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Abstract

The behavior of pile foundations under earthquake loading is an important factor
affecting the performance of many essential structures. Analysis and design procedures
have been developed for evaluating pile behavior under earthquake loading. The
application of these procedures to cases involving soft or liquefied ground is uncertain,
however, due to both a lack of physical data against which they can be evaluated, and the
continued lack of understanding of the mechanisms involved in soil-pile-structure
interaction. Resolving these uncertainties is an important step in current earthquake
hazard remediation.

This dissertation describes the results of a study on the dynamic response of pile
foundations in liquefying sand and soft clay during strong shaking. The research consisted
of: (1) a series of dynamic centrifuge tests of pile supported structures; (2) a critical study
of modeling techniques and limitations; (3) back-calculation of p-y behavior; and (4)
comparison of pseudo-static analyses to the dynamic centrifuge model tests.

These dynamic model tests were among the first performed using the new shaking
table on the 9 m radius centrifuge at UC Davis. The results of the modeling study
presented herein will benefit other current and future projects utilizing the large

centrifuge.



Back-calculation of dynamic p-y curves for liquefying sand was needed because
the dynamic interaction cannot necessarily be extrapolated from static tests. This
dissertation presents the first experimentally determined dynamic p-y curves in liquefying
sand of which the author is aware. The p-y resistances showed characteristics that are
consistent with the undrained behavior of liquefying sand, including the effects of relative
density, dilation, cyclic degradation, and displacement history.

It is expected that dynamic numerical models will need at a minimum to account
for undrained loading conditions to capture behaviors such as those observed in these
tests. Alternatively, simplified pseudo-static analyses using reduction factors on p-y
resistance can also yield reasonable design criteria provided the factors are applied with
an appreciation for the time varying properties of soils during seismic loading, and special
care is taken where the soil may dilate. Sensitivity studies should be performed to help

determine the critical loading conditions when using simplified methods.
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CHAPTER ONE

Dynamic Soil-Structure Interaction

1.1 PILE PERFORMANCE

The behavior of pile foundations under earthquake loading is an important factor
affecting the performance of many essential structures. The potential significance of
liquefaction-related damage to piles was clearly demonstrated during the 1964 Alaskan
earthquake (e.g., Youd and Bartlett 1989) and again more recently during the 1995 Kobe
earthquake. Observations of modern pile foundations during past earthquakes have shown
that piles in firm soils generally perform well, while the performance of piles in soft or
liquefied ground can range from excellent to poor (i.e., structural damage or excessive
deformations). Analysis and design procedures have been developed for evaluating pile
behavior under earthquake loading. The application of these procedures to cases
involving soft or liquefied ground is uncertain, however, due to both a lack of physical
data against which they can be evaluated, and the continued lack of understanding of the
mechanisms involved in soil-pile-structure interaction in soft or liquefied soils. Resolving
these uncertainties is an important step in current earthquake hazard remediation.

Predicting the behavior of pile foundations in soft clay or liquefied ground under
earthquake loading is a complex problem involving consideration of design motions, free-

field site response, superstructure response, and soil-pile-superstructure interaction.



Evaluating pile foundation behavior requires consideration of the loads imposed on the
piles and their pile-cap connections, transient or permanent deformations of the
foundation, and the influence of the pile foundation on the dynamic response of the
superstructure. Centrifuge or 1 g shaking table studies of the seismic behavior of pile
foundations in soft clay or liquefied ground are needed as a means for understanding the
fundamental mechanisms of soil-pile-superstructure interaction, for evaluating the
reliability of current design procedures, and for the development of improved design
procedures. The obvious advantage of centrifuge or 1 g shaking table studies is the ability
to obtain detailed measurements of response in a series of tests designed to physically
evaluate the importance of varying the earthquake characteristics (e.g. level of shaking,
frequency content, waveforms), soil profile characteristics, and/or pile-superstructure
characteristics. Used in conjunction with lessons from case histories and numerical
analyses, results from centrifuge or 1 g shaking table studies are an essential tool in
ongoing studies of this complex problem.

A separate and important issue is the question of what constitutes satisfactory
performance of a pile foundation. The most common design approach in the US today is
to avoid inelastic behavior of piles and their connections below the ground surface, where
damage would be difficult to detect or to repair. Maintaining elastic behavior in the
structural components of a pile foundation often governs the design. Thus, the possibility
of allowing for inelastic behavior of the piles and their connections may provide
significant economy in certain cases, but will require broader discussions of what
constitutes satisfactory pile performance and a greater understanding of soil-pile

interaction mechanisms.



1.2 REPRESENTATION OF SOIL-PILE INTERACTION

Various approaches have been developed for the dynamic response analysis of
single piles. One such method which will be used throughout this dissertation is the Beam
on Nonlinear Winkler Foundation (BNWF) model, where the soil-pile interaction is
approximated using parallel nonlinear soil-pile (p-y) springs (e.g. Matlock 1978).
Currently available p-y curve recommendations (e.g. APl 1993) are based on static and
cyclic lateral load tests, and are not necessarily applicable to seismic loading conditions
as the tests didn't necessarily excite the mechanisms involved in seismic loading (e.g.
loads from the soil profile, local and global pore pressure generation).

Others have attempted to extend the recommended p-y curves by incorporating
the effects of liquefaction on soil-pile interaction. The Architectural Institute of Japan
(AlJ 1988) and Japan Road Association (JRA 1980) codes include the scaling of p-y
curves to account for liquefaction. Liu and Dobry (1995) also derived scaling factors from
centrifuge model tests with liquefied sand. While some of these recommendations are
based on dynamic tests, or at least tests involving liquefied soil, the resulting p-y curves
are based on adjusting curves derived from static and cyclic loading tests. In this
dissertation an attempt has been made to look at soil-pile interaction from a BNWF
perspective under seismic loading directly. The resulting behavior is compared to the
current recommended p-y curves, and some simplified analyses are performed using
simple multipliers on the API (1993) recommended p-y curves to account for liquefied

soil.



1.3 SCOPE OF RESEARCH

This dissertation describes the results of a study on the dynamic response of pile
foundations in soft clay and liquefying sand during strong shaking. The research consisted
of four components: (1) a series of dynamic centrifuge tests of pile supported structures in
soft and liquefying soils performed using the recently completed shaking table on the
large centrifuge at UC Davis; (2) a critical study of physical modeling techniques and
limitations; (3) back-calculation of p-y behavior from recordings of pile bending moment,
pilehead and superstructure accelerations, and soil profile accelerations; and
(4) comparison of pseudo-static BNWF analyses to the results of the dynamic centrifuge
model tests.

Dynamic centrifuge experiments were performed using several different structural
models, different earthquake input motions (varying level of shaking, frequency content,
and waveforms), and different soil profiles. Experiments were performed with the upper
soil layer being either loose to medium dense saturated sand or normally consolidated
clay. The results of these experiments have been documented in detail with individual
hard-copy data reports and diskettes with raw time histories [Wilson et al. 1997 (a-e)].

The dynamic centrifuge tests performed in this study were among the first
performed using the recently completed shaking table on the large centrifuge, and thus it
was necessary to evaluate the centrifuge modeling system before analyzing the recorded
physical data. The importance of characterizing the centrifuge modeling system was
demonstrated by the recent VELACS cooperative study (e.g., Arulanandan et al. 1994)

and further discussed by Scott (1994).



The soil-pile interaction was quantified by back-calculating dynamic p-y time
histories. The observed p-y behavior was examined to understand the mechanisms of soil-
pile-structure interaction under large strain conditions. The results of the back-calculation
procedures are expected to provide a better basis for developing p-y elements for use in
dynamic BNWF analysis methods.

The dynamic centrifuge experiments were then analyzed using simplified pseudo-
static nonlinear BNWF methods. The analyses were consistent with certain current design
methods, and demonstrate the capability of simplified analyses to adequately capture
these complex phenomena in design problems.

Continuing research efforts that are based on the experimental findings of this
project, and recommendations for future research, are also described. It is hoped that the

results of this research will contribute to ongoing efforts to mitigate earthquake hazards.

1.4 ORGANIZATION OF DISSERTATION

A tremendous about of data was collected in the course of this research. Data from
a total of 87 shaking events on seven single-pile-, four 2x2 pile-group-, and three 3x3
pile-group-supported structures was obtained. All of the data from these tests are reported
by Wilson et al. (1997a-e). This dissertation focuses on the data from single pile
supported structures during selected shaking events. This dissertation consists of seven

chapters:



Chapter 1. Dynamic Soil-Structure Interaction - includes a brief discussion on the
importance of understanding soil-structure interaction and an organizational
summary of the dissertation.

Chapter 2. Background - numerical and physical modeling of soil-pile-superstructure
interaction and the derivation and application of the BNWF model is discussed.
The relevance of pseudo-static analyses in design is discussed. Chapter 2 also
includes a brief overview of published knowledge on soil-pile interaction that (1)
revealed general features of behavior for lateral loading of piles; (2) specifically
discussed large strain seismic loading of piles; or (c) discussed experimental
procedures of direct relevance to this present study.

Chapter 3. Centrifuge Testing of Piles under Seismic Loading the centrifuge testing
and results are discussed in general and the modeling equipment and techniques
are critically evaluated.

Chapter 4. Centrifuge Results- select data and general behavior from the different
centrifuge tests are discussed.

Chapter 5. Experimental Observations of p-y Behavior- soil-structure interaction is
examined by back-calculating p-y behavior. The observed behavior is found to be
consistent with the expected behaviors of the different soil types used.

Chapter 6. Pseudo-Static Analyses of Single Pile Systernsnapshots in time of the pile
response are analyzed as pseudo-static problems using the program PAR (PMB
1988).

Chapter 7. Conclusions- includes a summary of the dissertation and its findings, their

relevance to design procedures, and recommendations for future work.



CHAPTER TWO

Background

2.1 DYNAMIC RESPONSE ANALYSIS METHODS FOR PILES

Evaluating the interaction of soil-pile-structure systems to earthquake ground
motions is an important step in the seismic design of both the structure and piles. In the
case of relatively flexible piles in stiff soils it may be reasonable to model seismic
excitation of a structure using only free field ground surface motion applied to a set of
springs at the pilehead representing the stiffness of the foundation. In the case of stiff
piers that penetrate through soft surface deposits and into a deep stiff soil layer, the free-
field ground motions of the stiff layer may be a more appropriate input excitation to the
structure. For other cases, it is important to have a procedure to account for the dynamic
interaction between the various layers of soil, the pile, and the superstructure.

Various approaches have been developed for the dynamic response analysis of
single piles, including the finite element method (Kuhlemeyer 1979; Angelides and
Roesset 1980; Randolph 1981; Faruque and Desai 1982) and the boundary element
method (Sanchez 1982; Sen et al. 1985), both of which treat the soil media as a
continuum. The discretization of a three-dimensional continuum generates a multitude of
degrees of freedom, rendering the method impractical for the design of anything but
extremely expensive structures (e.g., large toll bridges or major port facilities). The Beam

on Nonlinear Winkler Foundation (BNWF) model, illustrated in Figure 2.1, is a



simplified approach using nonlinear soil pile (p-y) springs that can account for nonlinear
soil-pile-structure interaction, and has proven useful in engineering practice (e.g. Abghari
and Chai 1995). Trochanis et al. (1991) showed that the response of laterally loaded piles
predicted using a BNWF formulation agreed well with static load test data and nonlinear
3-D finite element analyses. Trochanis et al. (1991) used a degrading constitutive model

developed by Wen (1976) to represent the p-y springs.

superstructure

free-field surface response pilehead

soil column
response

nonlinear p-y
springs and dashpots

base input motion

Figure 2.1. Schematic of dynamic Beam on Nonlinear Winkler Foundation (BNWF)
analysis model

The Winkler assumption is that the soil-pile interaction resistance at any depth is

related to the pile shaft displacement at that depth only, independent of the interaction



resistances above and below. In the BNWF method, the pile itself is modeled as a series
of beam-column elements, each with discrete springs connecting the pile to the soil, as
shown in Figure 2.1. In a program called SPASM (‘Seismic Pile Analysis with Support
Motion’), Matlock et al. (1978) extended the BNWF concept to seismic problems by
calculating the ground motion time histories along the depth of the soil profile and then
applying the ground motion time histories to the p-y springs as excitation to the system.
Kagawa (1980) further extended the BNWF analysis in seismic problems by including
viscous dashpots with the nonlinear p-y springs to model the effects of radiation damping.
The dynamic BNWF model as applied by Wang et al. (1998) is shown in Figure 2.1,
including a linear "far-field" spring in parallel with the radiation damping dashpot, and
that combination in series with a non-linear "near-field" spring.

There are several existing computer programs that can be used for analyzing the
dynamic response of pile-supported structures using the BNWF method. The computer
codes PAR (PMB Engineering 1988), NONSPS (Kagawa 1983) and DRAIN-2D (Prakash
and Powell 1993) were evaluated by Wang et al. (1998). Boulanger et al. (1998) extended
the work of Wang implementing a new p-y element in the Finite Element program
GeoFEAP (Bray et al. 1995). These programs all gave consistent results for several cases
studied, provided that the model parameters and radiation damping mechanisms were
represented consistently. Two main problems in the analyses were the ongoing difficulty
in reliably estimating ground motions during strong shaking events (e.g., the free-field
response problem) and the uncertainty in representing soil-pile interaction during strong

shaking events. The consequence of these uncertainties can only be evaluated by
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comparing analysis results against physical data, and thus is further incentive for the

physical modeling efforts undertaken by this study.

2.2 PSEUDO-STATIC ANALYSIS METHODS FOR PILES

2.2.1 A Current Design Methodology

One current design methodology as implemented in practice involves breaking
down the soil-pile-structure system into two uncoupled problems, the superstructure and
the foundation, and then finding solutions to each that are compatible with the expected
response of both parts (e.g. Lam and Kapuskar 1998-under review). In the first step of the
analysis, the linear dynamic response of the superstructure is calculated by replacing the
foundation with a set of springs that represent the effective foundation stiffness. The
result of the linear dynamic response analysis is the displacement demand for the
superstructure. Note that load demands will be reduced from those calculated in the linear
dynamic analysis due to nonlinear behavior of the superstructure system.

The structure and foundation system is then analyzed using a nonlinear push-over
analysis, where the superstructure is statically pushed to the displacement level
established in the linear dynamic analysis step. Nonlinear behavior of both the structure
and foundation are included. The pseudo-static response of the foundation may be
modeled using a BNWF method as previously described with the soil parameters
appropriately modified to account for the effects of seismic loading. The displacement
associated with the onset of structural yielding is compared to the displacement demand

to find the ductility demand on the structure. The load at the displacement demand is the
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design load for the foundation. Note also that the design load may be limited by the
formation of plastic hinges, or load fuses, in the superstructure. Finally, the foundation
displacements found in this step must be consistent with the effective foundation stiffness
used in the linear dynamic analysis of the superstructure.

This pseudo-static analysis methodology implicitly assumes that the foundation is
being loaded primarily by the superstructure through inertial forces. It is recognized that
the pile foundation may also experience significant "kinematic" loads that are imposed by
the surrounding soil mass as it deforms relative to the pile during earthquake shaking.
Kinematic loads may not be significant in competent soil profiles that experience
relatively small strains and deformations during shaking. Large kinematic loads can
develop, however, due to lateral spreading of liquefied soils or due to high strain
gradients in soft clays, and may be particularly damaging under certain stratigraphies (e.g.
strong crusts overlying soft clay or liquefied soils).

A pseudo-static method incorporating kinematic loads directly into the BNWF
method was introduced by Byrne et al. (1984). Byrne suggested combining the shear and
moment load at the pilehead with a deformed soil profile in a static BNWF analysis. In
such an analysis the pilehead shear and moment and the soil profile free-field
displacements are known inputs into the BNWF model. Abghari and Chai (1995) applied
this method using a site response program to predict maximum kinematic displacements
of the soil profile, and response spectra of surface accelerations to predict maximum pile
loads due to superstructure inertial forces. When they combined the two sources of load
in a static BNWF analysis they found they tended to overestimate maximum moments in

the pile as predicted by dynamic BNWF analyses, and suggested some simple
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adjustments to arrive at reasonable values for design. Tabesh (1997) did a parametric
study on this pseudo-static method and found the method gave reasonable answers in
many cases, but could over predict maximum moment and shear in the pile if the period
of the structure and the site were similar. The authors of both papers attributed the
overestimations to applying both the maximum kinematic and maximum inertial loads
simultaneously.
2.2.2 Application to Liquefied Soils

Three different pseudo-static approaches have been proposed to account for the
effects of liquefaction on soil-pile interaction. In the first method the lateral resistance of
liquefied soil is represented as a scalar multiple of its static drained lateral resistance,
even though the loading conditions may in fact be undrained. Scaling of static p-y curves
is used in the Architectural Institute of Japan (AlJ 1988) and Japan Road Association
(JRA 1980) codes. Liu and Dobry (1995) derived scaling factors from centrifuge model
tests, and suggested that the scaling factor would vary linearly with excess pore pressure
ratio (r,) and have a minimum value of about 0.10 wheri®0%. This approach will be
examined in Chapter 6.

