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OpenSees Beam on Nonlinear Winkler Foundation Modeling
of Pile Groupsin Liquefied and Laterally Spreading Ground
in Centrifuge Tests

Scott J. Brandenberg and Ross W. Boulanger

ABSTRACT

Beam on Nonlinear Winkler Foundation (BNWF) analyses of pile groups n liquefied and
laterally spreading ground were performed using the Open Source for Earthquake Engineering
Simulation (OpenSees). Two new commands, PySimplelGen and TzSimplelGen, were
implemented into OpenSees to generate properties for PySimplel and TzSmplel materids. A new
problem-type was developed for GiD, the finite element pre- and post-processor, to help define
finite ement meshes for BNWF analyses. PFiles were modded using elastic beam-column
elements, and soil-pile interaction was modeled using p-y, t-z and -z elements. The free-ends of
the py edements were assigned displacements to simulate the lateral spreading of a liquefied soil
profile. Results of the analyses were compared with data measured during dynamic model tests on

a 9mradius centrifuge, and parameters that most significantly influence analysis results are
discussed.

Scott J. Brandenberg, Graduate Student, University of California, Davis, One Shields Avenue, Davis, CA, 95616, USA
Ross W. Boulanger, Professor, University of Caifornia, Davis, One Shields Avenue, Davis, CA, 95616, USA



INTRODUCTION

Loads imposed on pile foundations by laterally spreading ground during earthquakes have been
amajor cause of past damages and are consequently amaor concern in design practice. The cost
can be very large to congtruct a new pile foundation, or retrofit an existing pile foundation, to resist
the expected loads from laterally spreading ground, especially when areatively strong surface layer
is goreading over an underlying liquefied layer. However, dynamic interaction between piles and
laterally spreading soil is not clearly understood, and design methods could benefit from validation
with case studies and modd tests. One such design method, the Beam on Nonlinear Winkler
Foundation (BNWF) approach, in which py, tz and ¢z dements are used to modd soil-pile
interaction, is commonly used in design practice.

Anaysis of pile groups in lateral spreads using the BNWF method can be performed in a
number of different numerical modeling platforms. However, the emergence of performance-based
earthquake engineering design requires multidisciplinary collaboration, which is complicated by
incompatibility of caculation tools used in different disciplines. The Open Source for Earthquake
Engineering Simulation (OpenSees), developed by the Pacific Earthquake Engineering Research
Center (PEER center) is a powerful tool for numerical modeling that is tailored to performance-
based earthquake engineering design. Soil-pile interaction naterials to model py, tz and gz
behavior were implemented into OpenSees (Boulanger, 2003), which enables static and dynamic
BNWF modeling of pile foundations in liquefied ground using OpenSees.

This paper demonstrates the application of BNWF anaysis methods to pile foundations in
liquefactionrinduced lateral spreads, and presents two new OpenSees commands developed to
generate material properties for PySimplel and TzSimplel materids. First, the new PySimplelGen
and TzSimplelGen commands and calculation tools are presented. Second, the centrifuge model
testing program is described, and sample data showing various components of the soil-pile and soil-
pile cap interaction are presented and discussed. Finally, example andyses of a pile group
foundation from one of the centrifuge tests is presented, and compared with the centrifuge test data
to provide a comparison between the loading mechanics assumed in the BNWF analysis and those
measured in the centrifuge test.

DEVELOPMENT OF NEW OPENSEES COMMANDS AND MESH GENERATION
TOOLS

Two new commands, PySimplelGen and TzSimplelGen, have been developed to generate the
materia properties for PySimplel and TzSimplel materias in OpenSees. Typicaly, py and tz
elements are closaly-spaced along a pile, and each requires its own unique set of input parameters
(e.g. materia capacity) to accurately model the stress-dependent soil-pile interaction. Generating
the large number of material properties that might be required for a BNWF analysis by hand can be
tedious, time-consuming, and potentially error-prone. Using the PySimplelGen and TzSimplelGen
commands automates the material generation to help reduce the time to set up an analysis and to
reduce the potential for errors. The commands require user input of certain parts of the finite
element mesh and some additional input about the soil and pile properties, and generate an output
file containing PySimplel or TzZSimplel materials that can be sourced directly into OpenSees. The
prototype for using the commands in OpenSeesiis.

