharf displacements in the bayward direction
(negative displacements); however, the computed permanent displacements for both soil and
wharf deck are in close agreement with the recorded data from centrifuge test. The pattern of
computed displacements with time reasonably predicts the recorded displacements from the
centrifuge test, including the timing of the critical cycle(s) and the apparent natural period of the
soil profile and the pile-wharf system. The simulation results do not predict the strong transient
response in the centrifuge recordings, exhibited by large cycles in the upslope direction. Our
sensitivity analysis showed that the transient behavior can be improved by softening the lower
dense sand (i.e., modeling it with a lower shear modulus); however, we decided to keep the
baseline numerical model based on a shear modulus corresponding to a relative density of Dr =

82%, which was calculated during the construction of the centrifuge model.

13
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A comparison of the measured and computed horizontal acceleration time histories at a location
near the surface indicates that the main cycles and period are captured reasonably well. However,
the simulations have stronger high-frequency components, which resulted in over-predicting the
magnitude of peak ground acceleration (PGA) by a factor of 1.2. This high frequency component
appears close to the ground surface and is likely attributed to the dynamic response of the top
rings of the centrifuge container in the FLAC simulations (results of sensitivity analysis with free-
field conditions, excluding the container did not exhibit this high frequency). The simulated and
measured horizontal accelerations at the wharf deck are in close agreement in terms of both

amplitude and frequency.

It can also be noticed from this figure that the pore pressure ratio computed by FLAC reasonably
matched the recorded pore pressure ratio in the centrifuge test. The difference between the
computed and recorded maximum pore water pressure ratios is attributed to the drainage of the
excess pore water pressure into the rockfill, which has a higher permeability, during shaking as
indicated by the decline in pore pressure ratio towards the end of motion in the centrifuge test. It

is worth noting that drainage (flow) was not permitted during the dynamic simulations in FLAC.

3.0 DEVELOPMENT OF NUMERICAL MODEL FOR INCREMENTAL DYNAMIC ANALYSIS

The calibrated numerical modelling procedure presented in the previous section was used to
model additional field conditions in order to develop a database of results to investigate the effects
of ground motion duration on the contribution of inertial and kinematic loads to the pile demands.
The model was subjected to a suite of 12 short- and long-duration time histories spectrally
matched to three different levels of shaking (36 motions). Each ground motion was applied under
three different loading conditions (with/without liquefaction, and with/without deck inertial mass)
to quantify the relative contribution of each load. The following sections describe the modifications

to the numerical model, employed ground motions, and the loading conditions.
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3.1 Modifications to Numerical Model

The calibrated numerical model was used to specifically model the centrifuge test, with several
requirements that do not represent real field conditions (e.g., the centrifuge container). The model
was modified for the incremental dynamic analysis in this study to better replicate field conditions
by removing the centrifuge container walls and replacing them with free-field boundaries. The
right and left boundaries of the model were extended to minimize the boundary effects on the
cyclic response of the soil adjacent to the wharf. A rock layer with a shear wave velocity (Vs) of
760 m/s was added to the base of the model, and input ground motions were applied as outcrop
motions using the compliant-base procedure of Mejia and Dawson (2006). The pile properties
were changed to inelastic behavior with a bending moment capacity of 600 kN-m to represent the
target prestressed concrete piles that are typically used in marginal wharves with similar
geometries. Fig. 5 shows the modified FLAC model used in the incremental dynamic analysis.
The calibration of the numerical model against centrifuge test ensures that the complex interaction
between soil, pile and wharf is reasonably captured. The modifications applied to the boundaries
to represent field conditions (e.g., the application of free-field conditions on the far left and far right
boundaries and the use of compliant-base procedure to apply the input motions) are commonly-
used approaches that have been used and validated by various studies (e.g., Mejia and Dawson

2006, Paull et al. 2022).
3.2 Input Ground Motions

The ground motions included a set of 12 shallow crustal and subduction earthquake time series
covering a wide range of significant duration (Ds.g5 ranging from 5 sec to 80 sec). Details of the
input motions are provided in Table 3. The significant duration (Ds.¢5) is used in this study as a
simple indicator to differentiate short-duration shallow crustal earthquakes from long-duration

subduction earthquakes. Additionally, Arias Intensity (/,) is used to investigate the combined
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effects of motion duration and amplitude on the interaction of inertial and kinematic demands.
Arias Intensity, and other intensity measures that incorporate both amplitude and duration of
acceleration (e.g., CAVs), have been shown to be a good indicator of liquefaction effects on
structures (e.g., Kramer and Mitchell 2006, Dickenson et al. 2014, Bullock et al. 2021). The
motions were spectrally matched; therefore, the inertial demands were relatively constant among

the 12 motions. However, the varying durations provided different kinematic demands.