It should be noted that in Liu and Dobry's work, a single pile embedded in
liquefied sand was subjected to slow, cyclic lateral displacements at the pilahgad (
while the sand was re-consolidating. The magnitude of displacements was held constant
atAneadDiameter = 2 in./15 in. In applying their results to seismic design, it is necessary
to consider the effects of strain history, strain rate, and drainage conditions on p-y
behavior. The importance of strain history will be investigated in Chapter 6 of this

dissertation. The importance of strain rate was discussed by Tokida et al. (1992).
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A second approach for representing the lateral resistance of liquefied sand is to
treat it as a material with an undrained residual shear strepg®).(This aspect seemed
to be a reasonable representation of the physical model data presented for piles in laterally
spreading ground by Abdoun and Dobry (Abdoun et al. 1997).

The third approach is to represent the effect of laterally spreading liquefied soil as
a lateral pressure against the pile. This lateral pressure is commonly assumed to increase
linearly with depth. Within the liquefied zone, the pile is no longer connected to any p-y
spring supports. Thus, this approach is intended to represent the effects of lateral
spreading on piles, and cannot be realistically used for modeling dynamic response.

The preceding three approaches for representing the lateral resistance of liquefied
soil have been evaluated against several cases from Kobe, such as described in the
presentations by Koseki, Fujii, and Tokimatsu at a 1997 US-Japan Workshop
(proceedings in press, Idriss and Ishihara 1998). They found that none of the three
approaches had proven entirely satisfactory in distinguishing between cases of damage
versus no damage for those sites that provided such a contrast in performance. However,
these cases have many complicating factors, such as differences in superstructures,
basements, and ground displacement levels. In addition, it was recognized that the
reliability of these approaches for representing lateral resistance of liquefied soil may
simply be limited by the fact that they are approximations of a rather complex phenomena
that is poorly understood. For example, these three approaches give different distributions
of lateral pressure versus depth, and hence predict different variations in bending moment
versus depth. Additional studies are continuing to evaluate these approaches by

comparisons with the growing database of documented cases from the Kobe earthquake.
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Participants of the 1997 US-Japan Workshop (Idriss and Ishihara 1998) reported that the
codes by the Japan Road Association (JRA 1980) and Architectural Institute of Japan

(AIJ 1988) were currently being revised in accordance with the findings.

2.3 PHYSICAL MODELING STUDIES OF PILES

A review of the literature identified an abundance of research on soil-pile
interaction, including behavior under axial, lateral, and uplift loading. Experimental data
are available for monotonic, cyclic, free vibration, and dynamic tests. Experiments have
been performed at full scale, reduced scale, on shaking tables, or on centrifuges using a
range of soll types. The review presented herein is therefore limited to research that: (1)
revealed general features of behavior for lateral loading of piles; (2) specifically discuss
large strain seismic loading of piles; or (c) discuss experimental procedures of direct
relevance to the present study.

Many researchers (e.g. Brown et al. 1988, Crouse et al. 1993, Dunnavant and
O’Niell 1989, and Ochaoa and O’Neill 1989) have performed tests with cyclic loads
applied at the pilehead. Degradation of the static p-y curves with increasing number of
loading cycles would then be investigated. Procedures have been developed for coupling
monotonic p-y curves with p-y degradation factors to derive an equivalent pile foundation
stiffness for use in dynamic superstructure finite element models (e.g. Matlock 1978).

The extension of cyclic pilehead loading tests to seismic loading conditions has
several limitations. With pilehead loading the soil remains a passive resistor, while in

seismic events the soil is applying load to the pile. This "kinematic" loading (i.e. pile
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loading due to soil displacements) can be important at soft soil sites, particularly when
the site is stratified with soft soil and stiffer soil layers. Radiation damping effects are
potentially different for the pilehead and kinematic loading conditions. Excess pore
pressures generated by pilehead loading can dissipate to the surrounding soil, while in
seismic events there will be global as well as local pore pressure generation. Some cyclic
load tests have been done with cyclic base motion (Kobayashi et al. 1991; Yan et al.
1991, Dou and Byrne 1996), which may be a more appropriate model of seismic loading
conditions. Free vibration tests in the field (e.g., Crouse et al. 1993; El Sharnouby and
Novak 1984) have also been performed, but the small strain levels imposed on the soil
make it difficult to extend the results to strong seismic shaking levels.

The only well-defined case history involving strong motion records of soil-pile
interaction is the recorded response of the pile foundation for the Ohba-Ohashi Bridge
(Gazetas et al. 1993).

A list of physical modeling studies involving seismic response of pile foundations
is given in Table 2.1. The amount of detailed physical data (field or model) on the seismic
performance of pile foundations in soft or liquefying soil is very limited. Many of these
physical modeling studies are very recent, and represent the increased capabilities of
modern testing facilities. A review of each of the references is included in Boulanger et

al. (1998).
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Table 2.1: Physical Modeling Studies Related to the Seismic Behavior of Pile
Foundations

Reference Soil type Super- Base Shaking level Method
structure  motion (prototype)
Finn & Gohl drysand simple seismic 0.15¢g centrifuge
(1987) mass
Chang & drysand 2-story seismic 0.24¢g centrifuge
Kutter (1989) structure
Café (1991) peat bridge seismic 0.05-0.48 g centrifuge
deck
Kobayashi liquefied 2-story uniform  variable shaking
et al. (1991) sand structure  cyclic table
Rashidi (1994) clay 2-story seismic 0.18-0.30 g centrifuge
bent
Honda et al. drysand none seismic  0.02-0.20 g centrifuge
(1994)
Tokida et al. liguefied none none single impact load to 1-g tank
(1992) sand induce liquefaction
Liu & Dobry liguefied none uniform 0.06-0.40 g; pile centrifuge
(1995) sand cyclic loaded monotonically
after shaking ends
Dou & Byrne  saturated simple uniform  0.19-0.49 g hydraulic
(1996) sand mass cyclic gradient
Abdoun etal. liquefied none uniform 0.25¢g centrifuge
(2997) sand cyclic
Horihoshi et al. liquefied none uniform 0.15g centrifuge
(1997) sand cyclic
Wang et al. soft clay  simple seismic 0.25¢g centrifuge
(1998) mass

These physical modeling studies demonstrate that the lateral resistance of
liquefied sand depends on several factors. Variables that have been shown to, or are

expected to, significantly affect the lateral resistance of liquefied sand include:

soil type,

soil density (this study, as described in Chapter 5),

loading rate (Tokida et al. 1992),

excess pore pressure ratio (Liu and Dobry 1995, Tokida et al. 1992),
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* installation method (Abdoun et al. 1997),

» displacement level and history (this study, as described in Chapter 5),

The performance of piles in deposits that contain liquefying sand or soft soils will also be
strongly affected by

» anon-liquefied crust overlying the liquefied layer (Abdoun et al. 1997),

e group and cap effects (Tokida et al. 1992, Abdoun et al. 1997),

» shaking characteristics, stratigraphy, and other factors.

The results of the studies involving liquefying soils illustrate the complexity of
soil-pile interaction phenomena in liquefied soils, and provide data for evaluating the
analysis and design methods used to represent the soil-pile interaction phenomena. Most
of the published studies on liquefied soils, however, did not include superstructures and
thus do not provide data on the effect of soil-pile interaction on the dynamic response
characteristics of pile-supported structures in soft or liquefied soils. None of the studies
have looked at dynamic time histories of p-y curves in liquefied sand.

Thus, there remains a strong need for physical data on the effect of soil-pile
interaction on the dynamic response characteristics of pile-supported structures in soft
clay or liquefied soils. In such soft-ground conditions, the fundamental period of the
structure may be significantly affected by the compliance of the pile foundation. In
addition, the reliability of assuming that the pilehead motion is the same as the
anticipated "free-field" ground surface motion may be questioned. These and other
concerns regarding the design of pile foundations in soft clay or liquefied ground are not

addressed by the data available in the open literature.
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CHAPTER THREE

Centrifuge Testing of Piles Under Seismic Loading

3.1 DESCRIPTION OF THE CENTRIFUGE AND MODEL LAYOUTS

The National Geotechnical Centrifuge at UC Davis has a radius of 9 m and is
equipped with a large shaking table driven by servo-hydraulic actuators (Kutter et al.
1994). The earthquake simulator was recently completed with funding from the National
Science Foundation, Obayashi Corporation, Caltrans, and the University of California.
The centrifuge has a maximum model mass (container and sample) of about 2500 kg, an
available bucket area of 4.0 nand a maximum centrifugal acceleration of 50 g. The new
earthquake simulator was designed to accommodate 1.7 m long models and provide 15 g
input shaking accelerations. Earthquake motions are produced by two pair of servo-
hydraulic actuators acting in parallel, one pair mounted on either side of the model
container. Kutter et al. (1991) and Kutter et al. (1994) give details of the centrifuge and
the new earthquake simulator, respectively.

A new Flexible Shear Beam (FSB1) container was designed and constructed for
this project. The new FSB1 container has inside dimensions of 1.72 m long, 0.685 m
wide, by 0.70 m deep. FSB1 consists of six hollow aluminum rings separated by 12 mm
thick layers of 20 durometer neoprene. The mass of each of the upper three rings is about

one-half the mass of each of the lower three rings. The combined mass of the six rings
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and rubber is about 25% of the soil profile mass (assuming the container is full of soil).
The amount of neoprene separating the rings is varied such that the shear stiffness of the
container increases with depth. The fixed base natural frequency of the empty container is
about 15-20 Hz (0.5 to 0.67 Hz prototype) for the larger shaking events presented herein.
Vertical shear rods in the soil near the container ends provide complementary shear
stresses (Divis et al. 1996). A section of a portion of the rings, neoprene layers, and shear

rods at the end of the container is shown in Figure 3.1.

/ / Five containers of soil-
Z11l structure systems were tested on

V2777777 7777777 ;
.
ALUMINUM ; the large centrifuge. Full details
E | SHEAR for each centrifuge test can be
'/ RODS
VTIT7 77777777774 %
— E found in Wilson et at. [1997
LAYER M
j 5 (a-e)]. All tests were performed at
r///////‘//////// Eé / '
U a centrifugal acceleration of 30 g.
BASE PLATE Note that the centrifugal

acceleration varies with radial
Figure 3.1: Schematic of rings and shear rods
(from Divis et al. 1997) position, and thus varied from
29.2 g at the soil surface to 31.5 g
at the container base. All results are presented in prototype units unless otherwise noted.
For details of the applicable scaling laws, see Kutter (1992).
The solil profiles used in the five containers are summarized in Table 3.1. In all

cases, the soil profile consisted of two horizontal soil layers. The lower layer for all tests

was dense Nevada sand, a fine, uniform sagdl(6, D;;=0.15 mm). The upper layer
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Table 3.1: Summary of Soil Profiles

Soil profile
Container| Upper layer £ 9 m thick)* Lower layer (11.4 m thick) Pore fluid
Cspl Sand (= 55%) Sand (P= 80%) Water
Csp2 Sand (D= 35-40%) Sand (P= 80%) HPMC-water
Csp3 Sand (= 55%) Sand (P= 80%) HPMC-water
Csp4 & 5| Reconstituted Bay Mud (NCBand (D= 80%) Water

*Upper layer was only 6.1 m thick (prototype - before testing) in Csp4 & Cspb5.

was medium-dense Nevada sand in Cspl and Csp3, loose Nevada sand in Csp2, and
normally consolidated (NC) reconstituted Bay Mud &R0, Pl= 40) in Csp4 and Csp5.
In all tests the sand was air pluviated, subjected to a vacuum (typically achieving
90 kPa vacuum), flushed with carbon dioxide, and then saturated under vacuum. The pore
fluid was water in tests Cspl, Csp4, and Csp5, and was a viscous fluid in tests Csp2 and
Csp3. The viscous fluid consisted of a mixture of water and hydroxy-propyl methyl-
cellulose (HPMC) (Stewart et al. 1998). The viscosity of the pore fluid was increased to
improve the simultaneous scaling of consolidation and dynamic processes. Note that
dynamic time on the centrifuge is scaled as 1/n and consolidation time is scaledl as 1/n
resulting in a prototype that consolidates n-times faster than desired. By increasing the
pore fluid viscosity in the model the consolidation rate can be decreased. In these tests,
the 10-fold increase in pore fluid viscosity and the 1/30th scale modeling can be viewed
as having the net result of consolidation occurring three times faster than would occur in
the prototype, assuming pure water as the prototype pore fluid.

P-wave velocities were measured from top to bottom of the soil profile near the
container center. Values were high enough (on the order of 1000 m/s) to indicate the

sample was very close to saturated. Note it is difficult to determine the p-wave velocity in
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the sample with certainty, as the sampling rate required for accurate measurement is
beyond the capability of the data acquisition system. Fortunately the relationship between
p-wave velocity and degree of saturation is very steep as complete saturation is
approached (e.g. see Gazetas 1991), so simply showing that the p-wave velocity is close
to 1000 m/s was considered sufficient to ensure a high degree of saturation (i.e. >99.5%).
The structural systems in each of the five containers are illustrated in Figures 3.2
to 3.6. Detailed drawings of each structure are given in Wilson et al. [1997 (a-e)], while
detailed drawings of the highly instrumented single pile system used in tests Csp2-5 are
given in Figure 3.7. Foundation models included single pile foundations, four-pile
groups, and nine-pile groups. The superstructure mass was typically about 500 kN
(prototype) per each supporting pile; i.e., 500 kN for a single-pile-supported structure,
and 2000 kN for a four-pile-group supported structure. All piles were models of a
prototype steel pipe pile 0.67 m in diameter, 16.8 m long, with a 19 mm wall thickness.
Pile material properties are listed in Table 3.2. To represent typical bridge fundamental
periods, column heights were selected to give fundamental periods for the structural
systems ranging from 0.5 to 1.0 seconds. For all structural models, the pile tips were
about 3.7 m above the container base (about 5.5 pile diameters); thus the end bearing of
the piles should not have been significantly influenced by the container base.

Table 3.2: Pile Properties (tests performed at 30 g)

model units | prototype units
material 6061-T6 Aluminum
yield stress (MPa) 290
Young's modulus (MPa) 70
outside diameter (m) 0.0222 0.667
wall thickness (mm) 2.4 72.4
moment of inertia (1) 7.5x10° 6.1x10°
yield moment, M (MN-m) 0.195x10° 5.3
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Piles were driven into the sand at 1 g. Driving was done by dropping hammers
from constant drop-heights onto the superstructure masses. A guide rod kept the hammer
impact centered on the superstructure mass and a guide bar kept the piles aligned
horizontally and vertically. Hammer blows per 2.54 cm (1 inch) of penetration were
recorded. In all tests the single pile structures were driven after saturation. In tests Cspl
and Csp3, the pile groups were driven through both solil layers before saturation. In Csp2
the pile groups were impact driven into the dense sand layer and the loose sand was
pluviated around the piles. In Csp4 and Csp5 the pile group was driven after saturation.