PySimplelGen “Filel”? “File2’? “File3"? “File4”? “File5’? <"File6”?>
TzSmplelGen “Filel”? “File2’? “File3"? “Filed’? “File5”? <“File6”?>



The commands receive either five or six arguments, all of whichare file names. Filel through
Filed are input files, and File5 and File6 are output files that are written when the command is
executed. Filel contains information about the soil and pile properties, and optional information
about the load or displacement patterns. File2 contains the nodes. File3 contains the zeroL ength
elements to which PySimplel or TzSimplel materials will be assigned. File4 contains the pile
elements. Fileb, which is written when the command is executed, contains the PySimplel or
TzSmplel materials. File6, which is written when the command is executed, is optional and
contains load or displacement patterns to apply to the pile nodes or free-ends of the zeroLength
elements, respectively. Complete documentation of the commands can be found at the OpenSees
website at http://opensees.berkeley.edu.

The finite dement meshes were generated using the pre- and post-processor GID. An
evaluation version can be downloaded free from http://gid.cimne.upc.es. GiD was customized for
BNWF pushover analyses by defining a problemtype called OpenSees pyPushover.gid, which
outputs the various components of an OpenSees finite dement analysis, including nodes, elements,
congdtraints, and recorders, astcl files that can be sourced directly into OpenSees. The problem type
is currently still under development, and will eventually be made publicly available.

CENTRIFUGE MODEL TESTING
Model Configurations

The centrifuge tests were performed on the 9-m radius centrifuge at the University of California
at Davis. All tests were performed in a flexible shear beam container with centrifugal accelerations
ranging from 36 to 57 g. Results are presented in prototype units.

A schematic cross-section of one centrifuge modd is shown in Figure 1. The soil profile
conssted of a nonliquefied crust overlying loose sand (D, » 21-35%) overlying dense sand
(Dr » 69-83%). The crust layer doped gently toward a river channel carved in the crust at one end
of the model. The nonliquefiable crust consisted of reconstituted San Francisco Bay mud (liquid
limit » 88, plasticity index» 48) that was mechanicaly consolidated with a large hydraulic press,
and subsequently carved to the desired dope. The sand layers beneath the crust consisted of
uniformly graded Nevada Sand (C, = 1.5, Dy = 0.15 mm). A thin layer of coarse Monterey sand
was placed on the surface of the Bay mud for some of the models.

The six-pile group for the model in Figure 1 consisted of 1.17-m diameter piles with alarge pile
cap embedded in the nonliquefied crust. The pile cap provided fixed-head restraint at the
connection with the piles. Some tests contained a single-degree-of-freedom superstructure fixed to
the top of the pile cap, and superstructures with various natural periods were tested. A pile group
without a superstructure will be discussed in this paper.

Each test was shaken with a number of smulated earthquakes conducted in series with
sufficient time between shakes to alow dissipation of excess pore pressures. The simulated
earthquakes were scaled versions of the acceleration recordings either from Port Idand (83-m depth,
north-south direction) during the Kobe earthquake, or from the University of California, Santa Cruz
(UCSCJLick Lab, Channd 1) during the Loma Prieta earthquake. These earthquake motions were
chosen because they contain different frequency content and shaking characteristics. Generaly, the
shake sequence applied to the models was a small event (&nax pase = 0.1g to 0.2g) followed by a
medium event (amax base= 0.3g to 0.5g) followed by one or more large events (amax base= 0.79g to 1.0Q).
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Figure 1: Schematic model layout of centrifuge test SIBO3.

Detalls for these centrifuge experiments are summarized in a series of data reports available
from the web site for the Center for Geotechnical Modeling at http://cgm.engr.ucdavis.edu
(eg. Brandenberget d., 2003). These data reports include detailed explanations of mode
construction, data acquisition procedures, data organizational structure, post-earthquake model
dissection measurements, and al instrument recordings.