The motions were first spectrally matched to the risk-targeted, maximum considered earthquake
(MCER) spectrum developed using the site-specific ground motion procedures by ASCE 7-16
which is used as the basis for the Design Earthquake spectrum of ASCE 61-14 for a site located
approximately 100 km from a major subduction zone (e.g., Portland, Oregon, where the seismic
hazard includes significant contributions from the long-duration motions produced by a M 9.0
subduction zone earthquake). The MCERr seismic hazard level is representative of ground motions
having a 2% probability of exceedance in 50 years (i.e., 2,475-year average return period). These
motions are indicated as “IDA 1.0” in subsequent plots. The spectrally matched motions were
then linearly scaled by factors of 0.6 (IDA 0.6) and 1.5 (IDA 1.5). The scaled ground motions in
IDA 0.6 represent the 975-year return period level of shaking which is approximately equal to the
Design Earthquake spectrum per ASCE 61-14. The scaled ground motions in IDA 1.5 were used
to impose larger inelastic demands on the piles to evaluate the effects of pile inelasticity on the
interaction of inertial and kinematic demands. The IDA 1.5 motions are significantly larger than
the IDA 1.0 ground motions to represent a site approximately 10 km away from a major subduction
zone (e.g., along the coast of Oregon or Washington near the Cascadia Subduction Zone);
therefore, the IDA 1.5 motions are considered relevant in evaluating the performance of port
structures located closer to a subduction zone source. Acceleration response spectra for the three
levels of dynamic shaking along with the time histories of the spectrally matched motions are

shown in Fig. 6. The selected seed motions were rock motions with Vs greater than 570 m/s (with
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the exception of CHB002 which corresponds to a Vs of 360 m/s). Using the probability of pulse
motions per Hayden et al. (2014), two of the four selected crustal motions contained velocity
pulses. Additional details on the selection of ground motions and the matching process are
provided in Khosravifar and Nasr (2017). It should be noted that while significant duration (Ds.g5)
is used in subsequent plots as an indicator of motion duration, specifically in the case of 2011
Tohoku motions, significant duration is a poor indicator of significant energy due to multiple

sections of strong shaking that may be separated in time as shown by Walling et al. (2018).

3.3 Loading Conditions

Each nonlinear dynamic analysis was performed for three loading conditions, as illustrated in Fig.
7. Case A represents the full combination of inertial and kinematic loads, in which liquefaction-
induced soil displacements apply kinematic lateral loads on the piles and where the deck mass
applies inertial loads during shaking. In Case B, which considers only the inertial load, the loose
sand was modeled as nonliquefiable by setting the contraction and dilation parameters in the
PDMY03 model equal to zero. In this case, the excess pore pressure generation was precluded,
and the model was subjected to minimal kinematic loads. Note that the term kinematic is used in
this paper to refer to liquefaction-induced kinematic loads. For Case C, in which only the kinematic
loads are considered, the inertial effects of the wharf deck were precluded by assigning the mass
of the deck to zero. The soil parameters in Case C were kept the same as those in Case A. Note

that the term inertia is used in this paper to refer to the deck inertial load.

4.0 RESULTS OF INCREMENTAL DYNAMIC ANALYSIS

The spectrally matched motions were used in the incremental dynamic analysis, in which the
intensity of ground motions was increased linearly by three different scale factors (creating a total

of 36 input motions) to provide varying levels of inelastic demands in piles. Each input motion was
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used in three loading conditions (inertial and kinematic, inertial only, kinematic only) creating a
total of 108 dynamic analyses. The results of these analyses provide insights into the relative
contributions of the inertial and liquefaction-induced kinematic loads on the overall demands on
the pile-supported wharf as described in the following sections. However, it should be noted that
the interaction of inertia and kinematics is a complex and nonlinear dynamic problem. The timing,
rate, and onset of significant soil softening due the progressive increase in excess pore pressure
affect the dynamic response of the soil profile. Therefore, the magnitude of the inertial demand in
the liquefied condition is different from that in the nonliquefied condition. Nevertheless, analyzing
the nonliquefied case provides a reasonable estimate of the inertial load—induced demands that

are frequently considered in pile design.
4.1 Free-field Site Response

Acceleration time histories were extracted from the model at the ground surface far away from
the structure to represent the free-field response and were used to calculate the acceleration
response spectra for a 5% damping ratio. Acceleration response spectra and the corresponding
soil amplification ratios at the ground surface are plotted in Fig. 8 for the loading cases with
liquefaction (Case A which is identical to Case C in terms of free-field site response) and without
liquefaction (Case B). The soil amplification ratios were computed as the ratio of the acceleration
response spectra at the ground surface to the outcrop spectra at the base of the model. The
response spectra correspond to the computed horizontal acceleration at the ground surface at a
location far away from the wharf (at a distance of 40 meters) as shown by a circle symbol in the
schematic in Fig. 8a. The results in this figure are shown for the ground motions in IDA 1.0
(matched to the MCER level spectra) as an example. The median PGA is approximately 0.4 g in
the nonliquefied condition, and it drops to approximately 0.2 g in the liquefied condition. The
spectral accelerations for periods shorter than 1 sec in liquefied condition are noticeably smaller

than those where liquefaction is absent. The mean amplification curve in the absence of
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liquefaction shows that, on average, the maximum amplification occurred at a period of
approximately 0.6 sec. In the condition with liquefaction, the maximum amplification occurred at
periods greater than 1 sec due to the softening effects from liquefaction. These periods
correspond to the fundamental period of the soil profile in the free-field. While some case histories
presented by Youd and Carter (2005) show amplification of long period motions due to
liquefaction, the amplification factors less than 1 for long periods (>3 sec) in liquefied conditions
for the specific geometry and subsurface conditions analyzed here are within the range predicted

by Gingery et al. (2014) for large magnitude earthquakes.