Each container was subjected to a series of shaking events, beginning with very
low-level shaking events to characterize the low-strain response of the soil and soil-
structure systems. Successive events progressed through very strong motions with peak
base accelerations of up to 0.6 g. Earthquake events generally were sequenced in order of
increasing amplitude, with periodic repeats of smaller events. Input base motions
included step displacement waves and scalar multiples of recorded earthquake motions.
The earthquake motions used are summarized in Table 3.3 and shown in Figure 3.8. Each
shaking event was separated by an amount of time that exceeded the time required for full
dissipation of any excess pore pressures. All in all, the first three containers (all sand
profiles) were subjected to 16 to 17 shaking events each, while the fourth and fifth
containers (upper layer of clay) were subjected to five shaking events each. The entire

shaking schedule is shown in Table 3.4.
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Table 3.3: Earthquake Motions Used

Motion Recording

Kobe 1995 Kobe earthquake - Port Island 83 m depth, NS direction

Santa Cruz 1989 Loma Prieta earthquake - UCSC/Lick Lab, Ch. 1 - 90 degree

Santa Cruz* Same as above, but the original time step was doubled

Table 3.4: Suite of Centrifuge Shaking Events

Test Event Input @axpasdd) | Test Event Input Ancbasd0)
Cspl A step Csp3 A step 0.06
Kobe 0.01 B Santa Cruz 0.01
C Kobe 0.04 C Santa Cruz 0.01
D Kobe 0.08 D Santa Cruz 0.04
E Kobe 0.12 E Kobe 0.04
F Kobe 0.15 F step 0.06
G Kobe 0.26 G Santa Cruz 0.03
H Kobe 0.34 H Kobe 0.03
I step I Santa Cruz 0.49
J Kobe 0.08 J Kobe 0.22
K Kobe 0.16 K Santa Cruz 0.11
L Kobe 0.24 L Kobe 0.11
M Kobe 0.32 M Santa Cruz* 0.41
N step N Santa Cruz* 0.10
O Kobe 0.47 O Kobe 0.60
P Kobe 0.55 P Santa Cruz 0.55
Q Kobe 0.17
Csp4d A Kobe 0.05
Csp2 A step 0.05 B Kobe 0.05
B Santa Cruz 0.01 C Kobe 0.02
C Santa Cruz 0.04 D Kobe 0.20
D Kobe 0.04 E Kobe 0.58
E Santa Cruz 0.49
F Kobe 0.22 Csp5S A Santa Cruz 0.04
G Santa Cruz 0.10 B Santa Cruz 0.12
H Kobe 0.10 C Santa Cruz 0.30
J Santa Cruz* 0.45 D Santa Cruz 0.60
K Santa Cruz* 0.12
L Kobe 0.62
M Kobe 0.24
N Kobe 0.44
O Santa Cruz 0.53
P Kobe 0.60
Q Santa Cruz* 0.56

* The time step of the original recording was doubled for this motion
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3.2 CENTRIFUGE MODELING TECHNIQUES

The dynamic centrifuge tests of pile-supported structures in soft or liquefied soils
performed in this study were among the first performed using the recently completed
shaking table, and thus it was necessary to evaluate the centrifuge modeling system
before analyzing the model structures. The importance of characterizing the centrifuge
modeling system was demonstrated by the VELACS cooperative study (e.g., Arulanandan
et al. 1994) and further discussed by Scott (1994). Difficulties or limitations with
dynamic centrifuge modeling systems can include: (1) non-repeatability of model tests;

(2) undesirable vertical motions, including rocking of the soil column; (3) inability to
produce input motions with the broad frequency content of real earthquake motions; and

(4) container effects. These and other aspects of the dynamic centrifuge modeling system
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on the large centrifuge at UC Davis are evaluated using the results of the soil-pile-
superstructure interaction experiments.
3.2.1 Uniformity of Sand Layers

The density, uniformity, and repeatability of sand layers were evaluated by
measuring the force required to push a 6 mm diameter rod with a 60° conical tip at
various locations while at 1 g (Divis et al. 1996). The force was divided by the tip area
and presented as a penetration resistance (Q), although it is noted that Q reflects both tip
and shaft resistances. Results of penetration tests on Csp2 and Csp3 (both before shaking)
are shown in Figure 3.9. In both containers, tests in the free field showed nearly uniform
profiles of Q, with Q being much higher in the lower dense layer than the upper loose
layer. In Csp2 (P= 35%) the single pile was driven and likely densified the soil near the
pile. But the loose sand was placed around the pile groups and the penetration tests there
showed the sand was softer (less penetration resistance) near the pile groups. Pile groups
were driven in Csp3. Three tests located alongside the 2x2 and 3x3 pile groups showed
substantial increases in Q due to pile driving. Two tests pushed between the piles of the
2x2 and 3x3 groups (through holes in the caps) showed even greater values of Q,
particularly in the 3x3 group. Interpretation of these penetration tests is complicated by
the low confining pressures (at 1 g), the mix of shaft and tip resistances, the relatively
large zone of influence of the tip [e.g., 10-20 probe diameters is 9-18% of the total soil
thickness (Vesic 1970)], and the influence of the boundaries. Nonetheless, these data are
a valuable indicator of specimen density and uniformity, and were useful for evaluating

the pile installation effects.
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Figure 3.9: Penetration resistances in tests (a) Csp2 and (b) Csp3. Penetration tests
performed at 1 g before spinning

3.2.2 Input Motions

For realistic seismic modeling of pile-supported structures, the simulated motion
should reasonably reproduce the full range of frequencies present in recorded earthquake
motions. The input motion should also be repeatable and reasonably unchanged when
scaling the acceleration amplitude to minimize difficulties with evaluating nonlinear
behavior between scaled shaking events. Travel limitations of the shaker limit the low
frequency content of the simulated motion, and the dynamic performance of the shaker
system will affect the overall spectrum of the simulated motion. The dynamic
performance of centrifuge shaker systems has sometimes resulted in less than desirable
simulations of earthquake motions (Scott 1994). The shaker on the large centrifuge at

UC Dauvis is relatively new, so the system performance was evaluated during this project.
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The performance of the shaking table is shown in Figure 3.10. Acceleration
response spectra (ARS, 5% damping) of the recorded east and west base motions during
three scaled Kobe events,fa= 0.04, 0.23, and 0.6 g prototype) on each of three
containers (total of nine events) are shown, with the ARS normalized to a zero period
value of one on the east actuator. The ARS are very similar at each level of shaking, and
show only small spectral variations across the full operational range of the shaker (i.e.,
anax= 0.04 to 0.6 g prototype corresponds fg«& 1.2 to 18 g model for a centrifugal
acceleration of 30 g). East and west base motions are also seen to be closely in-phase and
parallel, as shown at the bottom of Figure 3.10 by the nearly identical acceleration time
histories during a typical Kobe event. The ARS of the original recording from Port Island
is shown in Figure 3.10 for comparison to the achieved spectra. The base motions retain
the full spectrum of the original recording in the range of interest, about 0.5-5 Hz
prototype in this study.

3.2.3 Effect of Pore Fluid Viscosity

The effect of changing pore fluid viscosity was evaluated by comparing results
from Cspl and Csp3 for four comparable shaking events. Note that results from these
tests are described in detail in later sections of this report, while select results are used
here to address issues related to the centrifuge modeling techniques. Containers Cspl and
Csp3 had identical soil profiles and one identical single-pile-supported structure [model
details in Wilson et al. 1995, Boulanger et al. 1997, Wilson et al. 1997 (a) and (c)], but
the viscosity of the pore fluid differed by a factor of 10 (Table 3.1).

The responses of the solil profiles and single-pile-supported structures were similar

for comparable shaking events except the rate of pore pressure dissipation was always
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Figure 3.10: Repeatability of input motion (all spectra at 5% damping)
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faster in Cspl than in Csp3. This is exemplified in Figure 3.11 by time histories of excess
pore pressure ratios at similar locations during Kobe events with.a~ 0.23 g. During
shaking, however, the difference in pore pressure ratios was typically less than about
10%, and the cyclic pore pressures were similar. ARS for various locations in the upper
sand layer in Cspl and Csp3 also had similar normalized shapes, although Csp1l typically
had slightly greater spectral accelerations near a period of one second (e.g. see Figure
3.12). The difference in pore pressure dissipation rates between Cspl and Csp3 is
expected due to the change in pore fluid viscosity. Other slight differences in the soil
profile response were likely due to a combination of factors, including slight variations in
soil densities, model preparation techniques, input motions, and the different pore fluids

used.

CsplEventG ™ .
----Csp3EventJ

0 5 10 50 100
Time (sec)

Figure 3.11: Generation and dissipation of pore pressure in 55%lvith water
(Csp1l) or viscous mixture (Csp3)
The response of the lightly instrumented single pile system during these same
events is illustrated by bending moment time histories at depths of 3.8 and 5.3 m in
Figure 3.13. Bending moments were normalized by the peak superstructure acceleration

because the peak superstructure acceleration in Cspl was about 50% greater than in Csp3.
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Figure 3.12: Response spectra (5% damping) for Cspl event G and Csp3 event J
normalized by the peak base accelerations of each event. Peak base
acceleration in Cspl event G = 0.26 g. Peak base acceleration in Csp3 event
J=0.22g¢.

The difference in superstructure accelerations is due to both a 20% difference in the peak

base input motion and the previously described differences in the soil profile ARS at the

natural period of the structure, at about one second. Normalized bending moments for the

lightly instrumented single pile system in Cspl and Csp3 show very little difference

during shaking, but do show interesting, although inconsequential for design, differences



37

N
1

Cspl Event G

7=5.3m ---- Csp3EventJ

Normalized Moment (MN-m/g)

Time (sec)

Figure 3.13: Bending moment distribution whern=%5%

developing after strong shaking. Comparing bending moment time histories at other
depths and other levels of shaking also gave very similar results, and thus the bending
moment distributions at any time were essentially the same in Cspl and Csp3. These
results and the behavior of the soil profile response suggest that changing pore fluid
viscosity by a factor of 10 had only minor effects on the transient soil-pile interaction.
The relatively minor effect of changing pore fluid viscosity seems to imply that
the dynamic soil-structure interaction was essentially undrained in all cases presented
herein. Note this is not expected to be true in general. Changing pore fluid viscosity may
have a more noticeable effect on other model configurations where partial drainage
during dynamic loading may be significant, such as if a more permeable soil or a smaller

diameter pile was used.
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Figure 3.14: Bending moment distribution with varying soil types

3.2.4 Effect of Soil Type and Density

The effect of the upper soil layer on structural response and bending moment
distribution is illustrated by a comparison of results from Csp2, Csp3, and Csp4 (see
Table 3.1). Results from these tests are described in detail in later sections of this report,
while select results are used here to illustrate issues related to the centrifuge modeling
techniques. In Figure 3.14(a), the bending moment distributions versus depth are shown
for the highly instrumented single pile system in Csp2, Csp3, and Csp4 during a Kobe
event with &ax pase= 0.23 g. In Figure 3.14(b), these bending moments are normalized to
a ground surface moment of unity. Note that liquefaction was more extensive in Csp2
than in Csp3 during these events, as evidenced by pore pressure time histories showing
that pore pressures increased much quicker, and dissipated slower, jr B2 sand
layer of Csp2 than in the,B 55% sand layer of Csp3 (Figure 3.15). The looser condition

of the upper layer in Csp2, relative to Csp3, resulted in generally lower ground surface
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Figure 3.15: Generation and dissipation of pore pressure wreB3% (Csp2) and
D; = 55% (Csp3)

accelerations, lower peak superstructure accelerations, and a greater apparent softening of
the liquefied soil's p-y resistance (Boulanger et al. 1997). These aspects of behavior are
shown by the smaller bending moment at the ground surface [Figure 3.14(a)], but a
greater depth to peak bending moment [Figure 3.14(b)]. In Csp4 (upper layer of soft
clay), the peak superstructure acceleration was lower than that of Csp2 and Csp3, and the
depth to peak bending moment was comparable to that of Csp2. These results are
consistent with expected soil behaviors for the soil conditions and input motions used in
these tests.
3.2.5 Behavior of the Container and Soil Column System

The dynamic characteristics of a model container and its interaction with the soll
column must be clearly understood if reliable interpretations of test results are to be
made. Container effects on the soil column response have been studied using several
different measurements of response (e.g., Fiegel et al. 1994, Van Laak et al. 1994,

Whitman and Lambe 1986). In this study, the interaction is evaluated in terms of the
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uniformity of horizontal motions and differential vertical displacements in the soil near
the container ends.

The uniformity of horizontal motions across the soil column and container rings
indicates whether the container and soil are moving in unison during shaking. To measure
uniformity, accelerometers were attached to the individual rings of the FSB1 container
and at corresponding depths near the center and corners of the soil profile. Accelerometer
records were high-pass filtered and double integrated to get displacements following the
procedures outlined later in this chapter. Results for several shaking events on each
container show that horizontal acceleration and displacement time histories are nearly
identical (i.e., highly coherent) at any given elevation in the soil column and on the
corresponding container ring for tests involving non-liquefied sand or low shaking levels
with soft clay.

Horizontal motions at shallow depths in Cspl1 during a Kobe event
(amax pase= 0.23 g) causing liquefaction of the 55% layer late in shaking are shown in
Figure 3.16. Accelerations at the soil surface near the center and one end of the model,
and on the top ring, are seen to have similar waveforms but with differing high frequency
contents later in shaking. In particular, several large high-frequency acceleration spikes
were recorded near the end of the container. However, horizontal displacements relative
to the container base at these three points were relatively uniform (bottom of Figure 3.16).

Several investigators have observed acceleration spikes in centrifuge tests with
liquefied soils, while spikes have been less obvious in field data. Note a good example
where acceleration spikes were present in field data was recorded at the Wildlife site

during the 1987 Superstition Hills earthquake (Zeghal and Elgamal 1994). In the
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Figure 3.16: Uniformity of motion near top of container - Cspl event G

centrifuge tests presented herein, acceleration spikes have been observed throughout
liquefied layers, near the middle and ends of the container, and in horizontal and vertical
directions. Acceleration spikes have not been observed when the excess pore pressure
ratio is less than about 70%. Acceleration spikes coincide with rapid pore pressure drops,
and thus are likely due to the uniform soil profile "locking” up all at once as the sand goes
through a phase transformation (i.e., the transition from contractant to dilatant behavior at

large enough shear strains).
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Figure 3.17: Uniformity of motion in liquefying sand - Csp2 event F

Horizontal motions at shallow depths in Csp2 during a Kobe event
(amax pase= 0.23 g) causing liquefaction of the 35% layer are shown in Figure 3.17.
Accelerations at the surface of the soil near the center of the container were very different
from the acceleration of the top ring. Furthermore, the displacements of the top ring and
the soil relative to the container base were very different, at times nearly 180° out of
phase. In this case, whenwas high and Pwas low, the soil column became much
softer than the container, as shown by the predominant frequency content of recorded
motions in the profile and on the container. As a result, the container restricted lateral
movements near its edge. While this is not ideal, it is physically difficult to avoid. It is

expected that this effect may be incorporated into numerical analyses using two-
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dimensional site response models if necessary. Uniformity of horizontal motions,
however, improved with depth in the liquefied soil layer. This is illustrated at the bottom
of Figure 3.17 by the horizontal displacements relative to the container base for two

locations at the same elevation deeper in the liquefied layer.
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Figure 3.18: Uniformity of motion in clay - Csp4 event D

A similar set of plots from Csp4 for a Kobe event (aase 0.23 g), where the
upper soil was normally consolidated clay, are shown in Figure 3.18. In this case,
however, the top ring was empty and the soil surface was level with the second ring. The
upper plot shows the difference between displacements at the surface center of the soil
profile and the second ring relative to the container base. The lower plot, however, shows
that by the third ring, the container and the soil are moving mostly together. It should be
noted that the uppermost accelerometer in this container was very near the soil surface

and may not accurately reflect the motions of the soil due to a lack of confinement.
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Records from this transducer uppermost in the clay layer are thus not used in the analyses
presented later in this dissertation.

In addition to the container moving with the soil, the soil profile should also
deform in shear as opposed to column bending. In undrained shear, there is no vertical
strain when the soil profile deforms horizontally, while column bending will cause one
end to compress and the other to extend. The container should help minimize column
bending by providing complementary shear stresses at the end interfaces between the soil
and the container. Discussions of the role of complementary shear stresses and rocking in
centrifuge modeling can be found in Zeng and Schofield (1996) and Wilson et al.

[1997(f)].

In Csp2 (D= 35% upper layer), vertical accelerometers were included at the north
and south ends of the model container base and top ring, and near the bottom and top of
the soil profile (total eight transducers), in order to quantify rocking of the container and
soil column. Figure 3.19 is a summary plot of the recorded peak accelerations and
integrated peak absolute displacements from these transducers. The peak vertical
accelerations were typically 20 to 30% of the peak horizontal accelerations at all locations
other than the upper soil profile, and the peak vertical displacements were typically less
than about 10% of the peak horizontals, again other than in the upper soil profile. Note
that these data are for the ends of the container, while vertical motions within the central
portion of the container are expected to be much smaller (either end is moving at about
the same magnitude but out of phase, thus motion near the middle will probably be near

zero).
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The data in Figure 3.19 show that the shaking table and FSB1 container do not
introduce significant rocking or pitching motions, and that the lower halves of the soll

profile have similarly low levels of vertical motion. However, the vertical accelerations
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and displacements in the upper soil profile near the container ends are of comparable
magnitude to their horizontal counterparts, indicating that motions are not uniform within
the upper soil profile. Note, however, that liquefaction occurred in all but the smallest
events in Csp2. For the smallest events (see Figure 3.20), the vertical accelerations
recorded in the upper soil profile appear to be consistent with the magnitude of the other
vertical recordings. This indicates that the large vertical motions near the ends of the

upper soil profile were due to liquefaction effects, as discussed below.
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Figure 3.20: Peak vertical versus peak horizontal accelerations and displacements
throughout model, small events - Csp2 £[35%)



47

There are at least two simple modes of vertical displacement for the soil near the
ends of the container. In the first mode, the soil profile deforms as a column bending, as
shown schematically in Figure 3.21(a). As shown, when the base accelerates to the north,
the relative displacement of the surface will be to the south. The vertical displacement at
the south end of the container will be down, and the opposite will occur at the north end.
In the second scenario, the liquefied soil "sloshes" in a relatively rigid container, as
shown schematically in Figure 3.21(b). When the base accelerates to the north and the
relative displacement of the surface is to the south, the soil at the south end of the

container will slosh up, and the vertical displacement at the north end will be down.

