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MONOTONIC AND CYCLIC BEAM ON NONLINEAR WINKLER FOUNDATION
ANALYSES OF PILE FOUNDATIONSIN LATERALLY SPREADING GROUND

S. J. Brandenberg', R. W. Boulanger?, B. L. Kutter?, and D. Chang®

ABSTRACT

Static beam on nonlinear Winkler foundation (BNWF) analyses are compared with data
from a suite of centrifuge tests of pile groupsin liquefied and laterdly spreading ground.
Anayses that utilize monotonic load paths are shown to reasonably predict bending
moments, and pile cap displacements were reasonably predicted when limited to less
than about 0.4 meters. However, the andlyses under-predicted larger pile cap
displacements, with the error being attributed primarily to the accumulation of
displacement during repeeated loading cycles due to cydlic raicheting. The influence of
cydic racheting is explored usng cyclic BNWF andyses, and predicted cap
displacements are larger for cyclic load paths compared with linear load paths in cases
where the piletipsfall in the axid mode (i.e. plunging or pullout).

Introduction

Extensve damage to pile foundations has been caused by liquefaction and laterd spreading of
the surrounding soils [e.g., Japanese Geotechnical Society (JGS) 1996, 1998]. Lessons learned from
case higtories have provided important guidance for selecting input parameters and loading conditions to
use in design computations, but the number of case higtories is not sufficient to fully vdidate andytica
methods. Furthermore, case higtories typicaly do not provide the detailled data required to measure
fundamenta loading mechanisms, and it is therefore difficult to ascertain just how general observations
from case histories are, and whether they would hold true for different conditions. Modd studies can
provide sufficient detailed data to identify fundamenta loading mechaniams that occur during laterd
Spreading, thereby supplementing case histories to provide arationa basis for deriving robust analytical
approaches.

File groups in laterd spreading soils are often andyzed using a Satic- ssismic beam on nonlinear
Winkler foundation (BNWF) analytical gpproach, in which the foundation components are modeled as
beam-column dements, and soil-structure interaction is modeled using p-y materias for lateral subgrade
reaction, t-z materids for pile shaft friction, and ¢z materids for pile tip end bearing. Asshown in Fig.
1, demands from laterally spreading layers can be represented by imposing free-fidd soil displacements
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on the free ends of the py materids (e.g., Boulanger et a. 203). Inertia forces can be applied
smultaneoudy with latera oreading demands. Static methods inherently neglect many dynamic features
that are known to affect pile foundation response (e.g., accumulation of displacement due to cyclic
ratcheting, dilatant behavior of liquefied sand), and am to use "daticdly-equivaent” loading conditions
to envelope the field response. However, conditions in which "daticaly-equivdent” methods provide
accurate solutions are not yet clear.

This paper compares results of monotonic BNWF analyses with data from a series of centrifuge
tests described by Brandenberg et a. (2005). A brief explanation of the centrifuge test program is
presented firgt, with focus on the observations that most significantly influence static BNWF analyticdl
methods. Then the design guiddines adopted for this study are presented, dong with recommended
modifications to loading conditions and input parameters to account for liquefaction and laterd
goreading. Numerica methods utilized in this study are then presented, followed by results of predicted
versus measured peak bending moment and pile cap displacement. Theinfluence of cydlic raicheting on
pile cap digolacements is observed using the andyticd BNWF method with cyclic ground displacement
paths, which hdps explain why measured pile cap displacements for some of the tests were under-
predicted usng monaotonic ground displacement paths.
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Figure 1: Beam on nonlinear Winkler foundation (BNWF) method with impose free-fidd soil
displacements.

Centrifuge Test Program

A series of dynamic centrifuge tests was performed on the 9-m radius centrifuge a the
University of Cdifornia, Davis. Details of the tests were presented by Brandenberg et d. (2005) and
only an abbreviated summary is provided herein. Modd configurations were variations of the example
layout shown in Fig. 2 The modds conssted of a nonliquefiable clay crust (liquid limit™ 88, plasticity
index ~ 48) over liquefiable loose sand (D, ™ 35%) over dense sand (D, ™ 75%). The layers doped
gently toward an open channd carved in one end of the crus. The crust was composed of
recondtituted overconsolidated Bay mud with average undrained shear strengths ranging from 22 kPato
44 kPain the various models. Pile diameterswere 0.73 m or 1.17 m, center-to-center pile spacing was
four diameters, and the piles were fixed into a large pile cap embedded in the crust. Single-degree-of-
freedom superstructures were attached to the pile caps for some tests. Models were tested in aflexible
shear beam container at centrifuga accelerations of 38.1 or 57.2 g. Each modd was shaken with
redistic smulated earthquake motions anducted in sequence with sufficient time between shakes to
alow pore pressures to disspate. Water was used as the pore fluid. Results are presented in
prototype units.
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Figure 2: Example centrifuge modd layout with most of the 100 instruments omitted for dlarity.