4.2 Effects of Liquefaction on Peak Kinematic Demands

Figure 9 shows the variation of peak horizontal ground displacement with significant duration of
the input motions, Ds.gs (Fig. 9a), the peak base acceleration (Fig. 9b), and Arias Intensity (Fig.
9c). The displacements correspond to the ground surface at the backland relative to the base of
the model. The plotted data include the results of the analyses performed for the liquefied
conditions (Case A) and nonliquefied conditions (Case B) for all ground motions in the incremental
dynamic analyses. Fig. 9a shows that, as expected, the peak ground displacements (and the
corresponding kinematic effects) are significantly larger under liquefied conditions as compared
to nonliquefied conditions. The peak ground displacements in the liquefied condition are positively
correlated with ground motion duration. As anticipated, this finding indicates that while all the
ground motions were spectrally matched, the soil profile incrementally accumulated more shear
strain in long-duration motions. In contrast, the nonliquefied cases show relatively little correlation
with motion duration; this is expected, as all the ground motions were spectrally matched to the
same target spectra and the slope configuration in this study did not yield in nonliquefied
conditions under the applied seismic demands. It is worth noting that the yield acceleration of the

slope analyzed here is approximately 0.57 g using limit equilibrium analysis and nonliquefied soil

19



461
462
463
464
465
466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

properties, which is larger than the PGA of the input motions. The variations in the peak ground
displacements for a given motion duration shown in Fig. 9a are attributed to the varying intensity
of the input motions. As revealed from the plot in Fig. 9c, the peak ground surface displacements
increase with the Arias Intensity of the input motion under both liquefied and nonliquefied
conditions. The peak ground surface displacements in liquefied case are between 4 to 12 times
larger than those in nonliquefied conditions over the range of Arias Intensity values covered in

this study.

4.3 Effects of Liquefaction on Peak Inertial Demands

As shown earlier in Fig. 8, the spectral accelerations at the ground surface are smaller in the
liquefied conditions as compared to nonliquefied conditions, particularly over the effective
fundamental periods of the soil-wharf system ranging from 0.9 sec in nonliquefied conditions and
1 sec in liquefied conditions (these periods are estimated based on the effective secant stiffness
estimated from nonlinear static pushover analysis following the procedures in ASCE 61-14).
According to Fig. 8, the spectral accelerations at the mentioned period of 1 sec reduced from
approximately 0.5 g in nonliquefied conditions to approximately 0.3 g in liquefied conditions (i.e.
a reduction factor of 0.6 due to soil liquefaction.) Therefore, it is expected that the peak inertial
loads are also reduced due to liquefaction. Fig. 10 shows the ratio of the peak wharf accelerations
in liquefied conditions (Case A) to that for nonliquefied conditions (Case B). This ratio is denoted
as Ciig in this figure and is plotted against; (a) significant duration, Ds.gs (b) peak base
acceleration, and (c) Arias Intensity. For a majority of the cases, the Cjj ratio is below one,
indicating that the peak inertial demands produced in liquefied conditions are smaller than those
in the absence of liquefaction. The Ciiq shows a slightly increasing trend with motion duration, a
slightly decreasing trend with peak base acceleration, and no significant change with Arias

Intensity. The Ciq values calculated in this study range from 0.7 to 1.1 with mean value of 0.85.
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For comparison, the Cj, values reported by Boulanger et al. (2007) from a series of centrifuge
tests for highway bridge foundations range from 0.35 to 1.4 and the Ciq values calculated from
the results of a series of shake table tests by Tokimatsu et al. (2005) range from 0.2 to 0.3. The
wide range of liquefaction effects on peak inertial loads observed in this study and reported in the
literature highlights the influence of geometry, stratigraphy, and the complexity of liquefaction on
soil-foundation—structure behavior. These complex behaviors also affect the timing of liquefaction

triggering with respect to the timing of peak inertia as discussed in the next section.

4.4 Timing of Liquefaction and Peak Inertia

As described in the previous section, the effects of liquefaction on inertial demands depend on
the timing of liquefaction triggering and peak inertial loads — which, in turn, are influenced by the
characteristics of input motion, the rate of pore pressure generation, and subsequent
development of kinematic loads. These effects are discussed in this section with respect to ground
motion duration. The dynamic response of the soil and wharf are plotted in Fig. 11 for two motions
that are spectrally matched to the MCEr spectra but have significantly different durations. The
short-duration, shallow crustal motion corresponds to the 1992 Cape Mendocino earthquake
(CPM station) and the long-duration subduction motion corresponds to 2011 Tohoku earthquake
(MYGHO6 station). Fig. 11 shows the representative time histories of ground surface
displacement, wharf deck acceleration and displacement, and excess pore pressure ratio (ry) in
the middle of the loose sand layer (used here to indicate the triggering of liquefaction). The time
of the peak response is marked in each plot with a vertical dashed line and a triangle. In the short-
duration motion (CPM), the peak wharf acceleration occurred prior to the triggering of liquefaction
(3.5 sec versus 9.5 sec.) However, in the long-duration motion (MYGHO06), the peak wharf
acceleration occurred after liquefaction was triggered (68 sec versus 24 sec). It is also noticeable