S

(a) column bending | (b) sloshing

Figure 3.21: Simple modes of vertical displacement

Vertical and horizontal displacements of the ground surface relative to the
container base in Csp2 (B 35% upper layer) are summarized in Figure 3.22 for both (a)
a non-liquefaction and (b) a liquefaction event. The convention used in Figure 3.22 is that
positive horizontal displacement is a displacement to the south, and positive vertical
displacement is upward. In Figure 3.22(a), the horizontal displacement and the north
vertical displacement are nearly in phase, while the south vertical is nearly 180° out of
phase. This is consistent with the expected behavior for bending of the soil column, as

previously described. Also, vertical displacements are on the order of 10% of the
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horizontals. In Figure 3.22(b), the opposite phasing occurs, with the south vertical

moving in phase with the horizontal and the north nearly 180° out. This is consistent with
the sloshing mode previously described, and is consistent with Figure 3.17, where we saw
the effects of the solil profile becoming softer than the container. Vertical displacements
are also of the same magnitude as the horizontals in Figure 3.22(b).

Although the deformation modes shown in Figure 3.21 are greatly simplified, the
results shown are consistent with the large vertical displacements not being due to a lack
of complementary shear stresses, but due to the differences in stiffness between the soll
and the container. While not ideal, this problem is physically difficult to avoid. An
appreciation of this limitation is necessary for realistic interpretations or analyses of the

centrifuge data.

5-

Top horizonta
----- North vertical
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Figure 3.22: Relative displacements at the top of FSB1 showing (a) column bending, and
(b) sloshing of liquefying soll
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3.2.6 Pore Pressures Near Structures

The influence of the pile foundations on the excess pore pressures in the upper
sand layers of Cspl, Csp2, and Csp3 were evaluated by placing pore pressure transducers
both near and far from the structures. For example, Figure 3.23 shows excess pore
pressure ratios (rat depths of approximately 3.5 m in the=lB5% layer of Csp2: (a) at
a free field location, (b) about 0.3 m prototype from the highly instrumented single pile,
and (c) about 3 m prototype from a 2x2 pile group. Pore pressures near the single pile
system show a cyclic component at the predominant period of the single pile system (i.e.
about 1.0 sec.). Pore pressures near the 2x2 pile group also show a significant cyclic
component corresponding to the horizontal motions of the pile cap. While pore pressures
near foundations are not quite equal to those in the free field, these data show very similar

trends in their mean values over time.

3.3 DEVELOPMENT OF SIGNAL PROCESSING PROCEDURES

Signal processing and integration methods were developed for calculating
displacement time histories from acceleration time histories. The development of a
reliable procedure for double-integration of accelerometers was necessary to: (1) evaluate
the deformed shape of the free-field solil profile, which forms an essential input to several
of the analysis methods presented later in this dissertation; and (2) evaluate aspects of the
modeling system such as container effects, container rocking, and uniformity of motions.

Displacements tend to be dominated by low frequencies, but the accelerometers

used in this study, like most piezoelectric accelerometers, are not capable of recording



50

i Free field

Excess pore pressure ratjo r
L)
L

Time (sec)

Figure 3.23: Pore pressures near a depth of 3.5 m - Csp2 event F

very low frequencies. High-pass filters are generally included in the analog circuits to
prevent drift in piezoelectric accelerometer signals. Analog high-pass filters remove low
frequency information, but also corrupt the amplitude and phase of the signal near the
filter corner frequency. To remove the corrupted acceleration data, non-causal digital
high-pass filters were applied in the frequency domain using a 10th order zero phase
delay Butterworth filter.

Maximizing the useful amount of low frequency data from the acceleration

records is somewhat subjective, requiring careful consideration of signal processing



51

techniques, the instrumentation characteristics, the signal conditioning and data
acquisition systems, and the characteristics of the physical system being studied. There
are over 1400 acceleration time histories in the suite of tests reported in this dissertation,
so looking at each record individually was not deemed reasonable. Fortunately, the noise
characteristics are generally similar in all acceleration time histories because they all

(with few exceptions) come from the same accelerometer type and pass through the same
electronic components before being recorded. Thus, a single high-pass corner frequency
was selected for mass-processing of all the acceleration time histories. Selection of the
optimum high-pass corner frequency was based on detailed analyses of representative
recordings, and the following considerations.

* The input base motions had been high-pass filtered at about 0.3 Hz to reduce the peak
displacements to values that the shaker could physical accommodate. Consequently, there
is little input motion below this frequency from the shaker.

» Fourier spectra of acceleration time histories almost always had a sharp decay in
spectral amplitude at about 0.1 Hz, and the spectral amplitude progressively increased
below that frequency (a common characteristic of accelerometer noise; as illustrated in
Figure 3.24). Integration of the acceleration time histories resulted in calculated
displacements that were dominated by very large, low frequency drifts unless the spectral
content below about 0.1 Hz was filtered out.

» High-pass filtering with a 10th order Butterworth filter applied only to the spectral
magnitudes (acausal filter) was found to yield better displacements than those calculated
using lower order Butterworth filters (e.g., a 4th order filter is common). This relatively

steep filter appears to work best because the acceleration spectra also have steep drop-offs
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with narrow windows of frequencies over which the spectral amplitudes are very small.
This is evident in the accelerometer spectra presented in Figure 3.24, where the unfiltered

spectra from two locations in one event are shown with various filtered spectra.

1
(b) superstructupe
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Figure 3.24: Fourier spectra of accelerations in Csp2 event F filtered Witrdér IR
Butterworth filters

Several instrumentation tests were performed where pairs of accelerometers were
placed on opposite ends of a linear potentiometer that was measuring the relative
displacement between two objects on the centrifuge. Integration of the accelerometers
gives absolute displacements, and thus the relative displacement could be obtained by
subtracting the two integrated time histories. The relative displacement time histories
recorded by the linear potentiometers were compared to those obtained by double-
integrating the accelerometers. The best average agreement between the potentiometers

and accelerometers was obtained using a corner frequency of about 0.15 Hz.
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Figures 3.25 and 3.26 show comparisons of displacement time histories obtained
by integrating acceleration time histories together with those recorded by linear
potentiometers. Both figures show results for the range of corner frequencies shown in
Figure 3.24. Figure 3.25 is for a case where no permanent deformations occurred, and
illustrates the very good agreement obtained in such cases. The displacements change
very little as the filter corner is changed, as there is very little low frequency content in
the signal [see Figure 3.24(a)]. Figure 3.26 is for a case with significant permanent
deformations, and illustrates how the accelerometers captured the transient deformations
but not the permanent deformations. From Figure 3.24(b), we can see there is more low
frequency signal in this record, so the choice of filter corner has more effect on the
calculated displacements. Note, however, that as more low frequency signal is included,
the calculated displacements do not approach the recorded values.

Numerous comparisons such as shown in this figure provided an appreciation of
this limitation on displacements obtained by integrating accelerometers. Attempts to
calculate the relative displacements from acceleration records with too little digital high-
pass filtering produce obvious drift and poor approximations to the recorded
displacement. Increased filtering of the data results in a good approximation to the
dynamic component of displacement, but the permanent component is lost. Any real
signal related to permanent displacement is obscured by noise, and thus removed by the
high-pass filtering.

Note detailed examination of individual records is needed for certain analyses,
including the work assembled in this dissertation. For example, while the earlier specified

corner of 0.15 Hz yielded the best results on average (i.e. best match to recorded
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Figure 3.25: Effect of changing corner frequency on calculated displacement of the base
relative to the manifold - Csp2 event F
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displacements when available), the back-calculation of p-y curves in Chapter 5 required
all the accelerometers in a particular event to yield reasonable displacements. For these
calculations the filter corner was raised to 0.25 Hz. This eliminated the corrupted low
frequency data from virtually all the accelerometers. While some real data was

unavoidably removed, the trends in behavior are adequately captured.

3.4 CONCLUSIONS ON MODELING TECHNIQUES AND SYSTEMS

Results from dynamic centrifuge tests of pile-supported structures in soft or
liquefied soils were used to evaluate several aspects of the centrifuge modeling system
that could potentially affect subsequent interpretations and analyses. Detailed
examination of the centrifuge modeling system was necessary because of the newness of
the shaking table, and since recent reviews have highlighted important limitations that
can exist in dynamic centrifuge systems (Scott 1994, Arulanandan et al. 1994).

Performance of the shaking table on the large centrifuge at UC Davis was shown
to be satisfactory. Full frequency spectra of desired input motions (including real
earthquake records) were recreated, with the motions being scaleable and repeatable.
Dynamic vertical displacements at the ends of the container base were limited to about
10% of the dynamic horizontal displacements, indicating that rocking of the container
base was reasonably small over the full operating range of the shaker.

The FSB1 container produced satisfactorily uniform and coherent horizontal
motions, with relatively little rocking of the soil column, in tests on non-liquefied sand or

even liquefied P= 55% Nevada sand. Non-uniform horizontal motions and differential
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vertical displacements developed at shallow depths in upper layers of liquefi&db%
Nevada sand or strongly-shaken soft clay, indicating that the soil column had become
effectively "softer" than the FSB1 container in these tests. While not ideal, this problem is
physically difficult to avoid. An appreciation of this limitation is necessary for realistic
interpretations or analyses of the centrifuge data.

Changing pore fluid viscosity by a factor of ten between two containers appeared
to have a negligible effect on the soil-pile interaction, with or without liquefaction of the
upper soil layer. Furthermore, the nearly identical dynamic pore pressures and bending
moment distributions obtained in these two tests showed that reasonably repeatable test
results could be obtained nearly a year apart.

Signal processing procedures and methods for calculating displacement time
histories from accelerometer records were evaluated. Test results showed that the
transient displacement time histories could be calculated reliably using the established
procedures, but that permanent displacements could not (as expected). It was also noted
that a default corner frequency used to mass-process all acceleration time histories may
not be the best choice for an individual recording (either passing too much noise or
removing too much real signal). The best results from high-pass filtering of accelerometer

records are obtained by individually evaluating the noise on each accelerometer record.
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CHAPTER FOUR

Centrifuge Results

41 PRESENTATION OF DATA

The complete set of centrifuge test data is presented in five data reports published
by the Center for Geotechnical Modeling at UC Davis [Wilson et. al. 1997 (a-e)]. This
chapter looks at typical results from several events in select containers that typify the
measured soil and structure responses. The purpose of this chapter is to give some
background information for the analyses presented in Chapters 5 and 6. An entire
dissertation could be written based on the site response results; this dissertation presents a
sampling of these results.

Acceleration and pore pressure time histories are presented for various depths
throughout the soil profile for tests Csp2 (upper layer sard33%), Csp3 (upper layer
sand D= 55%), and Csp4 (upper layer soft NC clay). Note the buoyant unit weight of the
sand in these tests is very closely equal to the unit weight of water whether its state is
loose, medium dense, or dense (see Table 4.1). Also note the water table was
approximately at the surface of the soil. The depth of any pore pressure transducer in
Csp2 and Csp3 can thus be very closely approximated by dividing the initial pore
pressure (§) by the unit weight of water. The excess pore pressure ratio can be very

closely approximated by dividing the change in pore pressure by the initial pore pressure
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(i.e. , = Au/o,,' = Au/w,). Note that in Csp4 the saturated unit weight of the clay was

approximately 15 kN/rh

Table 4.1: Buoyant Unit Weights

Density of Yary (KN/m®) | void ratio G* Yy (KN/m®)
Nevada sand

loose 14.9 0.743 2.65 9.3
medium dense 15.5 0.677 2.65 9.7
dense 16.2 0.606 2.65 10.1
* assumed specific gravity

The locations of all the acceleration and pore pressure transducers presented in

this chapter are summarized in Table 4.2.

Table 4.2: Instrument Location Key

Csp2 Csp3 Csp4
Instrument depth (m) Instrument depth (n) Instrument  depth (m)***
accel 0.75 accel 1.4 accel 15
accel 2.9 accel 3.2 accel 3.0
accel 5 accel 5.6 accel 4.5
layer* 9.1 layer* 9.3 layer* 5.8
accel 10.7 accel 10.3 accel 8.0
accel 20.5 accel 20.4 accel 17.5
ppt 0.7 ppt 1.2 ppt 0.7
ppt ** 3.7 ppt ** 4.8 ppt ** 19
ppt 3.8 ppt 4.6 ppt 2.1
ppt 7.4 ppt 6.8 ppt 4.5
layer* 9.1 layer* 9.3 layer* 5.8
ppt 20.3 ppt 20.1 ppt 9.1
accel = accelerometer ppt = pore pressure transducer
* interface between upper and lower soil layers (after shaking in Csp4)

**

*k%k

1 m of water above the soil surface.

pore pressure transducer located very near the single pile
depths in Csp4 are referenced to the after shaking profile and pressures include

The accelerations at the superstructure and pilehead of the highly instrumented

single pile (see Figure 3.7), bending moments along this pile, and superstructure

displacements are also presented for each event. Note superstructure displacements are

relative to the top container ring and thus only approximate the displacement relative to
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the free field soil surface. A complete listing of the centrifuge events was presented in
Table 3.4, including container, input motion, and peak base accelerations. All results
presented in this chapter are for scaled Kobe input motions, with the exception of Csp2

event E, which was a very large.{gavase= 0.49 g) Santa Cruz event.

4.2 RESULTS IN LOOSE SAND - CSP2

The soil profile and structure responses in Csp2 are presented in Figures 4.1
through 4.12. The response of the soil profile during three events with Kobe input
motions (events D, H, and F) is presented in Figures 4.1 - 4.4, 4.7 and 4.9. The base
accelerations in events H and F (Figures 4.2 and 4.7, respectively) appear to be nearly
scalar multiples of the base acceleration in event D (Figure 4.1). Accelerations at the
bottom, middle, and top of the loose sand layer show progressive amplification in event
D, compared to progressive and dramatic overall de-amplification in events H and F.
Note, however, the presence of large (but short duration) spikes of acceleration in some
of these records. Excess pore pressure ratjesfu/o,, = Au/u,) were negligible
throughout the soil profile in event D (Figure 4.3), but approached 100% throughout the
loose sand layer early in events H and F (Figures 4.4 and 4.9, respectively). Excess pore
pressures in the dense sand layer in events H and F slowly increased toward values
approximately equal to the excess pore pressure at the base of the liquefied loose sand
layer. This suggests that little, if any, excess pore pressure were generated in the dense
sand layer in events H and F. The pore pressure increase in the dense sand was primarily

due to excess pore pressures in the loose sand layer.
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The response of the single pile system during events D, H, and F is shown by the
time histories of superstructure acceleration, pilehead acceleration, superstructure
displacement, and bending moment time histories at various depths in Figures 4.5, 4.6,
and 4.11. All recordings show that the system's "fundamental” period lengthened
considerably due to liquefaction (events H and F) relative to its initial value (event D).

The bending moments and lateral displacements were strongly correlated to the
superstructure acceleration. The depth to the largest bending moment increased as a result
of liquefaction, as would be expected for a pile foundation loaded primarily by the inertia

of the superstructure. The largest recorded bending moment was at a depth of 0.75 m in
event D and a depth of 3.8 m in event H. This is highlighted in Figure 4.13, where the

peak bending moments versus depth are plotted for events D, H, F, and E. Note event E
experienced permanent displacements, as discussed further below.

The response of the soil profile in Csp2 during a Santa Cruz motion event (event
E) is presented in Figures 4.8 and 4.10, while the response of the structure is presented in
Figure 4.12. Recordings in the soil profile show similar characteristics to those recorded
in the Kobe events with liquefaction, i.e., progressive and dramatic de-amplification of
larger accelerations and complete liquefaction of the upper soil layer. The response of the
superstructure in this event is notable, however, because of the significant permanent
displacement of approximately 0.20 m. The effect of this permanent displacement is
clearly evident in the time history of the lowest bending gauge (Figure 4.12, z = 8.4 m)
and in the plot of peak bending moments in Figure 4.13. Note the depth to the interface

between the loose and dense soil layers was approximately 9 m in this test. This recording
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represents the largest permanent deformation of the highly instrumented single pile
system observed in the tests with an upper layer of sand (Csp2 and Csp3).