Centrifuge Test Observations

Raw and processed data were used to characterize the loading mechanisms from the centrifuge
tests, and data processing methods were presented by Brandenberg et d. (2005). Fg. 3 shows data
guantities from alarge Kobe motion for a pile foundation with 1.17-m diameter piles. The Kobe motion
was preceded by a sequence of three previous motions. Peak bending moments and peak pile cap
displacements were associated with peak downdope crust loads during strong shaking, and the crust
loads subsequently decreased even though reative displacements between the pile cap and crust
continued to increase.  The trangent lurching component of ground displacement was sufficient to
mobilize large crust loads during strong shaking, and large crust loads acted smultaneoudy with large
pile cap inertia forces, which is contrary to design guidelines that assume the two load components do
not act amultaneoudy (e.g., TRB 2002). The liquefigble sand layer exhibited transent drops in excess
pore pressure caused by the dilatancy behavior of the loose sand due to a combination of free-fidd
grains imposed by shaking and locd dtrains imposed by the piles. Large updope subgrade reaction
forces (p) were observed at the time that the peak bending moments and pesk pile cap displacements
occurred, which is contrary to the small downdope loads often imposed on the piles in static BNWF
methods (e.g., JRA 2002).

BWNF Approach and Adopted Guidelines

Loading mechanisms that occur during lateral spreading depend on dynamic phenomena (eg.,
cyclic racheting, shaking-induced dilatancy in the loose sand, trandent lurching of the clay
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Figure 3: Time series from test SIBO3 with 1.17-m diameter piles.

crust) that cannot reasonably be captured using static BNWF gpproaches with monotonic load paths.
Rether than accuratdly tracking every nuance of the dynamic behavior, the BNWF approach seeks
"daticdly-equivdent” loading conditions to envelope the potentia field response. However, there are
insUficient data to vaidate sdection of any particular set of loading conditions and guiddines for
edimating input parameters, and cdlibration with case histories and model studies is required to obtain
more robust design guidelines. The approach adopted in this sudy was to select a single set of loading
conditions and guidelines for input parameters, and subsequently observe the ability of the BNWF
mode predictions to envelope the peak bending moments and pile cap displacement measured across a
suite of centrifuge tests.

Input parameters selected for the BNWF analyses were presented in detail by Brandenberg
(2005), and only a brief overview is presented herein. Properties of the p-y dementsin the dlay crust
layer were based on Matlock's (1970) relations for soft clay for Satic loading conditions. Matlock's
cyclic loading corrections were not used because they were caibrated for alarge number of loading
cycles (e.g., wind or wave loading) in sendtive clay soils, and are inaccurate and unconservative to use
in laterd spreading conditions. Properties of the p-y materids in the sand layers were based on the AP
(1993) rdations, and subsequently softened to account for the effects of liquefaction. Shaft friction was
represented using tz dements didributed aong the length of the piles, and end bearing was modeled
using ¢z eements at the tips of the piles. The pile foundations were therefore alowed to rock under
the imposed latera loads, as observed in the centrifuge tests. Vertica friction forces dong the sides of
the pile cap were modeled through t-z eements distributed along the length of the cap.

Latera spreading displacements were estimated using Newmark's (1965) diding block
procedure, and the ground displacement profile was sdected to match the characteridtic profile
observed in the centrifuge tests (e.g., Fig. 1). The displacement discontinuity between the clay crust and
underlying liquefiable sand layer was caused by the low-permesbility crust trapping water that was



flowing upward through the liquefidble sand. A high void raio zone formed in the sand immediately
beneath the crust due to void redigtribution (eg., Kulasngam et d., 2004). Inertia forces from the pile
caps and superstructures were imposed smultaneoudy with free-fidd lateral spreading displacements.
The sructural accelerations were estimated from equivalent linear Site response andyses of the soil

profiles.

Numerical Methods

The BNWF andyses were performed usng the open sysem for earthquake engineering
samulation (OpenSees) developed by the Pecific Earthquake Engineering Research (PEER) Center.
Fles were modeed as eadtic beam column dements with section properties that matched the model
piles. The pile cap was modded using siff beam column dements connecting the pile heads. Soil
sorings were modeled as zeroLength eements with PySimplel, TzZSimplel and QzSmplel materids
(Boulanger et d. 2003). The andyses were two-dimensiona, and the 2x3 pile group was modeled as a
1x3 pile group with the stiffness of the soil sorings and pile dements doubled. Soil displacements were
imposed using displacement patterns applied to the free-ends of the zeroLength py dements, and
inertia forces were modeled using load patterns applied to the pile cap nodes.