that while the ground displacements in the long-duration motion continued to accumulate following
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the triggering of liquefaction and reached a peak value at around 78 sec, those in the short-
duration motion did not increase further after liquefaction was triggered. These behaviors are
indicative of cyclic mobility and the accumulation of shear strains during cyclic loading. This
phenomenon is different than the flow liquefaction reported in other studies, where large lateral
spreading displacements develop towards the end of motion due to instability of the slope under
a static shear stress. It is also important to note that the peak deck displacements are heavily
correlated with the peak soil displacements in both motions for the relatively flexible piles in this
study (the relative stiffness factor (T) for the piles in this study is 2.1 using T= (El/k)"> where El
is the flexural stiffness of the pile and k is the subgrade reaction for rockfill). In the cases analyzed
here, the piles tend to closely follow the soil displacements. This behavior may be different when
considering relatively stiff piles, such as large-diameter shafts that are not typically used for pile-

supported wharves, but are often used in highway bridges.

The observations from the example motions in Fig. 11 are summarized for all motions analyzed
in this study in Fig. 12, where the relative timing of the peak inertial load (indicated by the wharf
deck acceleration) is plotted against the timing of liquefaction triggering and the timing of
maximum ground displacement. Fig. 12a shows that the majority of the long-duration motions
(those having a Ds.g5 greater than 26 sec) fall close to or above the 1:1 line, which indicates that
peak wharf acceleration occurred after the triggering of liquefaction. In contrast, in short-duration

motions, the peak wharf acceleration occurred prior to the triggering of liquefaction.

While it is important to consider the timing of liquefaction triggering, it is equally important to
consider the timing of the peak ground displacements, as it was shown in the example time
histories in Fig. 11 that the timing of maximum demands on the piles (i.e., peak wharf deck
displacement) is highly correlated with the timing of maximum ground displacements. Fig. 12b
shows that the maximum wharf accelerations occurred before the ground displacements reached

their peak values in all motions studied here (both short- and long-duration motions). This is
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important, as it will be shown later, that for relatively flexible piles the wharf and pile behaviors are

dominated by the large ground displacements that develop in long-duration motions.

4.5 Contribution of Inertial Load During the Critical Cycle

The time of peak inertial load does not necessarily coincide with the time of the critical cycle when
the pile demands are at their peak values particularly when the kinematic loads are large. The
relative contribution of the peak inertial load during the critical cycle is characterized in this section
using the normalized wharf deck acceleration (acceleration at time t divided by the peak wharf
acceleration) at the critical cycle. Most design codes use pile bending moments (and strains) as
the primary engineering parameter to characterize the pile performance (e.g., strain limits for
different target performance levels defined in ASCE 61-14). Therefore, the critical cycle is defined
in this study as the time when the bending moments are at their peak value. To calculate the
wharf acceleration ratios, first, key locations where large bending moments developed among all
piles were determined. The locations of large bending moments were generally located at the
connection of pile head and the wharf deck, near the boundary between rockfill and loose sand,
and near the boundary between loose sand and lower dense sand. Then, the wharf accelerations
were extracted at the time when the bending moment in each key location was at the peak value
(the maximum bending moments did not necessarily occur at the same time in all locations).

Finally, the extracted wharf accelerations were normalized by the peak wharf acceleration.

Figure 13 shows the wharf acceleration ratios at the critical cycle versus strong motion duration
(Fig. 13a) and Arias Intensity (Fig 13.b). For plotting purposes, only the average of all acceleration
ratios is plotted for each ground motion in this figure. The data is shown for different IDA values
to illustrate the correlations between the acceleration ratios and motion duration (i.e. Ds.g5) and
motion amplitude (i.e. different IDA values). The relationship with Arias Intensity, which includes

the combined effect of motion duration and motion amplitude, is shown in Fig. 13b. This figure
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shows a slightly increasing trend with motion duration and Arias Intensity. For example, for IDA
1.0 (corresponding to MCERr level motions), the mean inertial ratios increase from 0.6 for short-
duration crustal earthquakes (with Dsgs < 20 sec) to 0.76 for long-duration subduction
earthquakes (with Dsgs > 20 sec) indicating that there is a larger likelihood for peak deck
acceleration to interact constructively with peak kinematic loads during long-duration motions
compared to short-duration motions. Similarly, the mean inertial ratios increase from 0.6 for
motions with small Arias Intensity (/1 < 3 m/s) to approximately 0.75 for motions with large Arias
Intensity (/. > 3 m/s). The increasing trend between acceleration ratios and Arias Intensity is
attributed to larger ductility demands in piles. A similar trend was reported in Khosravifar et al.
(2014) where inertial contribution factors were found to increase with larger ductility demands in

piles.