It should be noted here that while the solil profile is assumed to be horizontal,
during these tests the bucket of the centrifuge was actually tiltédela®ve to the
g-field. This was due to a combination of factors, but the net result was that the soill
profile was actually inclined slightly. The permanent displacements observed in this
container were thus due to permanent displacements of the soil profile (due to both the
bucket inclination and to unsymmetrical base motions), rather than yielding of the pile or

structure.

4.3 RESULTS IN MEDIUM DENSE SAND - CSP3

The soil profile and structure responses in Csp3 are presented in Figures 4.14
through 4.19. The response of the soil profile during Kobe input motions is presented in
Figures 4.14 - 4.17. The base acceleration in event J (Figure 4.15) appears to be a nearly
scalar multiple of the base acceleration in event E (Figure 4.14). Accelerations at the
bottom, middle, and top of the loose sand layer show progressive amplification in event
E, while the accelerations in event J show less amplification than in event E, but also
include several large sharp peaks in acceleration. The lack of overall de-amplification is
in contrast to the general de-amplification of motions observed in Csp2 (loose sand - e.g.
compare to Figures 4.1 and 4.2), though the large spikes of acceleration are similar.
Excess pore pressure ratios were negligible throughout the soil profile in event E, but

ranged from about 50 to 90% throughout the looser sand layer in event J (Figures 4.16
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and 4.17, respectively). The increases in pore pressure were less sudden than the increases
observed in Csp2. The differences between Csp2 and Csp3 are consistent with what

might be expected when comparing behaviors of very loose and medium dense sands
under seismic loading.

The response of the single pile system during events E and J is shown by the time
histories of superstructure acceleration, pilehead acceleration, superstructure
displacement, and bending moment time histories at various depths in Figures 4.18 and
4.19. All recordings show that the system's "fundamental” period lengthened somewhat
due to liquefaction (event J) relative to its initial value (event E). The bending moments
and lateral displacements were strongly correlated to the superstructure acceleration. The
depth to the largest bending moment increased as a result of liquefaction, as would be
expected for a pile foundation loaded primarily by the inertia of the superstructure. As
summarized in Figure 4.20, the largest recorded bending moment was at a depth of
0.75 m in event E and a depth of 1.5 m in event J, though the change was less pronounced

than that observed in Csp2.

44 RESULTS IN SOFT NC CLAY - CSP4

The soil profile and structure responses in Csp4 are presented in Figures 4.21
through 4.26. The response of the soil profile during Kobe input motions is presented in
Figures 4.21 - 4.24. The base acceleration in event E (Figure 4.22) appears to be a nearly
scalar multiple of the base acceleration in event D (Figure 4.21). The motions are seen to

be strongly affected as they propagate through the clay layer. The higher frequency
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components are removed by the time they reach the soil surface, especially in event E.
Excess pore pressure ratios after shaking were negligible throughout the soil profile in
both events D and E (Figures 4.23 and 4.24). Note the response time and arching around a
transducer in clay (see Kutter et al. 1990) complicate the interpretation of dynamic pore
pressures in clay. The records thus are most reliable before and after shaking.

The response of the single pile system during events D and E is shown by the time
histories of superstructure acceleration, pilehead acceleration, superstructure
displacement, and bending moment time histories at various depths in Figures 4.25 and
4.26. All recordings show that the system's "fundamental” period was significantly longer
than observed in the tests with sand (Csp2 and Csp3). The bending moments and lateral
displacements were strongly correlated to the superstructure acceleration. The depth to
the largest bending moment was larger than in the tests with sand, as would be expected
for a pile foundation loaded primarily by the inertia of the superstructure. The largest
recorded bending moment was at a depth of 5.3 m in event D and a depth of 8.4 m in
event E. This is highlighted in Figure 4.27, where the peak bending moments versus

depth are plotted for events D and E.

45 SUMMARY

From the time histories of acceleration and pore pressure throughout the soill
profiles we saw that the soil conditions had a dramatic affect on the site response (as
expected). Recordings made in the upper sand layers were markedly different in

amplitude and frequency content depending on whether or not there was extensive
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liquefaction. In the test where the upper soil layer was soft clay the ground motions were
also strongly affected in both magnitude and frequency content.

The effects of relative density and input motions on superstructure response for
the tests in sand are summarized in Figure 4.28. The peak superstructure acceleration is
plotted versus the peak base acceleration for all of the events in Gsp25®) and
Csp3 (D =55%). Upon careful inspection two important trends are evident. First, for a
given level of peak base acceleration, the Kobe events produced higher peak
superstructure accelerations. This is due to the high energy content of this motion near the
one second natural period of the structure (see Figure 3.8). The Santa Cruz and modified
Santa Cruz motions did not contain as much energy near the fundamental period of the
structure. Second, for a given earthquake, superstructure accelerations in the medium
dense sand were usually greater than in the loose sand. This is consistent with both the
de-amplification of ground motions in the loose, liquefied sand and with the soill
softening, therefore imparting less load to the structure.

There is one notable exception to this trend, however. The 0.6 g Kobe event in
Csp2 (event L) produced superstructure accelerations of 1.5 g. This acceleration is as
great as those observed in Csp3 with the same base input motion and is much greater than
any other superstructure accelerations observed for Csp2. It is thought that the motions of
this event were severe enough and the strains large enough that the soil became dilatant.
The dilative tendency of the soil in Csp2 €285%) can be observed in the free field
accelerations and pore pressures in Figure 4.29 for event L, and also in Figures 4.7 and
4.9 for event F (a smaller Kobe event than event L). Here sharp peaks in the free field

accelerations correspond to sharp decreases in the free field excess pore pressures. It
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appears that in Csp2 event L the solil dilated long enough to cause negative pore
pressures, and had sufficient strength to transmit very large accelerations through the
ground to the superstructure.

Unfortunately, the free field motions in event L often exceeded the capacity of the
accelerometers used, i.e. accelerations exceeded 50 g's of real ribfiogig prototype),
as was observed in Figure 4.29. Clearly there is useful information in the acceleration
record, but every time the capacity of an instrument was reached, there was a long-term
offset in the accelerometer reading. The interpretation of the data will require careful
consideration of the effects of exceeding the capacity of the transducers on the
transducers' signals. Obtaining more detailed information from event L will require more
testing of the instrumentation used.

The relationship between superstructure acceleration and peak bending moments
is investigated in Figure 4.30. We saw in previous figures that the bending moment time
histories closely followed the superstructure accelerations. In Figure 4.30, we see that the
peak bending moment is approximately linearly proportional to the peak superstructure
acceleration in both containers where the upper soil layer was sand. This implies that the
foundation loading is dominated by inertial loads from the superstructure for these model
configurations. The one point that least fits this linear trend is from Csp2 event E, where
we saw significant permanent displacement of the superstructure.

Note the domination of inertial loading may not hold true in a general sense, as
other soil-structure combinations could have significant pile loads due to kinematic
loading. Cases where kinematic loads may be important are expected to include lateral

spreading and certain soil stratigraphies with highly contrasting layer strengths.
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CHAPTER FIVE

Experimental observations of p-y behavior

5.1 INTRODUCTION

In this chapter, soil-pile interaction observed in the centrifuge experiments is used
to back-calculate seismic p-y behavior consistent with the assumptions of the Beam on
Nonlinear Winkler Foundation (BNWF) method. The BNWF, as described in Chapter 2,
is a simplified numerical modeling approach that can account for nonlinear soil-structure
interaction in large seismic events, and has proven useful in engineering practice
(Abghari and Chai 1995). The Winkler assumption is that the soil-pile interaction
resistance (p) at any depth depends on the relative displacement between the pile shaft
and soil (y) at that depth only, independent of the interaction forces above and below. In
the BNWF method, the pile is modeled as a series of beam-column elements, each with
discrete springs connecting the pile to the soil (see Figure 2.1). Lateral soil-structure
interaction is represented through nonlinear p-y springs. Longitudinal support (t-z)

springs may also be included, but are not addressed in this study.
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5.2 BACKGROUND TO CALCULATING p-y CURVES

The seismic p-y behavior can be back-calculated from the recorded bending

moment distribution M(z) on a pile using simple beam theory according to the equations

2

p:d_ M(z) and
dz2

d_2 y H =

422 pile =

where p is the lateral resistance on the pjg,ig the absolute lateral displacement of the
pile, El is the flexural rigidity of the model pile, and z is the vertical distance along the
pile. Note that to get the relative displacement between the soil and pile, y, the
displacement of the soil must be calculated separately. For this dissertation the soil
displacements were calculated from accelerometer readings, as will be described in
section 5.4. All back-analyses presented herein are for the highly instrumented single pile

supported structure described previously in section 3.1 and shown in Figure 3.7.

5.3 DERIVATION OF LATERAL RESISTANCE FROM RECORDED DATA

The distribution of lateral resistance (p) was obtained by double differentiating the
bending moment distribution with respect to depth. Many researchers have interpolated
discrete measurements of moment (or curvature) of a pile and double differentiated their
interpolation functions to calculate the lateral resistances along the pile (e.g. Matlock and

Ripperger 1956, Dou and Byrne 1996). Two of the most common interpolation
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techniques involve fitting cubic splines or polynomial functions to the data. These two
methods were applied to the data in this test series along with a third method derived
from finite element techniques. But just as integration is subject to low frequency noise
(see section 3.3), differentiation is subject to high frequency noise. Note the transform of
differentiation in the time (or linear space, as applied here) domain is multiplicatian by |
in the frequency domain. The three interpolation methods and the influence of
differentiation-induced noise are discussed and compared below.
5.3.1 Calculating Lateral Resistance Using Weighted Residuals

A differentiation scheme based on minimizing weighted residuals, as is often used
in finite element approximations, was applied to the data in this study in the following
way. Imagine we want to approximate a function u(x) over some interval from x = 0 to
x = L using an approximation function a(x). Note that #(a(x) in general, and we can
define the difference a(x) - u(x) = R(x) as the residual. While R(x) may not be zero
anywhere in our range of x, we can chose a(x) such that R(x) is zero in an average sense

L
by requiring thaJ R(X) -y (x)dx = 0, whera}(x) is selected from a set of weighting
0

functions. This is commonly referred to as saying a(x) = u(x) "weakly". The method of
weighted residuals can be found in any introductory finite element analysis textbook (e.g.
Cook et al. 1989).

The pile can be thought of as being discretized into finite elements with nodes at
each bending moment gauge location. Let f(z) represent the actual bending moment

distribution of the pile as a function of depth z; f(z) is known at the nodes. Let
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a(2) :j_f(z) =f'(z) "weakly", i.e. g(z) represents the first derivative of the bending
z
moment distribution, or the shear force distribution, as a function of depth. This is written

as

J{g2 - 7(3 Wk d=0, 5.3-1

wherey)(z) can be any arbitrary weighting function. Both f(z) and g(z) are written as
linear combinations of basis functions of "finite element type" (e.g. linear "hat" functions
shown in Figure 5.1) angl(z) is taken to be each basis function in turn to generate a
system of linear equations for the coefficients of g(z). In other words,

n

n
(2= ) 14 .92= ) qui@
i=0 i1=0

andy; = basis function corresponding to node i. Equation 5.3-1 is rewritten below for the

three cases of linear basis functions shown:

General First Element Last Element
VNSNS
N VAN 5 /
0 +—F—7— 0 +—r——r 0 +—r—7—F—
-1 0 i+l 0 1 2 N-2N-1 N
Node Node Node

Figure 5.1: The linear basis functions of "finite element type" ("hat" functions)
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Case 1: First element

Case 2: General element

i [(fi‘fi—l>_ [[(Zi_ Z_y)- (2= 4—1>]'9i—1+ (z-7_,) 'gi]]'<z" 4—1>dz N
7-7_,)°
-'Zi—l
B O o) R o KoY O U
(341-2)°
4

Case 3: Last element

z

" [<fn_ - 1> - [[(Zn_ “n— 1> - <Z_ % 1>] It <Z_ % 1> 'gn]] '<Z_ % 1> dz=o0.

2
<Zn_ 20— 1>

Zn— 1
In the above equations, i is the node number and ranges from Q i®thefrecorded
moment, and z is the vertical location along the pile. These equations are solved
simultaneously for the values of g(z) at each node. Boundary conditions such as zero
lateral resistance and known shear force at the soil surface can easily be incorporated into
the solution of simultaneous equations, though none were used in this study.
The piecewise linear approximation g(z) is then differentiated by repeating the

procedure to obtain an approximation of lateral resistance as a function of depth, z. l.e.,

let h(z) = g'(z) weakly, and solve for h(z) using the WR derivative as previously
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described. Finally, since h(z) is piecewise linear, the approximation to the distribution of
lateral resistance p(z) is obtained by sampling h(z) at element midpoints.

Note the bending moment distribution f(z) was approximated as piecewise linear
using the basis functiong(z). The derivative of a piecewise linear function is
discontinuous piecewise constant, and the second derivative consists of Dirac-delta
singularities at the nodes and is zero elsewhere. The WR approximation to the derivative
of f(z), however, is piecewise linear, and can be applied a second time to obtain a
piecewise linear approximation to the second derivative. Thus, this method of
differentiation provides a means of obtaining, from discrete data, a derivative that has the
same smoothness properties as the original WR interpolation of the data.
5.3.2 Calculating Lateral Resistance Using Cubic Spline Interpolation

A cubic spline is perhaps the simplest interpolation of discrete test data that can
be double differentiated. The natural cubic spline is simple to implement, has continuous
piecewise linear second derivatives, and assumes the second derivative is zero at the ends
of the data. But since the spline fits every point exactly, it is prone to high frequency
noise upon differentiation. Note that since the second derivative is approximated as
piecewise linear, the approximation should be sampled at midpoints as was done with the
WR derivative. This will eliminate the high frequency oscillations often presented when
cubic splines are used to double differentiate moment data. Dou and Byrne (1996) used
cubic splines to derive p-y relationships from dynamic hydraulic gradient model tests

with a similar pile instrumentation setup to this test program with good results.
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5.3.3 Calculating Lateral Resistance Using Polynomial Interpolation

Another common interpolation method is to fit the data with polynomials to
effectively filter some of the high frequency noise. Matlock and Ripperger (1956)
suggested using a series of low order polynomials over subsets of several contiguous data
points, and this method has been applied successfully by Dunnavant and O'Neill (1989)
and Brown, Morrison, and Reese (1988). However, this method works best with many
data points, and was thus not applicable to this research. Many others have fit a single
polynomial to the data set (e.g. Ting 1987), incorporating such constraints as zero lateral
resistance at the surface for cohesionless soil; zero displacement, shear, and lateral
resistance at some depth; and known shear at the pilehead. This method has the advantage
of resulting in a continuous function for the lateral resistance.

For this study, several interpolating polynomials were fit to the moment data and
the resulting lateral resistance distributions were compared. The first polynomial,
M = a+bz+cZ+dZP+eZ+z°, represents the five lowest order integer terms to fit seven
recorded moment points. The polynomial M = a+bZ+dZ*+fz°+gZ° also includes five
fitting terms but assumes the lateral resistance is zero at the surface of the soil by leaving
out the quadratic term. Finally, the polynomial M = a+bZ®¢dz*+eZ'+fz> includes the
assumption of zero lateral resistance at the surface but contains non-integer fitting terms.
In all cases, the polynomials were fit to the data using a least-squared fit. These three
interpolation functions are compared at a snapshot in time from Csp3 (medium dense
sand in the upper layer) event J (t = 3.589 seconds) in Figure 5.2. The three polynomials

fit the recorded moments nearly equally over the range of recorded data.
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Figure 5.2: Interpolating polynomials for recorded moments in Csp3 event J at time
t = 3.589 seconds

In Figure 5.3, the distribution of lateral resistance calculated from WR derivatives,
cubic spline interpolation, and the interpolation polynomials shown in Figure 5.2 are
shown for the same snapshot in time. For this case, leaving the quadratic term out of the
polynomial completely is clearly inconsistent with the other methods (see Figure 5.3c).
Dou and Byrne (1996) also reported less than optimal results usthgrelét polynomial
in cohesionless soil with the zero lateral resistance at the surface boundary condition
imposed (following the procedure suggested by Ting 1987) when the moment gradient

was high. As expected, including the quadratic term in the polynomial (Figure 5.3a)
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Figure 5.3: Calculated lateral resistances using three methods and three interpolating

polynomials in Csp3 event J at time t = 3.589 seconds

results in a large lateral resistance (p) at the ground surface. Although the lateral

resistance may not be zero at the surface for undrained seismic loading of saturated

cohesionless soils, the magnitude of the lateral resistance at the ground surface calculated

with the quadratic term appears unreasonably large. The non-integer polynomial form

appears to provide the most reasonable approximation, as shown in Figure 5.3(b),

although there is little difference from the results shown in Figure 5.3(a) below a depth of

about 1.3 m (2 pile diameters). Hereatfter, all results shown for a polynomial interpolation

method will be based on this non-integer form.