Sample Test Data

The dynamic responses of the centrifuge models were well defined by about 100 instrumentsin
each modd, including accelerometers, pore water pressure transducers, displacement transducers,
and strain gauge bridges on the piles, as schematicaly illustrated in Figure 1. In addition, time
series of various load components were obtained by processing the raw instrumentation recordings.
For example, dynamic subgrade reaction |oads were estimated by numerically double differentiating
the moment distributions with depth adong the piles according to elastic beam theory. Detalils of
data processing methods are presented by Boulanger et al. (2003).

Time series are shown inFigure 2 for various components of the dynamic response from model
SIB03. This particular set of time series is for a large Kobe earthquake event (@max pase = 0.67 0),
which was preceded by a smal Santa Cruz event (amnaxpase =0.13g), a medium Santa Cruz event
(@maxpese = 0.35 Q) and a large Santa Cruz event (@maxbase = 0.67 g). These time series illustrate a
number of important features of dynamic response:

ry near the center of the liquefiable sand layer (at 6.8-m depth) reached a value near 1 at about
time = 8 s. Later in shaking, K, transently dropped to smaller values near 0.5, which were
accompanied by transient increases in effective stress, and hence increases in strength and
stiffness of the sand.

The critical cycle that produced the peak bending moment (-8838 kN>m) and peak lateral load
from the clay crust 6384 kN) occurred at about time = 13 s, when r, near the center of the



liquefiable sand was at a local minimum of 0.5 in spite of having been near 1 previoudy, and

returning to near 1 later during strong shaking.

The middle of the liquefiable sand layer (6.7 m below the ground surface) provided a large up-

dope ressting load (-400 kN/m) to the piles during the critical loading cycle.

The pesk lateral load from the crust occurred at about time = 13 s, but the peak relative

displacement between the pile cap and the free-field crust occurred near the end of shaking.

Certain aspects of the loading mechanics observed during the centrifuge tests are different from
assumptions that are commonly made in design practice. For example, the liquefiable sand
provided a large up-dope resisting load during the critical loading cycles, which is contrary to the
common assumption that liquefied sand imposes a small down-dope loading on the piles in the
direction of soil displacement. As an example, the Japan Road Association (2002) suggests using
p =0.3:s,-b, where p isthe laterd load exerted by the liquefied sand per unit depth. Near the center
of the liquefiable sand in the centrifuge tests, 0.3:sy-b = 41 kN/m, which is an order of magnitude
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Figure 2: Selected time series from centrifuge test SIBO3 during a large Kobe motion.



different from and opposite in sign from the measured p-value during the critical loading cycle
(p =-400 kN/m). In addition, the peak lateral load from the clay crust occurred during the time of
strong shaking, even though the greatest relative cap-soil displacement occurred toward the end of
shaking. This observation is important to the development of guidelines on how to combine
kinematic and inertial load components in simplified design procedures.

BEAM ON NONLINEAR WINKLER FOUNDATION ANALYSES OF SIX-PILE GROUP
FROM CENTRIFUGE TEST SJB03

Three BNWF analyses were performed to demonstrate the influence of several design
assumptions on the analysis results. The analyses utilized the peak measured crust load (6384 kN)
to develop properties for the py elements, and the measured pile cap inertia (5295 kN) as an
applied force on the pile cap. Analysis 1 utilized the measured soil displacement profile and excess
pore pressure (ry) distribution, while Analysis 2a and Analysis 2b used soil displacement profiles
and r, values that might reasonably be used in design. Using measured data in the analyses does not
replicate the assumptions that must be made in real design situatiors. The measured quantities
would not be known for designing red pile foundations, and the designer would need to predict
them. While future work will focus on recommendations for making such predictions, the
measured data are used in these anayses for two reasons:

1 To demondrate the accuracy and limitations of an analysis in which the input
parameters closely match the measurements.