For comparison, data from three centrifuge tests with very similar geometries and properties to
the wharf modeled here are plotted in this figure. NJMO1 was used in the calibration of the
numerical model. Additional details on NJM02 and SMSO01 can be found in Schlechter et al.
(2000a,b) and the back-calculation of the inertial load factors from centrifuge tests are provided
in Souri (2021). For the short-duration motions (those with a Ds.g5 shorter than 20 sec), the FLAC
simulations suggest acceleration ratios ranging between 0.45 to 0.85, which are within the range
observed in the three centrifuge tests. The computed acceleration ratios in Fig. 13 are also
comparable to the C. values recommended by Boulanger et al. (2007), which range from 0.65 to
0.85 as marked by the hatched area in Fig. 13. Cc. is defined as the fraction of the maximum
inertial load with liquefaction that occurs at the critical loading cycle. As described earlier, the
critical cycle is defined in this study as the time when the peak bending moment occurs during
the ground motion. Despite a slightly larger likelihood of inertia and kinematic interaction in long-
duration motions, it will be shown later that for small-diameter flexible piles, this interaction

becomes less relevant to the design of the piles as the magnitude and influence of kinematic
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loads on relatively flexible piles become significantly larger than the inertial contribution in long-

duration motions.

4.6 Contribution of Inertial and Kinematic Demands on Overall Wharf Response

The relative contribution of inertial and kinematic demands on the overall wharf response was
evaluated by performing the incremental dynamic analyses for the three load conditions

previously defined in Fig. 7.

In Fig. 14, the maximum wharf deck displacements in the three loading conditions are compared
against input motion duration and Arias Intensity. As indicated by the fitted curves shown by the
dashed lines for IDA 0.6, 1.0 and 1.5 in Fig. 14, the maximum pile demands in liquefied cases
(with or without inertial loads) increase steeply with the duration of motion and Arias Intensity,
whereas the maximum pile demands in the nonliquefied case (deck inertia only) show no
correlation with motion duration and much flatter correlation with Arias Intensity. This is somewhat
expected, considering that the ground motions used in these analyses are spectrally matched to
the same target spectra; thus, exerting the same amount of inertial force on the wharf deck. As
noted previously, the imposed demands on the slope did not exceed the yield acceleration in
nonliquefied conditions. For the short-duration motions, the pile demands under combined case
are larger but comparable to the demands under inertia only and kinematic only cases. In contrast,
for long-duration motions, the pile demands in the combined case are much larger than the inertia
only demands and are primarily governed by the liquefaction-induced kinematic demands. This
finding suggests that despite the higher likelihood of interaction between the inertial and kinematic
loads in long-duration motions (as shown previously in Fig. 13), the contribution of the inertial
loads in the overall demands is much smaller, and the kinematic demands seem to govern the
design. This finding may be considered in the assumptions that need to be made in combining

the inertial and kinematic demands when designing for short-duration or long-duration events.
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The data in Fig. 14 are replotted in Fig. 15 to provide more insight on the relative contribution of
inertial and kinematic loads in the overall demands on the wharf. The horizontal axes in Figs. 15a
and 15b show the maximum deck displacements under the combined effects of inertial and
kinematic loads (Case A). The vertical axes in Figs. 15a and 15b show the maximum deck
displacements under inertial loads only (Case B) and under kinematic loads only (Case C),
respectively. Fig. 15a shows that the maximum deck displacements could be significantly
underpredicted (by an average factor of 0.33) by considering only the inertial effects in the
absence of liquefaction. Fig. 15b shows that the maximum deck displacements could be slightly

underpredicted (by an average factor of 0.9) by considering only the kinematic effects.

Figs. 15c to 15f show the variation of data points in the left two plots with respect to motion
duration and Arias Intensity. The horizontal axes in Figs. 15¢ and 15d show the significant duration
of input motion Ds.gs and Arias Intensity. The vertical axes in these figures show the ratio of
maximum deck displacements in the inertia only (Case B) or kinematics only (Case C) versus
those considering combined inertial and kinematic loading (Case A). Figs. 15c and 15e show that
as the motion duration and intensity increase, the contribution of inertial loads to the overall wharf
demands decreases. On the other hand, Figs. 15d and 15f show that the contribution of kinematic
loads on the overall wharf demands slightly increases with motion duration and intensity though
this amount is insignificant considering other uncertainties in estimating seismic demands in
design. The response of the wharf structure modeled here is heavily influenced by kinematic
demands, as the relatively flexible piles tend to follow the pattern of ground deformations; these
deformations increase with motion duration such that in long-duration motions, the wharf
demands become primarily governed by kinematic loads and less so by inertial loads. This
response may be different for stiffer piles (e.g., large-diameter pile shafts that are typically used

for highway bridge structures), where the kinematic loads on piles do not increase further once
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the relative displacements between the pile and soil exceed a certain value required to mobilize

full lateral passive pressure on piles.