97

5.3.4 Consistency of Lateral Resistance Back-Calculations
Lateral resistances calculated using WR derivatives, cubic spline interpolation,
and the interpolating polynomial M = a+bz#czdZ+eZ"+fz>, were checked for
consistency for all events shown in this study. The degree of agreement varied depending
on the model container, event, and depth at which the lateral resistance was calculated. In
general, results were consistent for depths ranging from one pile diameter (D = 0.67 m) to
3-D for Csp2, 1- to 4-D for Csp3, and 3- to 8-D for Csp4. These depth intervals are
within the most heavily strain-gauged portions of the piles, which is a necessary (but not
sufficient) condition for the back-calculation to be insensitive to the interpolation method.
Figure 5.4 shows an example of very good agreement between the different
methods of approximating lateral resistance at a depth of 2-D. Figure 5.5 shows an
example of poor agreement. Poor agreement indicated the data did not uniquely define the
bending moment distribution, due to either an insufficient sampling of the bending
moment distribution or an instrumentation error. Thus, comparisons of results from the
different methods served as a check as to how well the sampled data represented the
bending moment distribution. For this reason, all analyses in this study included a
comparison of results for all three interpolation methods. For brevity, the p-y behaviors
presented hereafter were derived using the WR derivative unless otherwise noted. The
results are also largely limited to those cases where the different interpolation methods

were in reasonable agreement to help ensure the lateral resistance was captured uniquely.
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Figure 5.4: Lateral resistances in Csp3 event J, depth = 2-D (z=1.3 m)
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Figure 5.5: Lateral resistances in Csp2 event L, depth = 4-D (z=2.7 m)

5.4 DERIVATION OF LATERAL DISPLACEMENTS

Displacement time histories were calculated for each accelerometer of the vertical
array in the soil profile near the middle of the container using the integration scheme
outlined in section 3.3. Only transient soil displacements are obtained from the
accelerometer records, but permanent horizontal displacements should be small for the

approximately level soil profiles. The deformed soil profile at any time stgi \(yas
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defined by fitting an interpolation function to the displacements at different depths. For
most events, a fourth order polynomial was fit to the displacement data. Other functions
were used when the strains in the upper layer were dramatically larger than those in the
lower layer (e.g. large seismic events in Csp2 and Csp4).

Pile displacements () were calculated by double integrating the bending
moment distribution interpolation polynomial (M = a+bz&®mA+e7"+fz°) with respect
to distance along the pile. Note that integration was found to be insensitive to the
interpolation function (as was expected), and thus the polynomial interpolation function
was used for computational ease. Global movements were defined by two boundary
conditions. Pilehead displacements (calculated from accelerations) were used as one
boundary condition and the net displacement between the pile and soil was assumed to be
zero at 9 m depth - just below the lowest strain gauge bridge. The independently
calculated superstructure displacements were then used as a check on the calculated
shape, and were found to be in good agreement most of the time.

For example, Figure 5.6 shows the deformed soil and deformed pile shapes at two
snapshots in time from test Csp3 event M. Time histories of the base acceleration, excess
pore pressure ratio at 4.6 m depth, and the bending moment near the top of the pile are
shown for comparison. Note again the good agreement between the pile position and the
superstructure position provides an independent check on the calculations.

Lastly, time histories of p and y were low-pass filtered to remove high frequency

noise introduced during the numerical processing steps.
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Figure 5.6: Solil and pile deformed shape at two snapshots in time from test Csp3 event
M (Dr = 55%), with time histories of (c) base acceleration, (d) excess pore
pressure ratio at 4.6 m depth, and (e) bending moment near the top of the pile

5.5 OBSERVED p-y BEHAVIOR

An effort has been made to keep the numerical processing as consistent as
possible across the suite of centrifuge tests. Minor tuning of such things as the
interpolation function for fitting soil profile displacements, or corner frequencies when
filtering accelerometers, can sometimes slightly improve the visual quality of the results

for individual shaking events. However, presentation of the results for an established set
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of numerical processing procedures allows a baseline look at the quality and consistency
of the data across the suite of centrifuge tests.
5.5.1 Presentation of Results

The back-calculated p-y behavior is presented in Figures 5.7 through 5.24. Results
for Csp2 are presented in Figures 5.7-5.14, Csp3 in Figures 5.15-5.22, and Csp4 in
Figures 5.23-5.25. P is plotted versus y at depths of 2-D, 3-D, and 4-D for tests in sand
(Csp2 and Csp3). For the test with an upper clay layer (Csp4), results are presented at
depths of 3.4-D, 5.5-D, and 7.7-D. Also included on each of these figures are p and y time
histories at the intermediate depth (3-D for Csp2 and Csp3, 5.5-D in Csp4) and a pore
pressure time history near the single pile. Events presented are summarized in Table 5.1;
the motions are described in detail in Section 3.1. Monotonic p-y curves based on
American Petroleum Institute (APl 1993) recommendations are shown on the p-y plots
for reference. The parameters used to develop the API based p-y curves are summarized
in Table 5.2. It should be noted that the API curves for sand are based upon drained
loading and are not rigorously applicable to dynamic undrained loading conditions.

Several features of the back calculated p-y behaviors, as often noted upon first
viewing them, result from certain limitations in the experimental data and numerical
processing schemes. Some important features are discussed briefly here prior to
evaluating the physical meaning of the results.

1) Why are p-y curves presented at different depths in Csp4 vs. Csp2 and Csp3?

There were two effects that controlled the choice of depths for presenting p-y
results. First, in test Csp3 (medium dense sand), the net displacement between the soil

and pile approaches zero at a shallower depth than in Csp4 (soft clay). This made the
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Table 5.1: Events Presented in Figures 5.7-5.25

Csp2

Motion Kobe Santa Cruz Santa Cruz*
Event D H F e C G E K J
aeak (Q) 0.04 0.10 0.22 *x 0.04 0.10 0.49 0.12 0.45
Csp3

Motion Kobe Santa Cruz Santa Cruz*
Event E L J @) D *xk I N M
apeak (0) 0.04 0.11 0.22 0.6 0.04 Fxk 0.49 0.10 041
Csp4

Motion Kobe

Event B ko D E

Apeak () 0.065 *** (020 0.58

* The time step of the original recording was doubled for this motion

*x Accelerations were unreliable during the 0.6 g Kobe event in Csp2 (see discussion
in Section 5.5.2)

***  The pilehead displacement boundary condition appeared inconsistent with the
superstructure displacements during the 0.1 g Santa Cruz event in Csp3

**** A 0.1 g Kobe motion was not performed in Csp4

Table 5.2: Properties Used for Monotonic API Curves in Upper Soil Layer

Test Yy (KN/m?®) ¢ k (kN/m°)
Csp2 (D= 35%) 9.8 30 8100
Csp3 (D = 55%) 9.8 35 21700
y (KN/m) CJoy €
Csp4 (soft NC clay) 5.2 0.45 0.01

calculation of y at depth more sensitive in the tests with sand than in the tests with clay.
Secondly, the response of the uppermost accelerometer in the clay profile of Csp4 may
not have captured the motion of the soil as it was intended. This transducer was too close
to the soil surface and may have moved relative to the soil during shaking. As a
consequence, displacements calculated in the uppermost layer of clay in Csp4 were
inconsistent with those calculated for the rest of the soil profile. This was also noted in
Section 3.2.5. Thus, y values at shallow depth in Csp4 were less reliable than those

calculated in the sand tests (Csp2 and Csp3).
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2) Difficulties with the p-y curves for Csp2

Several things combined in test Csp2 to make the calculation of p and y difficult.
Three factors complicated the calculation of y. First, the soil was logse3@0) and
had a relatively high strain potential upon liquefying. The liquefied soil tended to slosh in
the container and motions were not completely uniform across the profile (see section
3.2.5). Second, low shear wave velocities associated with liquefied loose soils imply a
short wavelength across the profile. There may not have been an adequate number of
accelerometers in the vertical array to satisfactorily sample these short wavelengths. And
finally, very high peak accelerations in the soil profile exceeded the capacity of certain
transducers. This resulted in electronic saturation of the accelerometer, which introduced
a low frequency drift that is difficult to remove when calculating displacements. This
clearly affected most of the recordings in event L, and possibly affected certain recordings
in other large events.

There was also a hardware problem with the data acquisition system in this test.
Specifically, the anti-aliasing filters used with the bending moment transducers were set
too low due to a hardware malfunction in the data acquisition system. This corrupted the
high frequency content of the data. The data was corrected to remove the effects of the
filter, but some high frequency information was unavoidably lost. Note the lateral
resistances calculated using the three methods for events in Csp2 varied more than those
calculated from Csp3 and Csp4.

Regardless of these limitations, the analysis is useful because it does show that, in

Csp2, lateral resistances were relatively small and the displacements were very large.
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3) Difficulties with low-frequency components of motion

Some of the y time histories show displacement occurring before shaking. This is
due to the soil profile displacements calculated from the accelerometer array (see section
3.3).Typically in processing strong ground motions, the corner and or the order of the
high pass filter is changed until this effect is removed. However, for this data it was found
that the calculated displacements compared more favorably with the recorded
displacements overall if this early drift was left in. As mentioned previously, these low
frequency components can be removed with additional processing, but this was not done

in the interest of keeping the processing consistent across the suite of all tests.
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Figure 5.7: p-y behavior in test Csp2 event D
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Figure 5.14: p-y behavior in test Csp2 event J
Santa Cruz* input with @y pasz0.45 g
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Figure 5.15: p-y behavior in test Csp3 event E
Kobe input with gaxpasg0.04 g
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Figure 5.16: p-y behavior in test Csp3 event L
Kobe input with gaxpasg0.11 g



p (KN/m)

p (kKN/m)

pore pressure (kPa)

500
250

-250
-500

400

200

-200

-400

100

115

depth = 2-D depth = 3-D depth = 4-D
(z=1.3m) (z=2.0m) (z=2.7m)
20 O 20 20 O 20 20 O 20
y (mm) y (mm) y (mm)

p and y at depth = 3-D (z = 2.0 m)

i

window for p-y curves — P 4 20

y (mm)

D,~55% -

5 10 15 20 25

time (sec)

Figure 5.17: p-y behavior in test Csp3 event J
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Figure 5.18: p-y behavior in test Csp3 event O
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Figure 5.19: p-y behavior in test Csp3 event D
Santa Cruz input withy@x pase0.04 ¢
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Figure 5.21: p-y behavior in test Csp3 event N
Santa Cruz* input with @y pasz0.10 g
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Figure 5.22: p-y behavior in test Csp3 event M
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Figure 5.23: p-y behavior in test Csp4 event B
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5.5.2 Observations in Loose Sand (Csp2)

The upper soil layer in Csp2 was loose £[35%) and liquefied early in shaking
for most events. Liquefaction did not occur under the low shaking levels of events D
(Figure 5.7) and C (Figure 5.10). For event D (no liquefaction, stronger shaking than C),
the p-y curves in Figure 5.7 are well below the expecigdglues and show no signs of
cyclic degradation or softening in time. P and y remain relatively proportional throughout
shaking. After liquefaction in Csp2 (events H, F, G, E, K, and J), the back-calculated p-y
results show there is very little lateral resistance on the pile (<150 kN/m) even under large
relative displacements (>25 mm).

Note that the largest lateral resistances in Csp2 were calculated for event L (Kobe,
amax base—= 0.6 g, not shown), where the strains and relative displacements were also large.
The peak lateral resistances in this event reached 350 kN/m at a depth of 2.0 m. This is at
least four times the maximum lateral resistance recorded at this depth in other events of
Csp2. This finding is consistent with Figure 4.28, where we saw larger than expected
superstructure accelerations during this event. In Chapter 4 this behavior was attributed to
possible dilation of the sand layer at very high strain levels.

The importance of this event (largest superstructure acceleration, largest bending
moment, and largest lateral resistance) makes it worthy of detailed investigation.
Unfortunately, the accelerations in the soil profile for this event exceeded the capacity of
most of the accelerometers in the vertical accelerometer array (i.e. accelerations were
greater than 50 g — see Figure 4.29). For this dissertation, the data from this event could
not be realistically interpreted using the baseline procedures outlined above and so they

are not presented further. For example, compare the soil profile displacements calculated
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for event H to those for event L, plotted in Figures 5.26 and 5.27, respectively.
Displacements calculated from the three uppermost accelerometers in event L (after the
obvious offsets in acceleration were removed) are large before shaking even begins.
Interpretation of event L will require careful consideration of the dynamic effects of
exceeding the capacity of the transducers during shaking. Future investigations could
even include repeating this event with accelerometers of higher capacity (i.e. 500 g
accelerometers).

5.5.3 Observations in Medium Dense Sand (Csp3)

The upper sand layer in Csp3 was medium density @3%) and had a greater
resistance to liquefaction than in Csp2. Consequently there is more information on how
the p-y behavior changed as pore pressure increased than in Csp2. The observed p-y
behavior in these events is hardening; it stiffens as the relative displacement approaches
or exceeds maximum past values, especially near the surface, and degrades with cyclic
loading and high pore pressures.

The softening of the p-y relationship with increasing pore pressure is examined
first by comparing events L (Figure 5.16x@0as0.11 g) and J (Figure 5.17,
anax base0.22 g). Several loading cycles at similar levels of lateral resistance from each
event are combined in Figure 5.28. The p-y loops from event J are significantly softer
than those from event L. The average pore pressure ratio during these time frames was
negligible in event L, and was approximately 40% at 4.5 m depth in event J (see Figures
5.17 and 4.16). Recall that the saturated unit weight of the sand used in these tests was
very close to two times the unit weight of water, and that the water level was nearly

coincident with the soil surface, so that the excess pore pressure ratio can be
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Figure 5.26: Displacements, calculated from accelerometer recordings, within the soill
profile in Csp2 event H (interface between loose and dense sand at z=9.3 m)
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approximated as (Us)u,. The effect of y on p-y behavior is also evident in the time
histories of p and y in Figure 5.17 for event J. The peak p value occurs at about 4 seconds
and only lower p values develop afterward. In contrast, several peaks of similar
magnitude in the y values occur between 4 and 11 seconds. For event L, the p and y time
histories in Figure 5.16 remain almost scalar multiples throughout shaking.

Similar observations are illustrated in event M (Figure 5.22.1Rs50.41 Q),

where there are four distinct time intervals with nearly constant lateral loading; (1) t=4.3
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to t=7.3 wherey= 0 at about 4.5 m depth, (2) t=11.3 to t=17.3 whgre20%, (3)

t=20.7 to t=23.7 wherg, = 50%, and (4) t=26.2 to t=29.2 whe[e=r60%. The

progressive effects of increasingare seen in the time histories of p and y in Figure 5.22.
Early in shaking (0-12 sec.), p and y stay almost constant scalar multiples of each other,
even between 8-12 seconds when the peak y values are smaller than those earlier in
shaking. Then, after 15 seconds and at highealues, the y values stay large while the p
values decrease. The p-y loops for the first and last time interval are plotted together in
Figure 5.29. Again, the softening of lateral resistance with increasing pore pressure and
number of cycles is clearly evident. Note that the softer p-y behavior exhibited late in
shaking is due to both the increased pore pressure ratio, the memory of larger prior
relative displacements, and possibly the number of cycles.

The p-y curves shown are consistent with the expected behavior of saturated,
medium dense sand under undrained seismic loading. The observed p-y curves show a
stiffening effect as relative displacement (y) increases beyond a certain limit, and the
maximum lateral resistances (p) are significantly greater than expected for drained
conditions at depths less than about three diameters (as per APl recommendations). This
behavior is consistent with the expectation that a medium dense sand, under the range of
confining stresses involved, would be dilatant at large enough shear strains (i.e., large
enough to move the sand through a phase transformation). The p-y curves soften as pore
pressures increase, and also show a memory of past maximum relative displacement (y).
The p-y curves are softest (smallest p-y slope) for deflections less than the maximum past

values.
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Figure 5.29: Softening of p-y during Csp3 event M

Note that the largest lateral resistances in Csp3 were calculated for event O (Kobe,
amax base— 0.6 @,), shown in Figure 5.18. The peak lateral resistances in this event reached

1000 KN/m at a depth of 1.3 m. This is about two times the maximum lateral resistance
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recorded at this depth in other events. The pore pressure time history near the single pile
in this event shows the extent of dilation that occurred early in shaking, when the lateral
resistances were at their maximum. The behavior shown, while more extreme, is
consistent with the behavior shown in Figure 5.17 for Csp3 event J, a smaller Kobe event
(0.22 g peak base acceleration versus 0.6 g in event O).