2. To isolate the influence of some of the various assumptions commonly made in design
practice.

Pile Group Geometry

The analyses were two-dimensiona, so the six-pile group was modeled as a three-pile group,
and the stiffness of the piles, and stiffness and capacity of the py, tz and gz elements were
doubled such that the three-pile group smulates a six-pile group. The geometries of the pile groups
are summarized in Table 1. The modd piles were made from aluminum with a Y oung’s modul us of
68.9 GPa and ayield stress of 216 MPain uniaxia tension

Table1l. Geometries of the pile foundation from centrifuge test SIBO3.

, Center-to- .
Pilelength | 1€ Wal | CoterPile | Pilecap | Pilecap | PleCa
m) diameter | thickness ing Height (m) | Width (m) Length
(m) m | (m)
23.5 1.17 0.051 4.6 2.2 9.2 14.3




Soil Displacement Profiles

For Analysis 1, the soil displacement profile that was recorded at the time that the peak bending
moment occurred in the piles was used as input. During the test, relatively small displacements
were observed in the loose sand layer, but a large displacement discontinuity occurred at the
interface between the crust and liquefied sand resulting in large crust displacements. The
discontinuity was likely caused by weakening of the top of the loose sand layer due to upward-
seeping pore water becoming trapped beneath the low-permeability clay crust. Such discontinuities
have also been observed in shake table tests (Kokusho and Kojima, 2002) and centrifuge tests
(Malvick et d., 2004) designed to study strain localization While such displacement discontinuities
have been observed, a reliable method for predicting whether they will occur and for predicting the
magnitude of the discontinuity has not emerged. Hence, a designer might use a soil displacement
profile without a displacement discontinuity for designing pile foundations. Furthermore, the strains
observed in the loose sand layer are likely smaller than would be predicted for design. Hence, the
soil profiles in Analysis 2a and Analysis 2b have no displacement discontinuity at the sand / clay
interface, and were assigned a large uniform strain in the liquefied sand such that the ground surface
displacement isthe same asin Analysis 1 (2.5 m). Strain in the dense sand was assumed to be zero
for Analysis 2a since that layer did not liquefy, though some small strains in the dense sand were
measured, and are included in Analysis 1. Some strain was applied in the dense sand layer in
Analysis 2b to observe the influence of deep strains on the response of the pile group.

Excess Por e Pressures

The excess pore pressures that were measured at the time that the peak bending moments were
observed in the piles had transiently dropped to small values near 0.5 in the loose sand layer and
about 0.0 in the dense sand layer. These ransient drops are caused by the sand changing from
incrementally contractive to incrementally dilative, which is manifested as a drop in excess pore
pressure and increase in effective stress during undrained loading. For Analysis 1, the measured r,
values were used. However, the small r, values that were observed during the critical cyclesin the
centrifuge test contrast with the typical design assumption that liquefied sand exerts a small down-
dope pressure as it spreads past a pile. Hence, for Anaysis2aand Analysis 2b, r, in the loose sand
was assumed to be 1.0, and ¢, in the dense sand was assumed to be 0.6, which correspond to
assumptions that might be made in design.

P-y Elements on Pile Cap

The capacities of the py elements on the pile cap were estimated based on calculations of
passive earth pressure on the up-dope face of the cap plus friction between the crust and the pile
cap. A coulomb-based analysis that takes into account soil layering was used to estimate the
passive pressure. The friction force between the sides of the cap and the clay was calculated using
the equation Feay =a CyAsdes day, Where a is the adhesion coefficient, ¢, is the undrained shear
grength, and Asdes day Was the contact area between the clay and the pile cap. The friction force
between the sides of the pile cap and the Monterey sand was caculated using the equation
Fsand = Y2gKoH1 tan(d) Agdes_snd Where Ko, the coefficient of earth pressure at rest, was taken as
1-an(f 9, d is the interface friction angle, H is the depth to the bottom of the Monterey sand, and
Asides_sand IS the contact area between the Monterey sand and the pile cap. Friction between the base



of the pile cap and the clay was calculated using the equation Fpase = @ Rpase Cu Apase Where a is the
adhesion coefficient, Ryase IS @ empirica reduction factor to account for loss of contact along some
portion of the base of the cap, ¢, is the undrained shear strength and Anese IS the area of the base of
the pile cap.