The relative contribution of inertial and kinematic demands for a wharf subjected to short- and
long-duration motions is examined further using the two IDA 1.0 motions shown in Fig. 16. The
time histories of the wharf deck displacements are plotted for the combined inertial and kinematic
loads (Case A) as well as for inertia only (Case B) and kinematics only (Case C) and are
compared for a short-duration motion (CPM) and a long-duration motion (MYGHO06). The
magnitude of maximum deck displacements under inertial load only (Case B) are similar in both
motions (i.e. 0.09 m), as both motions are spectrally matched to MCERr spectra. The wharf
displacements under kinematic load only (Case C) closely follow the pattern in the combined case
(Case A) in both motions. However, the magnitude of displacements in Cases C and A are much
larger for the long-duration motion than for the short-duration motion. As shown in the time
histories for the long-duration motion, the structure continues to experience strong inertial cycles
throughout the motion (note the large inertial cycles at around 70 sec), however the relative
contribution of these loads becomes less significant as the kinematic demands begin to dominate

the wharf response.

5.0 CONCLUDING REMARKS

The main objective of this study was to investigate the potential differences between the
interaction of inertial and liquefaction-induced lateral spreading loads during short-duration crustal
earthquakes and long-duration subduction earthquakes for a typical pile-supported wharf
structure. The interaction of inertial and kinematic loads and their contribution to the overall
demands on piles were evaluated with respect to ground motion intensity measures that are
commonly used in engineering practice; strong motion duration (Ds.95) and Arias Intensity (/2). A

two-dimensional numerical model of a pile-supported wharf was used in nonlinear dynamic
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analyses. The 2D model was calibrated using a recently re-evaluated set of data from a large-

scale centrifuge test. The dynamic performance of the pile supported wharf was simulated using

a suite of spectrally matched ground motions with varying motion durations to evaluate the relative

contribution of inertial and kinematic loads on the response of the wharf. The analyses were

performed for three loading conditions including combined effects of inertial loads from the wharf

deck and kinematic ground deformations (Case A), deck inertial load in the absence of

liquefaction with minimal kinematic demands (Case B), and kinematic load in the absence of deck

mass (Case C). The primary conclusions of the study are summarized as follows:

As shown in Fig. 15, wharf deck displacement demands are mostly governed by
kinematic demands. The combined effects of inertial and kinematic loads (Case A)
were, on average, 3 times larger than the demands due to inertial loads only (Case
B), whereas the deck displacements in the combined case (Case A) were only, on

average, 1.1 times larger than the case involving kinematic loads only (Case C).

It was recognized that the response of the wharf supported on relatively flexible piles
was largely influenced by lateral soil displacements. As shown in Fig. 9, the lateral soil
displacements were found to be well correlated with motion duration and intensity due
to accumulation of shear strain in liquefied soil in many loading cycles. Consequently,
the wharf demands were found to be strongly correlated with motion durations and
intensity for the spectrally matched ground motions with almost identical response

spectra.

The wharf demands (i.e., deck displacements) in nonliquefied conditions were
primarily driven by the inertial loads from the deck mass with minor variation due to

motion duration for the spectrally matched motions used in this study. This was due,
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in large part, to the small seismically-induced slope deformations computed for the

inertia only cases.

For the wharf structure modeled in this study, the occurrence of liquefaction reduced
the peak inertial load from the wharf deck in most cases (Ciq parameters ranged from
approximately 0.7 to 1.1 as shown in Fig. 10) and showed a slightly increasing trend
with motion duration, a slightly decreasing trend with peak base acceleration, and no

significant correlation with Arias Intensity.

The analyses in this study suggest that the likelihood of inertial load interacting with
kinematic load (characterized by the ratio of inertial load at the critical cycle to the peak
inertial load during the entire motion) increased with motion intensity and motion
duration. Up to 15% increase was observed in the inertial contribution factors between
short-duration crustal motions and long-duration subduction motions for ground
motions that were spectrally matched to MCEgr level shaking. Similarly, an
approximately 15% increase was observed in the inertial contribution factors between
motions with small Arias Intensity (/s <3 m/s) compared to motions with large Arias
Intensity (/. >3 m/s). However, it was found that the dynamic and residual loads in the
piles characteristic of those used at ports in the western United States were heavily
influenced at critical depths by the kinematic loads in long duration motions resulting

in significant slope deformation and less so by the inertial loads.

The Arias Intensity (/;) was generally found to be a better predictor for peak ground
and peak deck displacements compared to strong motion duration (Ds.g5) and input

acceleration amplitude (PGA).

