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UNDER DYNAMIC AND STATIC AXIAL LOADING
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ABSTRACT

Realistic time history simulation of drilled pier/pile-soylseem under dynamic
and static loading is essential for development of effective meaioce based
earthquake design of deep foundations. In this paper, we present the aesults
numerical simulation of a series of static and dynamic testdritbed piers that
were performed at UC Berkeley. We implemented a nonlinear smlkehbased

on multi-axial cyclic bounding surface plasticity within a gehérate element
framework OpenSees ©. The model requires a minimal number of paratheter
can be easily obtained through conventional site investigations. Thts refstiie
simulations show that the model can reasonably capture modulus reduation a
hysteretic damping, the nonlinear response of the soil, and the mailedaislie

for fully nonlinear analysis of soil-pile system under multi-diawal shaking.
Most importantly, the model does a good job of capturing the actual load
deformation curves obtained from the in-situ dynamic and static pier load tests.

Introduction

In the past, much effort has been devoted to the study of latggahsesof the pile-soil
systems, but very few studies have addres
their axial response. Yet, as schematice >
illustrated in Fig. 1, vertically propagated she
wave during an earthquake causes rocking of
structure, which subsequently induces vertit Structure
up-and-down axial movement of piles. Simili
phenomenon is also commonly experienced
oil platforms subjected to wave/storm loads.
particular, earthquake loading rate is about th
orders of magnitude greater than the rate
which the static pile capacity is based.
observed from a series of prototype pier lo
tests recently performed on UC Berkel
campus, stiffness and capacity of pile-s

Figure 1. Foundation-soil-structure system.
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system shows great dependence on rate of loading and soil propafdieg, (2005). Thus, for
earthquake design of pile foundations, proper consideration of loading rgigefomay have
important economic and safety implications (Ketftal 1981).

Due to the nonlinear transient nature of the system and high corapatagquirements,
to-date the application of nonlinear finite element analysis toptoblem has been limited.
Thus, an important aspect of numerical modeling is a soil modeistlstmple enough to be
computationally efficient, yet able to capture the cyclic sts#gin behavior. In particular, it is
essential to account for the modulus degradation and energy dissigadi@aateristics during
cyclic loadings, which depend on rate of loading and soil properties;oMemethe model should
have the potential to be used in three dimensional wave propagation afiouisddtion-
structure interaction analysis. In this paper, we present a nonpganodel implementation
based on multi-axial cyclic bounding surface plasticity and itelatabn through simulation of
field tests on prototype drilled piers subjected to static and dynamic axial loading

Constitutive Model for Cyclic Soil Response

Since early 1970's, many different nonlinear constitutive models lbbsbavior were
developed for various applications (see Zienkiewatzal 1999, Potts and Zdravkovic 1999,
2001). Motivated by the need for a smooth evolution of nonlinearity, Borja emesA1994)
proposed a bounding surface plasticity model, called multi-axial gyesticity model for cyclic
clay behavior, which has been effectively utilized total stressanalyses of seismic site
responses (e.g. Borja 1999a, 1999b, 2000; Rodriguez-Marek 2000). However, all thiesss pe
studies considered only small strain soil behavior. For example, dbdizad maximum shear
strain of soils in Borja (1999a) was only in an order of 0.2 %. To tHemitknowledge, this
type of model has not been used in the analysis of strongly kinelyatmapled problems, such
as the pile-soil-structure system.

The basic concept of bounding surface plasticity is that the@ psirely elastic region in
the stress-strain relationship, instead, the nonlinearity of theisaiiodelled by smoothly
transforming the tangential shear modulus from small strain motufudl plastic state through
a state dependent hardening modulus. A stress function, ballediing surface 3, is used to
specify the full plastic state. For clays under undrained conditionpdoeding surface is
assumed pressure independent, which is circular if viewed in the atevigtress plane
(7Tplane). The radius of the circle can be determined from the udtistieength parameter, such
as undrained shear stren@h The rate form of constitutive relationship can be written as

& =2G¢= zc;max(1+ :ﬁmj g 1)

whered' is the deviatoric stress aridis the deviatoric strain, with prime used here to denote
they aredeviatorictensorsG is tangential shear moduluS,,. is the maximum shear modulus
at small strain andi' is a hardening modulus depending on the position of current stress point.

Given a most recent stress reversal peitthe current deviatoric stressand its image



point 6 on the bounding surfacs, see Fig. 2(a), a dimensionless scalaran be defined to
measure the relative distance of these stress points

K=" (2)

Accordingly, the hardening modull$ is determined via a smooth functionxfOne example
of such a function can be chosen as the exponential form as the following

H' =hx™+H, (3)

in which h is a modulus parameter amd is a dimensionless scaldr, is the kinematic
hardening modulus for translation of the bounding surface in the stregs Eps worth pointing
out that contours of constahkt, termed ascontour surfacef in short, are also circular in
7Tplane, as shown in Fig. 2(a). Using Eq. (3), the soil behaves instantgnelassic around
stress reversal point (i.éd' - © and G - G, as 6 - 6,), and transits asymptotically
towards fully plastic stage on the bounding surface (wHefeH, ). The exponential parameters

h and m control the rate of shear modulus degradation, and they can be detkbyicerve
fitting the measured modulus degradation curve.