The properties for the clay were ¢, = 44 kPa, g = 16 kN/nt> and a = 0.5, and properties for the
Monterey sand were estimeted to be g = 17 kN/n?®, f ¢= 36°, d = 22°, and ot = 0. By sdting
Roase = 0.05, the predicted lateral 1oad closely matches the peak measured lateral crust load, hence
Ryase Was taken as 0.05 for estimating p-y capacities on the pile cap for the BNWF analyses. Back-
caculation of the various components of loading imposed by the laterally spreading crust was
presented in detail by Boulanger et a. (2003). Observations of soil-pile cap interaction and ground
deformation patterns are presented by Brandenberg et a. (2004).

P-y Elements on Piles

The capacities of the p-y elements on the portions of the piles in contact with the clay crust were
caculated using Matlock’s (1970) bearing factors for soft clay. The drained capacities of the p-y
elements in contact with the sand were calculated using the APl (1993) sand equations, and were
subsequently softened to account for the influence of liquefaction. The fully-liquefied capacities of
the py elements were calculated by assuming a nominal residua strength for the sand (S), and
using the equation py = 9 Sb to estimate the ultimate capacity. The capacities for p-y elements for
sand with intermediate r, values were linearly interpolated between the drained capacity (assumed
the same as the capacity with r, = 0) and the undrained capacity with r, = 1, as described by Dobry
et d. (1995). This method provides a convenient means of assigning a nomina capacity to the p-y
elements in fully-liquefied sand, and for estimating capacities for intermediate r, vaues. The p-y
elements used in the BNWF analyses were in units of force, and represent the integra of the
caculated p-y capacitiesin force per unit length over the tributary length along the pile.

T-z Elementson Pile Cap

The t-z elements on the pile cap represent vertical friction loads at the interface between the pile
cap and the crust, and the capacities of the tz elements were calculated based on the interface
friction stresses times the tributary area.  The interface friction stresses were estimated using the
same properties as for estimating the horizonta friction component for the p-y elements on the pile
cap, as described earlier.

T-z Elementson Piles

The capacities of the t-z elements on the pile segments in contact with the clay were estimated
using the same equation that was used to estimate friction stresses between the pile cap and the clay.
Friction stress transfer between piles and liquefied sand has not been clearly characterized from test
observations, and is not well understood. As an approximation, the t-z capacities were assumed to
degrade with r, from the drained capacity (ry = 0) to anomina undrained capacity with r, = 1, in the
same manner as for the p-y elements.



Q-z Elements at Pile Tips

The influence of increased excess pore pressure on the end-bearing resistance of pilesin sand is
not well understood. Again, for a given r, vaue the end-bearing resistance was interpolated
between the r, = 0 condition (assumed the same as drained) and r, = 1 condition. The end-bearing
resstance for sand with r, = O was estimated using the bearing capacity factors given by Meyerhof
(1976). The end bearing resistance in sand with = 1 was represented using the equation
Qu=9S Ayp, Where 9 is the bearing factor for f = 0 material, S is the mobilized undrained shear
strength for liquefied sand, and Ayip isthe cross-sectional tip area.

Resultsof BNWF Analysis1 and Analysis2a

Soil displacement, pile displacement, bending moment and subgrade reaction (p) from
Andysis 1 and Analysis 2a are compared with the centrifuge test data measured at the time that the
peak bending moment occurred in the piles in Figure 3 The pile displacement, moment and p
distributions are for an up-dope pile in the six-pile group, as shown in the schematic to the left of
the data plots. The peak bending moment occurred during the large Kobe motion, which was
preceded by a smal, medium and large Santa Cruz motion. Residua pile displacements existed
after each motion. However, pile groups are typically designed for a single earthquake motion
rather than a series of motions. Hence, two measured pile displacements are plotted in Figure 3 for
comparison purposes. The total pile displacement includes the residua displacement that existed
prior to the large Kobe motion, and the incremental displacement reflects displacements that
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Figure 3: Results of BNWF Analysis 1 and Analysis 2a, and centrifuge data measured at the
same time that the peak bending moment occurred.



occurred only during the large Kobe motion.