Unfortunately, the recorded accelerations on the pilehead and superstructure were
guestionable (see Figure 5.30) in this event and thus provided poor boundary conditions
for calculations of ye. The data could not be realistically interpreted using the baseline
procedures outlined above. To generate p-y curves for this event the two truncated peaks
in superstructure acceleration were augmented in proportion to the shallowest moment
gauge. Superstructure displacements (calculated from the adjusted accelerations) were
then used as a boundary condition gR.yn the baseline procedure the pilehead
displacements (as calculated from accelerations) were used as a boundary condition.

Interpretation of this event is complicated by this manipulation of the data.

R, O P

Superstructure

o

Pilehead
acceleration (g) acceleration (g)

1
H

10 15

o
(6]

Time (sec)

Figure 5.30: Data errors in Csp3 event O
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5.5.4 Observations in Normally Consolidated Clay (Csp4)

The observed p-y behavior during the first load cycle from each event in the soft
clay test was in good agreement with the curves recommended by API (1993) for static
short term loading. The p-y relationship was seen to soften as the number of large strain
load cycles increased. In the relatively low acceleration levels of event B (Figure 5.23) the
p-y loops remain fairly closed and uniform throughout shaking. Under the stronger
shaking levels of event D (Figure 5.24), the loops begin to open at a depth of 3.4-D
(2.27 m). Under the very strong shaking of event E (Figure 5.25) the reduction in lateral
stiffness with prior cyclic loading is evident at all depths. This is highlighted in Figure

5.31, where p-y loading cycles near the beginning and the end of this event are plotted.

5.6 CONCLUSIONS

Dynamic p-y behavior was observed by back analysis of soil accelerations, pile
and superstructure accelerations, and pile bending moments. The lateral resistances were
found to be relatively independent of the method used to double differentiate the pile
bending moment distribution within the depth range of interest, indicating the sampled
data uniquely represented the bending moment distribution.

The back-calculated p-y curves show characteristics that are consistent with the
stress-strain response of liquefied sand. The p-y resistance qf#85% upper sand
layer in Container 2 is much smaller and softer than for tFe35% upper sand layer in

Container 3. This observation is consistent with effects, ohQdhe undrained shear



133

S0r depth = 3.4-D

| (z=2.27m)

p (KN/m)
o

[ depth = 5.5-D
50 F (Z = 3.67 m)

p (KN/m)
o

depth =7.7-D
50F (z=5.14m)

p (KN/m)
o

-100 0 100
y (mm)

—— 2.2<t<4.6 sec
----13.2<t<16.2 sec
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resistance (or cyclic mobility) of saturated sand, as shown for example in undrained
cyclic triaxial tests.

The p-y curves for the 3 55% sand show: (1) a stiffening effect as relative
displacement (y) increases beyond a certain limit, and (2) maximum lateral resistances
that can be significantly greater than expected for drained conditions (as calculated using
APl recommendations) at depths less than about 3 diameters. This behavior for the
D, = 55% sand is consistent with the expectation that a medium dense sand, under the
range of confining stresses involved, would be dilatant at large enough shear strains (i.e.,
large enough to move the sand through a phase transformation). The observed behavior is
consistent with results reported by Dou and Byrne (1996) and by Kagawa et at. (1994).
For example, see Figure 5.32, from Dou and Byrne (1996).

The back-calculated p-y curves show a memory of past maximum relative
displacements (y), and are softest (smallest p-y slope) for deflections less than the
maximum past values. The p-y curves are shown to progressively soften with time during
the earthquake event (as shown by loops for early in the earthquake shaking versus late in
the earthquake shaking). Clearly, the shape and magnitude of the p-y curves for these
liquefied sands are not well represented by any scalar multiple of the API p-y curves for
drained loading in sand, commonly used in practice.

Back-calculated p-y curves in clay were compared to monotonic p-y curves
calculated by Matlock’s (1970) procedure (API recommended design curves). The back-
calculated p-y curves showed maximum lateral pressuggstipt were reasonably
consistent with values calculated by Matlock’s procedure. As expected, the hysteresis

loops showed progressive softening with increasing displacement and number of loading
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cycles (as shown by the loops for early in the earthquake shaking versus late in the
earthquake shaking). The reasonableness of the results for soft clay provides a measure of

confidence in the application of these back-calculation procedures to centrifuge test data.
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CHAPTER SIX

Pseudo-Static Analyses of Single Pile Systems

6.1 INTRODUCTION

Pseudo-static p-y analyses of the highly instrumented single pile system (see
Figure 3.7) were performed in select events using the program PAR (PMB 1988). The
program is one of several programs that were used in the study by Wang et al. (1998) to
perform dynamic soil-pile-superstructure interaction analyses based on the "Beam on
Nonlinear Winkler Foundation (BNWF)" model (Figure 2-1). In the BNWF model, the
soil-pile interaction is modeled using nonlinear p-y springs and dashpots. In a dynamic
analysis, the free-field ground motions are input to the numeric model at the ends of the
p-y springs. In a pseudo-static analysis, such as presented here, a lateral force is applied to
the structure (representing the inertial load) and soil deformations at the snapshot are
applied to the ends of the p-y springs. The use of pseudo-static p-y analyses for pile

foundations was reviewed in Section 2.3.

6.2 PROCEDURE

The pseudo-static p-y analyses presented herein were performed at a snapshot in

time, with the time closely corresponding to a peak inertial load (peak superstructure
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acceleration). Baseline sets of p-y springs were established for each test using
recommended API curves (American Petroleum Institute 1993) for static loading - see
Table 5.2 for property values used in these analyses. The baseline curves provide a fixed
reference and are not implied to be necessarily correct for dynamic loading due to rate
effects, undrained loading, effects of dynamic pore pressures, etc. A comparison of the
recommended curves versus the measured p-y curves presented in Chapter 5 shows that
differences might be expected (e.g. Figure 5.22).

In an analysis, the inertial loads and free-field displacements were applied to the
numerical model (dashpot forces were zero), and the calculated bending moment
distribution and pile deformed shapes were compared to recorded values. The analysis
was repeated with different scalar multiples of the baseline p-y springs (scalar multiplier
applied to the p values) in the upper soil layer until a reasonable match between
calculated and measured responses was obtained. Free-field displacements relative to the
model base were calculated by double-integrating the acceleration time-histories in the
soil profile as described in Section 3.3. Inertial loads were calculated directly from the
recorded superstructure accelerations.

The highly instrumented single pile was analyzed for select events in tests Csp2
and Csp3 (tests involving liquefying sand), where a direct comparison between the
recommended and measured p-y curves could be made. Note the highly instrumented pile
was not tested in Cspl. Also, as was noted in Chapter 5, the back-calculated dynamic p-y
curves were consistent with the recommended p-y curves in the test with clay (Csp4), so
it is expected that analyses using the recommended curves would be consistent with the

measured results and thus are not presented here.
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Finally, it should be noted that measured inertial loads and soil profile
deformations (both based on accelerometer records) were available as known inputs for
these analyses. In a design situation, the estimation of inertial loads would require that the
effects of liquefaction on the dynamic response of the soil-pile-structure system be
accounted for, and the estimation of soil deformations would require a site response
analysis and an accurate accounting of possible lateral spreading. These are challenging
tasks given continuing questions regarding the reliability in quantifying lateral spreading,

site response, and soil-pile-structure interaction in liquefying soils.

6.3 PRESENTATION OF ANALYSES

The analyses presented in this chapter are summarized in Table 6.1. In the table,
the sample and event, time of snapshot, input motion type and magnitude, superstructure
inertial load, and pore pressure at the snapshot are listed. Note the pore pressure listed is a
shapshot value taken from the free-field pore pressure transducer at depths of 3.8 m in
Csp2 and 4.6 m in Csp3. The pore pressure distribution was not uniform with depth, nor
was it constant in time. For example, in Csp3 event J at 11.17 seconds (snhapshot 3 J-c),
the pore pressure ranged from 58% at 6.8 m to 86% at 1.2 m depth, while in Csp3 event
M at 19.44 seconds (snapshot 3 M-c) the pore pressure ranged from 37% at 6.8 m to 74%
at 1.2 m depth. Also in Csp3 event M, but at 19.32 seconds, the pore pressure ratios
ranged from 50% at 6.8 m, 73% at 4.6 m, to 64% at 1.2 m depths.

For each shaking event analyzed, back-calculated p-y curves (using procedures

outlined in Chapter 5) for individual loading cycles are presented with a bullet indicating
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the time of the snapshot analysis. The recommended baseline API curve is also included
for reference. See for example Figure 6.1. One to three snapshot analyses are presented
for each event. Following the loading cycles, the results of the snapshot analyses are
presented as pile deformed shape and pile bending moment distribution. See for example
Figure 6.2. Recall that typical time histories of the various recorded responses (e.g.
accelerations, bending moments, pore pressures) were shown for some of these events in
Chapter 4. Time histories of all recorded responses are included in Wilson et al. [1997 (a-
e)], and are not presented herein for purposes of brevity.

Table 6.1: Events Presented in Figures 6.1 - 6.20

Snapshot Snapshot Motion anaxbasdg)  Inertial Load ry**
(event - #) (seconds) (KN) (%)
Csp2D 3.02 Kobe 0.04 37 0
Csp2 H-a 5.99 Kobe 0.10 38 85
Csp2 H-b 8.35 57 85
Csp3 E 8.47 Kobe 0.04 30 2
Csp3 L-a 3.84 Kobe 0.11 243 20
Csp3 L-b 5.61 120 24
Csp3 J-a 3.59 Kobe 0.22 383 11
Csp3 J-b 6.56 140 64
Csp3 J-c 11.17 113 82
Csp3 M-a 5.31 Santa Cruz* 0.41 333 4
Csp3 M-b 16.52 367 42
Csp3 M-c 19.44 59 44
* The time step of the original Santa Cruz motion was doubled for this event

*x r 4 is a snapshot value from a depth of 3.8 min Csp2 and 4.6 m in Csp3. Compare
to time histories presented in Chapter 4.

6.4 RELATIVELY LINEAR BEHAVIOR IN SAND

Analyses are presented for a small shaking event (event D) in Csp2 (loose upper

sand layer, P= 35%) and a small shaking event (event E) in Csp3 (medium dense upper

sand layer, P= 55%). These low level shaking events resulted in little excess pore water
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pressure generation, and thus help form a baseline for comparison to larger, nonlinear
snapshots. In Csp2 D (Figure 6.1) and Csp3 E (Figure 6.6) the back-calculated p-y
resistance of the soil was nearly linear. Good agreements between the recorded and
calculated moment distributions and pile displacements were achieved using one to two
times the recommended API curves in each case [see Figures 6.2(b) and 6.7(b)]. Note that
in Csp2 the sand was loose, €035%), while in Csp3 the sand was mediumxB55%)

so different baseline curves were called for (see Table 5.2 for parameters used). Doubling
the p-y resistance (i.e., factor of two on p values) did not significantly affect maximum
calculated moments, and had only a slight effect on the moment distribution and pile
displacements, as shown in Figures 6.2(a) and 6.7(a). From these figures it is clear the
pile was responding in its first mode, and the free field soil displacements were small

relative to the pile deformations. Thus we would expect kinematic forces to be minimal.

6.5 BEHAVIOR IN LOOSE, LIQUEFYING SAND

The behavior in loose, liquefying sand£r85%) is illustrated by the results of
two snapshot analyses of Csp2 event H, shown in Figures 6.3 through 6.5. Both snapshots
are taken after the upper loose sand layer(&5%) reached,= 85%. Inertial loads at
the superstructure in these two snapshots were of the same magnitude, 37 kN in snapshot
H-a, 57 kN in snapshot H-b. The difference in these two snapshots is that the soil profile
displacements and pile displacements are out of phase in H-a and in phase in H-b [see
Figure 6.4(a) and 6.5(a)]. In both cases, using a p-multiplier of about 0.10 on the static

baseline p-y curves gave reasonable agreement with the recorded behavior.
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But interestingly, in snapshot H-a, using the API x 1.0 curves produced a poor
approximation, while in snapshot H-b API x 1.0 curves gave a similar result to the
API1/ 10 p-y curves. Clearly, the most significant difference in these two cases is the
kinematic loading, as can be seen by comparing the deformed pile shape to the deformed
shape of the soil profile. Results for H-b were insensitive to the p-y multiplier because of
compensating effects on the calculated responses to the kinematic and inertial loading
components. It follows that snapshot H-a provides a more sensitive and hence reliable

evaluation of an appropriate p-y scaling factor.

6.6 BEHAVIOR IN MEDIUM DENSE SAND

A series of results are presented for Csp3, where the upper soil layer was medium
dense sand (3 55%), as summarized in Table 6.1. Two snapshots are presented for
event L (L-a and L-b, Figures 6.8-6.10), which resulted in pgaslues less than about
25% at about 4.5 m depth. Three snapshots are presented for event J (J-a, J-b, and J-c,
Figures 6.11-6.15), with, values increasing up to 82% at about 4.5 m depth. Three
snapshots are also presented for event M (M-a, M-b, and M-c, Figures 6.16-6.2Q), with r
values increasing up to 44% at 4.5 m depth. The various snapshots are used to illustrate
the effects of inertial loading level, level, displacement history, and kinematic loading
on the lateral resistance of medium dense sand.

6.6.1 Large Lateral Loads with Low Pore Pressures
Analyses for Csp3 event L-a, event J-a, event M-a, and event M-b all correspond

to relatively small excess pore pressure ratios (peak values of 20%, 11%, 4%, and 42%,
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respectively). In addition, these four snapshots are for relatively high inertial loads before
significant pore pressure generation, and the relative soil-pile displacements are the
maximum values experienced up to the snapshot (see Figures 5.16, 5.17, and 5.22). The
pseudo-static results for all four snapshots reasonably match the recorded data with p-
multipliers of about two (or as high as three for M-a). A p-multiplier of about two is
consistent with the comparisons of baseline API curves with the back-calculated p-y
behaviors in Chapter 5. The back-calculated p-y behaviors show much higher lateral
resistances at shallow depth (see Figures 6.8, 6.11, and 6.16). These analyses and the
back-calculated p-y curves also show that a good match of the actual shape of the p-y
resistance is not required for a good match to the recorded bending moment distribution
and pile deformed shapes.
6.6.2 Effect of Load/Displacement History

Analyses for Csp3 event L-b and event M-c also correspond to relatively small
excess pore pressure ratios (24% and 44%, respectively), but are for load cycles that have
been preceded by other larger loading cycles. By comparing points Csp3 event L-b to
Csp3 event L-a, and Csp3 event M-c to Csp3 event M-b, we can see the effect of
stress/strain history on p-y resistance. In these cases, the excess pore pressure ratio is
about constant between the snapshots (see figures 6.8, 6.16, 5.16, and 5.22, for example).

In Csp3 event L-b, the pseudo-static analysis matches with a p-multiplier of only
0.25 to 0.33 of the baseline API curves, whereas in Csp3 event L-a the match was at two
times the baseline API curves. The inertial load for L-b is about 50% of the load at L-a,
but the relative displacements are comparable. Thus the soil-pile system appears to be on

the order of 15-25% as stiff/strong at L-b as it was at L-a, with virtually no increase in
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pore water pressure. Note that L-b and L-a are about 1.8 seconds apart, and that one other
peak loading cycle of similar displacement magnitude occurred between them.