The approach used in this study consisted of calibrating a numerical model to a well-instrumented

centrifuge test involving a short duration earthquake and using the validated modelling procedure
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to model a typical pile-supported wharf for both short and long duration earthquakes. The
calibration study provided an important benchmark for the subsequent study to investigate the
contribution of inertial and kinematic loads on overall pile demands with respect to selected
ground motion intensity measures (i.e., significant duration and Arias Intensity). The suitability of
this approach is supported by results of concurrent investigations in which the soil constitutive
model used in this study performs equally well for simulation of permanent displacements of
slopes subjected to short duration and long duration earthquakes, when calibrated properly to
produce the desired cyclic resistance relationship (i.e., CRR versus number of uniform loading
cycles). The application and further refinement of practice-oriented inertial and kinematic load
factors will benefit from additional research expanding this analysis to a broader array of

waterfront structures and soil conditions.
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873 Table 1. Pile, superstructure, and soil properties and ground motion in centrifuge test NJMO1
874  (in prototype scale)

Superstructure Applied ground
Pile properties properties Soil properties motions at base

Pile diameter D) i0'64 m Wharf deck 33.7m  Nevada loose sand, Dk = Event 11 — 1989 Loma
Wall thICknESS (t) =0.036 m x 152 mx 0.25 m, 39% Prieta Outer Harbor
Length (L) =27.2m Nevada dense sand, Dr Station scaled to peak

Flexural stiff;ness (ED = mass = 714.8 Mg =82% ground acceleration
2.1e5 kPa-m Rockfill, friction angle =  (PGA) = 0.15g
Out-of-plane spacing = 6.1 m Out-of-plane 45 deg

spacing = 6.1 m

875

876

877  Table 2. Soil properties in the PDMYO03 constitutive model

Loose sand Lower and upper Rockfill

Model parameters dense sands
Relative density, Dr 2 39% 82% N.A.
Cyclic resistance ratio, CRRgv=1, M=752 0.1 N.A. N.A.
Density, p 1.94 Mg/m? 2.04 Mg/m?3 2.05 Mg/m?3
Reference mean effective pressure, py 101 kPa 101 kPa 101 kPa
Ko max 2 38 65 100
Small-strain shear modulus at reference pressure, Gmax, r 69.6 MPa 111.9 MPa 154.7 MPa
Maximum shear strain at reference pressure, Ymax, r 0.1 0.1 0.1
Bulk modulus at reference pressure, B, 209 MPa 242.5 MPa 206.3 MPa
Pressure dependent coefficient, d 0.5 0.5 0.5
DSS Friction angle, ¢pss? 33° 37° 45°
Model friction angle, ¢ 28.3° 32.4° 42.2°
Phase transformation angle, @pr 23.3° 27.4° 32.2°
Contraction coefficient, ¢, 0.063 0.001 0.001
Contraction coefficient, ¢y, 5.0 0.5 0.5
Contraction coefficient, ¢, 0.2 0.0 0.0
Contraction coefficient, cq 0.0 0.0 0.0
Contraction coefficient, c. 0.0 0.0 0.0
Dilation coefficient, d, 0.15 04 04
Dilation coefficient, dy 3.0 3.0 3.0
Dilation coefficient, d. 0.0 0.0 0.0
Number of yield surfaces, NYS 20 20 20
So 1.73 kPa 1.73 kPa 13.0 kPab
Permeability © le-6 m/s 5.7e-6m/s 5e-4m/s

878 aThese parameters were calculated for calibration of the model and were not directly input to the constitutive
879  model.

880 b A pseudo-cohesion of 15 kPa was added to the soil elements for rockfill (equivalent to 13 kPa in the octahedral
881  space)

882  cDefined as element property

883
884
885
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886

Table 3. Ground motion properties

Earthquake Station / Component Magnitude Rupture  Vs30 (m/s) Rupture Seed Matched Matched Matched
Component Distance Mechanism  Motion Motion Motion Motion
(km) PGA PGA(g)? Strong Arias
(8) Motion Intensity,
Duration, 1, (m/s) §
Ds.95 (s)
2011 Tohoku, Tajiri NS 9 63.8 593 Subduction 0.27 0.45 77.1 6.6
Japan (MYGHO06) (Interface)
2010 Maule, Cerro Santa 360 8.8 64.9 1411 Subduction 0.24 0.46 43.8 7.7
Chile Lucia (STL) (Interface)
2001 El Acajutla 90 7.7 151.8" Intermediate  Subduction 0.1 0.45 26.4 1.8
Salvador Cepa (CA) (Intraslab)
2011 Tohoku, Matsudo NS 9 356.0 " 325 f Subduction 0.29 0.49 29.9 1.8
Japan (CHB002) (Interface)
2010 Maule, Cien NS 8.8 64.6 621 Subduction 0.23 0.53 14.8 2.6
Chile Agronomicas (Interface)
(ANTU)
1985 Mexico La Union NOOW 8 83.9" Andesite Subduction 0.17 0.46 23.8 3.1
City, Mexico (UNIO) Breccia (Interface)
2015 Mlapel, Talagante 90 8.3 140.9 1127 Subduction 0.07 0.47 80.4 6.2
Chile (TAL) (Interface)
2001 Moquegua NS 8.4 76.7 573 Subduction 0.22 0.44 33.8 4.1
Arequipa, Peru (MOQ) (Interface)
1978 Tabas, Tabas (TAB) Tl 7.35 2.05 767 Crustal 0.87 0.48 17.4 2.7
Iran (Reverse)
1985 Nahanni, Site 1 (Site 1) 1280 6.76 9.6 605 Crustal 1.25 0.46 8.2 2.3
Canada (Reverse)
1992 Cape Cape 00 7.01 6.96 568 Crustal 1.51 0.50 54 0.8
Mendocino, Mendocino (Reverse)
CA (CPM)
1989 Loma Los Gatos- 90 6.93 5.02 1070 Crustal 0.41 0.46 4.7 1.5
Prieta, CA Lex. Dam (Reverse
(LEX) Oblique)
887 * Hypocentral distance
888  Vs20
889 §IDA1.0