Taken at the depth where the peak bending moment was measured from the centrifuge test data,
the bending moment from Anaysis 1 was -10350 kN>m, and from analysis 2a was -10260 kN>m,
which have 17% larger magnitude and 16% larger magnitude than the peak measured bending
moment (-8838 kN>n), respectively. The reasonable predictions of bending moment result from the
close match between the applied crust load and the peak measured crust load, and demonstrate that
the properties of the sand layers do not contribute significantly to the peak bending moments for
Analysis1 and Analysis 2a.

The peak pile head displacement from Analysis 1 was 0.46 m, and from Analysis 2 was 0.31 m,
which are 10% larger and 36% smaller than the measured tota pile head displacement (0.42 m),
respectively. Compared with the incremental measured pile head displacement (0.25 m), the head
displacement from Analysis 1 is 84% larger and from Anaysis 2 is 28% larger. Anaysis 1 over-
estimates the pile head displacements primarily because the displacements in the dense sand layer
were over-predicted. Two counter-balancing errors contribute to the reasonable prediction of pile
head displacement for Analysis 2a. The displacements deep in the soil profile are under-predicted
due to the assumption of zero strain in the dense sand layer, which contrasts with the transient
strains that were measured in the dense sand in the centrifuge test. The displacements in the loose
sand layer are over-predicted due to the small down-dope pressure exerted on the pile in the loose
sand layer in Anaysis 2a, which contrasts with the large up-dope resisting pressure that was
observed in the loose sand layer in the centrifuge test.

Results of BNWF Analysis 2a and Analysis 2b

Results of Analysis 2a and Anaysis 2b are compared with the centrifuge test data measured at
the time that the peak bending moment occurred in the pile in Figure 4. Taken at the depth where
the peak bending moment was measured from the centrifuge test data, the bending moment from
Analysis 2b was -11460 kNxn, which is about 30% larger in magnitude than the peak measured
bending moment. The predicted pile head displacement was 0.65 m, which is 55% larger than the
measured total pile head displacerment, and more than double the pile head displacement predicted
in Analysis 2a. The reason for the increase in pile displacement is the strain that was applied in the
dense sand for Analysis 2b.
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Figure 4: Results of BNWF Analysis 2a and Analysis 2b, and centrifuge data measured at the
same time that the peak bending moment occurred.

CONCLUSIONS

Results of centrifuge tests on pile groups in liquefied and laterally spreading ground were
compared with pseudo-static Beam on Nonlinear Winkler Foundation (BNWF) analyses performed
in the Open Source for Earthquake Engineering Simulation (OpenSees). The anayses utilized two
new OpenSees commands, PySimplelGen and TzSimplelGen, to generate materia properties for
the p-y and t-z dements, and the finite element meshes were constructed using GiD. These
caculation tools help automate BNWF analyses, and can be a valuable tool for multi-disciplinary
performance-based earthquake engineering design since OpenSees contains a good library of
geotechnical and structurad materia models.

The BNWF analyses reasonably predicted the measured peak bending moments because the
loads from the crust and the inertia of the cap applied in the analyses closely matched the peak
measured loads. Hence, predicting loads from a nonliquefied laterally spreading crust can be a first-
order effect for accurately predicting bending moments. Note that the pile cap inertia was 5295 kN,
which was nearly equa to the load exerted on the pile group by the laterally spreading crust.
Neglecting the cap inertia for the analyses would have resulted in a significant under-prediction of
bending moments. Pile cap displacements were predicted from about 36% smaller to about 55%
larger than the measured total pile cap displacement, and applying some small strain in the dense
sand layer resulted in more conservative predictions of pile cap displacement.
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