The andyses were conducted by first gpplying gravity loading using a verticd load pattern, and
subsequently imposing the horizontal displacement and inertia load patterns Smultaneoudy. Loads and
displacements were imposed incrementally using adtatic load control integrator, with the number of
increments required depending on the nonlinearity in the foundation response. Force convergence was
obtained when the norm of the displacement resduas was smdler than a specified tolerance. Pendlty
condraints were used to enforce the prescribed displacement boundary conditions.  Numbering of
nodal degrees of freedom was performed using a reverse Cuthill-McKee agorithm, and the system of
equations was solved using a Newton-Raphson agorithm.

BNWF Analysis Results

Comparison between the predicted and measured profiles of digplacements, bending moments
and subgrade reaction loads (p) are shown in Fig. 4. The pesk bending moment magnitude (-8838
kN-m) was measured at 2.7 meters below the ground surface (at the depth of the train gauge on the
pile nearest to the pile cap), where the predicted bending moment had an 11% larger magnitude (-9812
kN-m). The peak measured pile cap displacement was 0.48 m, while the predicted cap displacement
was 0.38 m (21% smaller). Predictions of pesk bending moments and pile cap displacements were
reasonable for this case, though the distributions of bending moment and pile displacement deviated
more sgnificantly from the observed response due to differences in the dynamic loading conditions
during the centrifuge test compared with the datic conditions in the anadyses. For example, large
upd ope subgrade reaction forces were observed in the centrifuge tests, while smal downdope subgrade
reaction forces were gpplied in the andyss. This caused a large predicted positive peak bending
moment at about 10 meters depth, while a much smdler positive pesk occurred in the centrifuge test.
Digributions of bending moment and pile disolacement may be important in some cases (e.g., less rebar
may be placed in drilled shafts at depths where bending moments are smdl). However, this paper
focuses on the peak bending moments and peak pile cap displacements.
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Figure 4: Results of BNWF andlysis of pile foundation from test SIBO3 for alarge Kobe mation.

Comparisons between the pesk predicted bending moments and pile cap displacements are
presented in Fig. 5 for 21 different ground motions from five centrifuge tests. Bending moments were
predicted quite well, with a coefficient of variation of about ¥4, and a dight over-prediction on average.
Pile cap displacements were reasonably predicted when large-diameter piles limited the pile cap
displacement to less than about 0.4 meters (i.e. for tests SIBO3, DDCO1 and DDCO02, al with 1.17-m
diameter piles), but predictions were congderably lower when smdl diameter piles permitted larger cap
displacements (i.e. for tests SIBO1 and PDS03, both with 0.73-m diameter piles). The primary reason
for this error is believed to be accumulation of cagp digplacement during repested loading cycles, cdled
cydlic ratcheting.
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Figure 5: Measured versus predicted bending moments and pile cap displacements.



Influence of Cyclic Ratcheting on Predicted Pile Cap Displacement

Cydlic ratcheting can be caused by axid falure of the piletips (i.e. plunging and/or pullout). The
influence of cydlic ratcheting was observed using BNWF analyses with various cyclic load paths instead
of the monatonic linear load paths used in previous sections. To isolate the effect of ratcheting caused
by ground displacements done, inertia forces were not applied. Gapping on the downd ope side of the
pile cap was modeled using bi-directiona p-y behavior on the pile cap, where the downd ope capacity
was equd to the passive force plus friction forces, while the updope capacity was equa only to the
friction forces. This configuration assumes that the gap remains open during shaking, as occurred during
the large mations in the centrifuge tests. A gx-pile group with 0.73-m diameter piles was used in the
andyses dnce cyclic racheting is suspected to contribute to the larger-than-predicted cap
displacements for the 0.73-m diameter pile groups.

Fig. 6a shows a comparison between the linear load path used in analysesin the previous
section, and a cyclic load path congsting of 5 %2 snusoidd cycles of 0.3-m trangent displacement
amplitude, and amonotonic bias such that the find displacement for the cyclic load path was 3 meters
(same asfor the monotonic load path). Axid falure (i.e. plunging and pullout) occurred & the piletips
because the capacities of the g-z dements were smdler than the axid demands caused by latera
loading. Fig. 6b shows pile cap displacement versus ground
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Figure 6: Comparison of cyclic load path and linear (monotonic) load path.

surface displacement. Cydlic raicheting is manifested as the gradud increase in pile cap displacement
accumulated during unloading and subsequent reloading.  The pile cap displacement was about 0.40
meters at the end of the linear load path, and was 0.45 meters at the end of the cyclic load path.