In Csp3 event M-c, the best match is obtained using a p-multiplier of about 0.10,
while the p-multiplier was two for Csp3 event M-b. The excess pore pressure again is
nearly constant between the points. The inertial load at M-c, however, was only 16% of
the inertial load at M-b, and the entire loading cycle shown for M-b was within the
maximum past values of p and y (see Figure 6.16). These results are consistent with the
back-calculated shapes of the p-y curves showing that prior p-y history has a significant
effect on the lateral resistance of medium dense sand, even with only moderate,excess r
6.6.3 Effect of Load/Displacement History and Excess Pore Water Pressure

Following the three snapshots from Csp3 event J (Figures 6.11 through 6.15), we
can track the combined effect of loading history and pore pressure increase. Each point in
the progression represents approximately the same level of induced displacement (y), but
decreasing levels of inertial load and increasing levels of pore pressofaljout 11%,

64%, and 82%, respectively - see Figure 5.17). In a system that initially was relatively
stiff (match at 3 times the baseline API curves in Csp3 event J-a), as the earthquake
progresses the interaction becomes softer, with the recorded behaviors matched with p-
multipliers of 0.50 and 0.25 at J-b and J-c, respectively. Thus, the effective stiffness of
the soil-pile resistance late in shaking (J-c) was only about 10% of the stiffness early in
shaking (J-a). This decrease in stiffness is attributable to the combined effects of

stress/strain history and excegs r
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6.6.4 Effect of Kinematic Loading

Snapshots Csp3 event J-b and Csp3 event M-c were chosen to examine the
relative roles of kinematic and inertial loading, as in each case the soil profile and pile
displacements were approximately 181t of phase. Excesswas about 64% in J-b and
44% in M-c, and both snapshots were preceded by larger loading cycles in their
respective events. The results of the analyses are shown in Figures 6.14 and 6.20. In each
case, the behavior calculated using the best p-multiplier is included with both loading
conditions imposed, along with results when only the superstructure inertia was imposed
on the model and when only the kinematic soil displacements were imposed on the
model. The kinematic loading is shown to have had its greatest influence at depths greater
than 6 m (9 pile diameters), while the inertial loads dominated the moment distribution at
shallower depths.

In the cases studied herein the kinematic loading was typically small compared to
the inertial loads. It is noted, however, that this is likely due to the geometry and site
characteristics of the models tested. There is not enough information in the data presented
herein to determine whether a simple p-multiplier can account for pure kinematic loads

on the foundation (e.g., lateral spreading).

6.7 CONCLUSIONS

In cases where kinematic forces are low (e.g. absence of lateral spreading or

certain solil stratigraphies), the calculation of moment distribution and maximum bending

moment within the pile foundation based on known (or estimated) pseudo-static structural
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inertia loads is not highly sensitive to the selection of p-y curves, and a reasonable factor
to account for dynamic loading or for the effects of liquefaction may be applied to the
static p-y curves to calculate moment demand on the foundation. Liu and Dobry (1995)
found that the appropriate scaling factor decreased more or less linearly, artt r

reached a minimum value of about 0.1 whgri©0%. Liu and Dobry based their
conclusions on centrifuge tests for a sand.at 8% and quasi-static cyclic

displacement loading of a pile after the sand was liquefied and shaking had stopped. The
displacements imposed were a constant magnitudg.QfDiameter = 2 in/15 in at a
frequency of 0.025 Hz. Using the data from the tests presented herein, an appropriate p-
multiplier for peak loads during an earthquake in a pseudo-static analysis in liquefying
sand would be 0.25-0.35 for, B55%, and 0.10 for D= 35%. This difference in results

may simply reflect differences in loading conditions, displacement levels, displacement
histories, loading rates, pore pressure levels, or other factors not yet understood. For
example, the experiment by Tokida et al. (1992) showed the lateral resistance of liquefied
sand to increase with increasing strain rate. The loading cycles of the experiments
presented herein were about forty times faster than Liu and Dobry's experiment, so we
could expect some variation due to strain rate effects. l.e., perhaps their tests involved
more drainage during p-y loading.

The success shown using scaled static p-y curves in pseudo-static analyses does
not imply that these same curves could be used to predict the superstructure dynamic
response. The back-calculated p-y curves for liquefied sand (see Chapter 5) clearly
demonstrate that the use of an apparent p-y scaling factor for liquefied sand is a simplistic

approximation to a complex phenomenon, and that more research is needed to evaluate
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whether this concept can be reliably applied in design or used in dynamic soil-pile-
superstructure interaction analyses.

Finally, it is not necessarily conservative to assume an overly soft p-y resistance
for liquefied soils for evaluating their performance. A comparison of responses for the
single pile supported structures in Csp2%[35%) and Csp3 (D= 55%) showed that
maximum bending moments and structural displacements were larger in Csp3 than in
Csp2 for similar input base motions (e.g. see Figures 4.25 and 4.26). The stronger
response of Csp3 can be attributed to the upper sand layer being more resistant to
liquefaction and maintaining greater lateral resistance even after liquefying. This resulted
in stronger free-field soil motions, and a shorter structural period in Csp3 than in Csp2,
and thus higher superstructure accelerations under the earthquake motions input to these
models. These observations are consistent with theoretical expectations and illustrate that

assumptions of soft lateral resistances are not necessarily conservative in seismic design.
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CHAPTER SEVEN

Summary, Conclusions, and Future Work

7.1 SUMMARY

This dissertation described the results of a study on the dynamic response of pile
foundations in soft clay and liquefying sand during strong shaking. The research consisted
of four major components: (1) a series of dynamic centrifuge tests of pile supported
structures in soft soil and liquefying sand; (2) a critical study of modeling techniques and
limitations; (3) back-calculation of p-y behavior; and (4) comparison of pseudo-static
"Beam on Nonlinear Winkler Foundation" (BNWF) analyses to the results of the dynamic
centrifuge model tests.

7.1.1 Test Documentation

Dynamic centrifuge experiments were performed using several different structural
models, different earthquake input motions (varying level of shaking, frequency content,
and waveforms), and different soil profiles. Experiments were performed with the upper
soil layer being either saturated sand or soft, normally consolidated clay. The results of
these experiments have been documented in detail with individual hard-copy data reports

and diskettes with raw time histories [Wilson et al. 1997 (a-e)].
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7.1.2 Centrifuge Modeling

The results from a series of centrifuge tests on the dynamic response of pile
foundations in soft clay and liquefying sand during strong shaking were presented. The
tests were performed on the relatively new shaking table on the large geotechnical
centrifuge at UC Davis, and thus it was necessary to evaluate the centrifuge modeling
system before analyzing the recorded physical data.

The new shaker on the large geotechnical centrifuge was found capable of
reproducing nearly the same full spectrum earthquake motions throughout its operational
range with minimal yaw between the east and west sides of the table. The new flexible
shear beam container FSB1 was found to deform with the soil when the soil was medium
dense sand, and in small strain events with softer soils. Noticeable sloshing of the soil
occurred when the soil was liquefied loose sand. Vertical motions near the ends of the
container were acceptably small in most cases. When the motions were large it was found
that they were due to liquefied soil sloshing in the container, rather than due to a loss of
complementary shear stress. While not ideal, an appreciation of this behavior is necessary
for realistic interpretations of the centrifuge data.

Changing the pore fluid viscosity by a factor of 10 to better simultaneously model
dynamic and consolidation processes had apparently little effect on the soil-structure
interaction during shaking. Dynamic pore pressures in two similar models with different
pore fluids were similar, while consolidation in the sample with the viscous pore fluid
was obviously slower. The relatively minor effect of changing pore fluid viscosity seems
to imply that the dynamic soil-structure interaction was mostly undrained in all cases

presented herein. Note this is not expected to be true in general. Changing pore fluid
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viscosity may have a more noticeable effect on other model configurations where partial
drainage during dynamic loading may be significant, such as if a more permeable soil or a
smaller diameter pile was used.

7.1.3 Back Calculating p-y Curves

Once the characteristics of the centrifuge model were investigated, data
processing techniques were developed to quantify the soil-structure interaction directly.
This processing consisted of numerical integration of recorded accelerations and
numerical differentiation of recorded bending moments. The end results of the data
processing were back-calculated p-y curves.

Time histories of bending moments along a single pile system and accelerations of
the soil profile and on the single pile were used to back calculate p-y behavior. To
calculate y, the soil profile displacements and the pile displacements had to be determined
independently. Filtering and integration in the frequency domain was used to calculate
displacements from accelerations. While permanent displacements cannot be calculated
from the types of accelerometers used in this study, transient displacements could be
reliably calculated.

Pile displacements were calculated by double integrating the bending moment
distribution at each time step. Global displacements were fixed by assuming the pile
moved with the soil at a depth of 9 m, and by using the pilehead accelerometer to
calculate pilehead displacements. Superstructure displacements calculated independently
were then used as a check on reasonableness of the pile deformed shape. In most cases
the agreement was very good. Agreement was unacceptable only in a few cases (i.e. Csp2

event L, where instrumentation limitations corrupted the data).
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The lateral resistance was calculated by double differentiating the moment
distribution at each time step. Double differentiation of real data has proven difficult in
the past. A new differentiation scheme for bending moment data based on the method of
weighted residuals was developed. Calculating derivatives with this method produces a
derivative that has the same smoothness properties as the original interpolation of the
data. Simple cubic splines were also shown to give reasonable second derivatives as long
as they were sampled at the spline midpoints. Polynomial interpolation was also used, but
was found to give inconsistent results when using integer polynomial powers and forcing
the second derivative to be zero at the soil surface. The calculated distribution of lateral
resistance was generally consistent independent upon the method of calculation.

The ultimate lateral resistance in loose sand (Csp2,35%) was usually small
when the solil liquefied, even when the displacements were fairly large. It is noted,
however, that large lateral resistances and large induced moments were observed in one
of the largest shaking events. In fact, for the 0.6 g Kobe event (Csp2 event L), the peak
response of the superstructure appeared to be as great as observed in the more dense sand.
The motions of this event were severe enough and the strains large enough that the soill
became dilatant. It appears that in this event, the dilation of the soil at large strains
provided sufficient strength to transmit large accelerations through the ground to the
superstructure. This result shows that the effects of liquefaction on structural response
depend on the nature of the ground motions and the strains imposed on the soil.

In medium dense sand (Csp3,A365%), the observed p-y behavior was found to
be displacement hardening as relative displacements approached or exceeded past values,

especially near the surface. Peak values were significantly greater than those



161

recommended by API (1993) for drained conditions at depths less than about three
diameters. This difference may be attributed to the nearly undrained loading conditions
and the tendency for the soil to dilate under these loading conditions. The lateral
resistance was found to depend strongly on p-y history, and was found to soften with
increasing pore pressure and number of cycles. The observed behavior was consistent
with the expected behaviors of saturated sands under undrained loading.

The observed p-y behavior in soft NC clay (Csp4) was in good agreement with the
recommended static short-term API p-y curves for load cycles that exceeded the
maximum strain history of an event. The lateral resistance was again found to be affected
by the p-y history, and was much softer when load cycles remained within the envelope of
past maximum values.

7.1.4 Pseudo-Static Analyses

Simple pseudo-static analyses at discrete times were then performed to examine
the effectiveness of simplified analyses when the input parameters (kinematic and inertial
loads) were known, and to quantify the effects of various parameters on the measured
lateral resistance of soils.

Pseudo-static analyses were performed using the measured soil profile
displacements and superstructure inertial loads and inputs. The moment distribution and
displaced shape were found to be fairly insensitive to the selection of p-y curves within a
reasonable range. E.g., applying a p-multiplier of 2 to the Csp3 event L-a snapshot
decreased the calculated maximum moment by less than 10%. This is consistent with
previous findings by many others, e.g. Murchison and O'Neill (1984) and Gazioglu and

O'Neill (1984). Note that good agreement between measured moments and displaced



162

shapes were obtained even though the shapes of the p-y curves used in the analysis did

not agree with the shapes of the back-calculated p-y curves.

7.2 RECOMMENDATIONS

7.2.1 Centrifuge Modeling

The geotechnical centrifuge is a useful tool for generating physical data on the
dynamic behavior of soils and soil-structure interaction. The series of tests presented in
this dissertation alone included some fifty shaking events for fully instrumented soil
profiles, each with several fully instrumented structures. This large database has been
made available for use by other researchers through request to the Center for
Geotechnical Modeling at UC Davis.

As the data becomes more widely used, there is a need for others to better
understand where the data comes from, and the inherent limitations in those data. Often
when an analysis does not completely match the test data it is attributed to ambiguous
"boundary conditions" or "container effects". The VELACS cooperative study
demonstrated the importance of characterizing modeling effects from different
laboratories (e.g. Scott et. al 1994 and Arulanandan et. al 1994). Modeling constraints
such as container effects and instrument interaction effects, and such basic issues as

characterizing the data acquisition systems of each facility, need to be examined.
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7.2.2 Design of Pile Foundations

The design of pile foundations for seismic lateral loads typically follows one of
two distinct paths. The first path is a dynamic analysis of the soil-structure system. The
second is the simplified pseudo-static design approach. Recommendations for each
method are made below.
7.2.2.1Dynamic Analyses

The observed dynamic p-y curves in this study cannot be well represented by
simple p-multipliers on the APl recommended p-y curves for drained loading. Therefore
the p-y curves used in a dynamic analysis would ideally account for factors that are
known to affect the undrained behavior of soil, such as relative density, p-y history, pore
pressure generation, strain rate, partial drainage, as well as other factors including group
effects.
7.2.2.2Pseudo-Static Analyses

The idea of pseudo-static BNWF analyses to determine the design loads and
displacement demands on pile foundations seems promising for certain site and pile
configurations. However, the use of pseudo-static analyses for dynamic problems does
not explicitly account for changes that occur throughout the time history, such as loads
before and after the onset of liquefaction. In this study, the peak bending moments and
peak superstructure displacements were observed both before and after liquefaction, and
thus both conditions need to be considered in design.

Others have suggested that simple p-multipliers based on pore pressure ratio can
be applied to static p-y curves to account for the effects of liquefaction. The research

presented herein suggests that this multiplier should at least also account for relative
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density, is applicable only to virgin undrained loading in liquefied sand, and is not
applicable when strains are large enough to cause the sand to become dilatant. For this
study, it was found that appropriate p-multipliers for the stronger peak loading cycles
after the generation of high excess pore pressures were approximately 0.10-0.20 for
liquefying loose soil (P= 35%), and approximately 0.25-0.35 for liquefying medium
dense soil (P=55%). Note p-multipliers larger than 1.0 were observed under dilative
loading conditions, such as early in shaking for medium dense sand.

Major uncertainties in pseudo-static soil-pile-superstructure analyses for a site
with liquefying soils include estimating the free-field site response, estimating the
superstructure response, and estimating how the loads from these responses should be
combined. In this study the responses of the soil profile and the superstructure were
recorded, so the only variable in an analysis was the choice of p-y curve.

It was noted in Chapter 6 that the use of softer springs is not necessarily
conservative. Softer p-y springs imply softer soil behavior, which may result in less soil
profile motions in the site response analysis. This, in turn, could results in less excitation
of the superstructure. Softer p-y springs may also be unconservative in conditions of high
kinematic loading, such as occurs with lateral spreading. A sensitivity study should be
performed when using the simplified methods to help determine the critical loading
conditions.

Finally, this study did not address the problem of soil-structure interaction in
laterally spreading ground. For the site and structure geometries chosen in this study, the
superstructure inertial loads were typically larger than the kinematic loads from the soil

profile displacements. For these loading conditions the use of pseudo-static analyses was



165

found to give reasonable results for design. However, it is not clear that the analyses will
yield reasonable results for cases of large kinematic loading associated with lateral
spreading, particularly with an overlying crust of non-liquefied soil. It is anticipated that

this problem will be addressed in future centrifuge modeling projects at UC Dauvis.

7.3 AREAS FOR FUTURE RESEARCH

The interaction between piles and liquefying or soft soil is a poorly understood
process, and continued research is needed to improve earthquake risk exposure. This
research should include the following items.

* Dynamic analyses of the data presented in this dissertation. These should include both
BNWF methods and other techniques, including FEM models of the pile and soil
continuum.

» Simple analyses of the pile-group-supported structures recorded in this study. This
dissertation focused solely on the behavior of a single-pile-supported structure in five
centrifuge tests. Each test included other fully instrumented structures that as yet have
not been examined in detail.

» Kinematic loads from liquefaction induced lateral spreading and from layering of soft
soils at depth. Damage to piles at depth due to kinematic loading could prove
important in many cases.

» Further application of the pseudo-static method used in this dissertation. Combining
kinematic loads from site response analyses and inertial loads from response spectra

should be examined in more detail.
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Additional back-calculation of p-y curves with a more dense instrumentation array
may provide more detailed information on the fundamental mechanisms of soil-pile
interaction in soft or liquefied soils. The results in this dissertation illustrated the
potential value in such efforts.

More research needs to be performed studying centrifuge modeling to remove
ambiguities in "boundary conditions" or "container effects". Modeling constraints

such as container effects and instrument interaction effects, and such basic issues as
characterizing the data acquisition systems of the facility, need to be examined.
There also needs to be more quantification of experimental variability on the
centrifuge. Systematic repetitions of select tests would help quantify expected levels
of experimental scatter, and provide guidance on whether variations in behavior
between two model tests of slightly different designs are due to the design differences
and/or experimental scatter.

Investigating the effects of dilation on site response (e.g. large spikes in acceleration),
incorporating the effects of dilation into site response calculations, and investigating
the effects of dilation on soil-structure interaction and superstructure response. This
phenomenon was observed in Csp2 event L but could not be analyzed due to

instrument failure.
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