[(a) NJMO1 - cross section]
CI)Dile #7 #6 #5 #4 #3 #2 #1

—~
&,
ol
O
o
<
o
ai
g:
=
q):
Q
I
2
Q

(Dr = 82%)

Pile Dia. = 0.64

[(c) NJMO01 centrifuge model}

((b) NJMO1 - Plan View|

51m

[
e e e &L
15.2m:@ @006 e eH

v L@@@@@@@
/ ——337m

890 /X N

891 Fig. 1. Centrifuge test NJMO1 layout: (a) Cross section, (b) plan view, and (c) experimental model.

892
893
A\V4
T
ISNEENEREN
luminiund ”fr[f T
28 m ép'e pil% o srazazman
ja. = 0.64 m
’ Rubber
AR SEENRRE -A/umlnlum
RSN RN
T Lower dense sand
L Rock dike
| I
| Upper dense sand
I || Loose sand
77\/ LI
894 ) 81 m 7

895  Fig. 2. The 2D FLAC model of centrifuge test NJMO1.

896



=)
w
S
N
o
N

| (b) \Undrained CDSS simulation

T
(a) Calibrated to
Dr=39%, 6'vc = 100 KPa

reach 3% shear 1
strain in 15 cycles| g
at CSR=0.1 i

4 i

10 100 -4 -2 0 2 4 0 02 04 06 08 1
Number of uniform cycles Shear strain (%) Vertical effective stress ratio (C 'V/G',,,_.)

(c)

o
-\
<
-~

S
N

4
T

/N

=
I

(=)

<
-~

S
-\
1
S
X

Shear stress ratio, T/c’,,
Shear stress ratio, 1/c’,,
Shear stress ratio, T/c’,,

o
1
<
N
1

-~

897

898 Fig. 3. Response of the soil constitutive model in undrained cyclic direct simple shear (CDSS) simulation
899  on sand with Dg = 39%.

900

0.04
ol

0.04H™FI AC
0.8 Centrifuge
012 77

0.2

01[
0 - T s

-0.1L

o020 . . .

0.08 - Wharf deck (LP401);
0

> 0.08 “fkjk%&f&ﬁgavg.

-016f ,

1 L L L 1
0.3
0.15[

Disp. (m)

Acc (g)

Disp. (m)

Wharf deck (Acc5598)

Acc (g)

-0.15[
-0.31

ru
SS9
ONAOC=

0.2

0.1 .
I Base (Acc5276)
-0.2 L . . . 1 . . . . 1 1 . N . .

0 10 20 I I I I 30 40
901 Time (sec)

Acc (g)

902 Fig. 4. Comparison of measured and computed near-field dynamic response.



903
904

905

906
907

908

909
910

911

T T
B I
v A AT,

Base rock

Lower dense sand Alumin/ﬁ;
[ Rock dike pipe pile
|| Upper dense sand (Dja, =
[ Loose sand 0.64m

26.5m

130 m
Fig. 5. Soil mesh discretization and material zones in the FLAC model for incremental dynamic analysis.

A,,M,.M»_h, (= 7992 Cape Mendocino (CPM), M7 (Crusta))| 2.5 e 5% Do
I . (]
__IDA 1.0 (MCE,
[7 1989 Loma Prieta (LEX), M 6.9 (Crusta/)} S e og( CExr level)
C)
NWW”W (* 1978 Tabas Iran (TAB), M 7.4 (Crustal)] a3
<15
[
[* 1985 Nahanni Canada (Site 1), M 6.8 (Crustal)) 8
<
s 1
(7 2001 Acajutla Cepa El Salvador (CA), M 7.7 (Subduction-lntra)} %
[
Q
905
(= 1985 Mexico City (UNIO), M 8 (Subduction) )
1l

{7 2010 Maule Chile (ANTU),M8.8(Subduction)) . B E E—T
" Period, T (sec)

— 2011 Tohoku (MYGHO6), M 9 (Subduction)}

{f 2010 Maule, Chile (STL), M 8.8 (Subduction)

(* 2011 Tohoku Japan (CHB002), M 9 (Subduction)

" i
"

0.5 o

)
)
(7 2001 Arequipa Peru (MOQ), M 8.4 (Subduction)}
)

— 2015 lllapel Chile (TAL), M 8.3 (Subduction)
0 H’;“ A

Acc. (g)

-05L
Fig. 6. Spectrally matched input motions used in the incremental dynamic analyses.

/n@ﬁa Inértia NOC?n)ertia

Dense

sand . | | h | h . sand

Miiml sil dsplceents)
Fig. 7. Schematic of loading conditions in nonlinear dynamic analysis: (a) combined inertia and kinematics,
(b) inertia only in the absence of liquefaction, and (c) kinematics only in the absence of deck mass.
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