The cyclic load path andyses were repeated for different numbers of cycles (1.25, 5.25, 10.25,
15.25 and 20.25 cydles), different values of trandent displacement amplitude (0.1, 0.3, and 0.5 meters),
and also for cases where the axia capacity of the pile tips was large enough to prevent axid failure.
Find crust digplacement was 3 meters for dl cases. Fig. 7 shows the results of these analyses. For



gmall pile tip capacity, predicted cap displacement generdly increased as the number of loading cycles
increased, and as the trandent displacement amplitude increased. However, cap displacement
sometimes reached a threshold where more cycles or larger trandent diplacement amplitude did not
produce more pile cap disolacement. For the case where large axid pile tip capacity prevented falure
of the pile tips, the predicted cap displacements were about 0.23 meters and were independent of load
path. Hence, cydlic ratcheting affected pile groups whose piles failed in the axid mode at their tips, but
was not afactor when the tip capacity exceeded demand.
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Figure 7: Influence of number of loading cycdles, axid piletip capacity, and amplitude of transgent ground
displacement on accumulation of pile cap displacements.

Discussion

Measured peak pile cap displacements were about 50% to more than 100% larger than
displacements predicted using a linear displacement path in gatic BNWF andyses for tests with 0.73-m
diameter piles (PDS03 and SIBO1). Predicted cap displacements were up to about 30% larger when
cyclic displacement paths were imposed than when linear digplacement paths were imposed, hence
additiona factors must have contributed to the large measured cap displacements.  Structurd inertia
forces occurred smultaneoudy with ground displacements in the centrifuge tests, but inertia was omitted
from the BNWF analyses. Downdope inertia force cycles would increase cyclic cap displacements,
thereby adding to the ratcheting effect. Cyclic mobility behavior of the saturated sand layers caused by
dilatancy could also contribute to ratcheting behavior, but was not included in the BNWF analyses.

The sequence of base motions gpplied to the centrifuge modds imposed a large number of
loading cycles an the pile foundations compared with the number of cycles that occurred during any
single base motion done.  Shaking sequence was accommodated in the BNWF analyses by imposing
the totdl estimated ground digplacements (induding displacements from previous base motions). Hence,
comparison between the BNWF analyses and centrifuge tests are compatible. An dternative approach
would be to compare BNWF results with incremental displacements that occurred during each ground
moation. The influence of cyclic ratcheting on incrementd displacements might more reasonably capture
the influence expected for a sngle motion instead of a sequence of motions. However, incrementa



displacements depend on dress higory imposed on the foundations during previous earthquake
moations, which was not captured in the BNWF analyses. Comparing with total displacements was
deemed ampler and more straightforward than attempting to account for stress history in the BNWF
method and compare incrementa digplacements.

Conclusions

Monotonic beam on nonlinear Winkler foundation (BNWF) andyses, that utilized asingle st of
"daticdly-equivdent” loading conditions and input guidelines, reasonably predicted pesk bending
moments measured during a series of dynamic centrifuge tests. Bending moment was predicted with a
coefficient of variation of about %4, and was dightly over-predicted on average. Pile cap displacements
were predicted well when large-diameter piles were used to limit pile cap displacements to less than
about 0.4 meters throughout the series of smulated earthquakes. However, under-predictions of about
a factor of two were observed for tests where smaler-diameter piles (i.e. 0.73 m) permitted large pile
cap displacements. Cyclic ratcheting contributed to the digplacements in the centrifuge tests, but was
not modeled in the linear load paths used in the BNWF andyses. Additional BNWF analyses with
cyclic load paths demonstrated the mechanisms of cyclic raicheting.

Under-prediction of cgp displacement caused by cyclic ratcheting can be avoided by providing
aufficient axid capacity a the pile tips to ensure that the piles do not fail under the combined effects of
gravity loading, lateral loading, and any down-drag loads that might develop during liquefaction and
laterd spreading. Boulanger and Brandenberg (2004) used a neutral plane solution to show how pile
settlements caused by down-drag loads were smdl when axid failure was prevented. Brandenberg
(2005) performed a monotonic BNWF sengtivity study, and found that variations in axid capacity did
not sgnificantly affect predicted bending moments and cap displacements when the capacities were
large enough to prevent failure, but andyss results were senstive to axid capacity when falure did
occur & the pile tips. Preventing axid falure provides better pile group performance (smdler pile cap
displacements) and aso enables monotonic BNWF predictions to better envelope field conditions.
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