Identification of loading/unloading is critical for the cyclic tex@al model. As interpreted
geometrically in Fig. 2(b), the soil is undergoif@ading if the deviatoric strain increment
¢ points outward from the contour surfage; unloadingif £ points inward; and neutral

loading if & is tangential tog. The criterion can be expressed by inner product (double
contraction) of £ and the out normal tensorof # as the following

>0, loading
x=n:£{=0, neutralloadin( (4)
<0, unloading

Once the unloading is identified, all previogssurfaces dissolve. Stress reversal poiis

updated to the new stress unloading point (which coincidesawitipon just unloading), and
new ¢ surfaces for constant hardening modutlisare re-centered about the new position to
interpolate the subsequeloading process. Fig. 2(c) illustrates a complete loading-unloading-
reloading response.

In summary, the model requires minimal parameters that carsihe @aibrated through
a conventional field investigation, and the model can capture most imipasjgect of dynamic
simulation, namely, the modulus reduction and energy dissipation. The rendedmaethods to
calibrate model parameters are listed in Table 1.
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Figure 2. Cyclic soil model (a) bounding surface mapping rule (b) loading/unloadimgorite
(c) loading-unloading and reloading response.

Table 1. Determination of Model Parameters.

Model Parameters Calibration Methods
Grnax Compute from shear wave velocity profif@ma, = 2 V&
Elastic Parameters
v Poisson’s ratio
Strength Parameter S From unconfined compression test or SPT correlation
h, m Fit modulus reduction curves

Hardening Parameters

H0 Fit tangential shear modulus at large strain




Simulation of Axial Pier Response

The above constitutive relationship was implemented in OpenSees© dieeent
framework in order to simulate a series of full-scale loath tes drilled piers. The test site is
located at south of University of California Berkeley campus, anghigly underlain by hard to
very stiff sandy clay, medium dense sandy silt and dense clagydy All test piers were cast-in-
place concrete piers, with dimension of 20 ~ 30 ft (6.1 ~ 9.1 m) long and3@4nches (0.61~
0.76 m) in diameter. A sequence of dynamic impacts, designed to be about 200 millisacbnds e
in duration, was applied on the pier head. After the dynamic PLT d&sic tension or
compression tests were also performed to evaluate the effledofig rate. The details of the
drilled pier design, installation, and load tests protocol are presented by Kasateartd(®6).

For clarity we present here the test and numerical resuttslypbne of the test piers. The
pier is 19 feet (5.8 m) long, 2.5 feet (0.67 m) in diameter. The pieffiveh loaded dynamically
using the PLT device and the dynamic test was followed by & statnpression test. The
recorded pier head displacement vs. applied axial load for the dyrRliicand static
compression tests is plotted in Fig. 3(a). To allow for better cosgma each PLT cycle and the
static curve are re-plotted from the same origin in Fig. 3(b). ddta show that the dynamic
load-displacement curve has initial stiffness about twice as much ad thatstatic curve, and it
also has higher ultimate strength. The difference between dyraardistatic response can be
attributed to rate effect of the pile-soil system. Nonlinead-daplacement relationship is

pronounced in this plot, and the stiffness of the pile-soil systenpendent on applied load or
strain level.
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Fiaure 3. Dvnamic PLT and static compressior

Due to symmetry of the problem, only one half of the soil-pier cseston was meshed
using axisymmetric bilinear element. The finite element mslsbwn in Fig. 4, extends to 40
feet (12.2 m) in depth and 20 feet (6.1 m) in length. The base of thasmasistrained and only



vertical movement is allowed along the right side of the sinmratiomain and the axis of
symmetry (the left side). The size of the mesh was regappbpriate for the problem after
mesh sensitivity analysis.

Traditionally, frictional contact can be placed along pier-soilriate to allow for
slippage between pairs of pier and soil elements. However, fieldvabisas reveal that the
failure surface of cast-in-place concrete piers does not occuhexathe material interface, but
some distance into the surrounding soil. Instead of utilizing adlifmntact elements, the pier
and soil elements were assumed perfectly bonded in the analysentpe here. Interface
behavior was modeled as plastic yielding through a thin layer of nankod elements adjacent
to the pier shaft. To minimize the bias due to element size, fwerymesh was used in that
region.

Important for ensuing analysis, the initial in-situ stressesttiould be properly
developed. A staged loading process was designed to enforce inestistate of soil elements:
The soil elements were initially assumed to be linearlytielagith Poisson's ratio determined by
v=K,/(1+K,), whereK,is the coefficient of earth pressure, approximately 0.5 for normally

consolidated clays. After vertical consolidation under self-weightgénerate the desired
Ko profile, the soil elements were allowed to behave nonlinearly.

The concrete pier was assumed to be linearly elastic. Thecetasdulus was assumed
20 GPa, with Poisson’s ratio v=0.1 and dengi#x 10 kg/mi. Based on sample test from the

site, the soil density was taken As 2x10 kg/m? and Possion’s ratiy = 0.4, SASW (Spectral
Analysis of Surface Waves) measured the average shear \esl¥citi 289 m/s over the pier

length, so the small strain shear moduBss, = 0 V) =1.67x 10 kP: was computed using this

measured value. The undrained shear stren§th rofile was estimated from unconfined

compression (UC) test, as shown in Fig. 5. The shear strength gluodiles fairly high strength
of the soll close to the surface, indicating that the soil is yeersolidated at the top. The high
OCR (Over-Consolidation Ratio) may be attributed to desiccation anddinf of overburden
pressure during deep excavation when the test site was construxzt@ctolint for loading rate
effect, §, profile used in dynamic case was chosen to be slightly higher than the static case.

The soil modulus reduction and damping factors during cyclic loadingshdlepe a
number of factors including: the amplitude of cyclic strain developethe soil, as well as
plasticity index (P1), void ratio, overconsolidation ratio (OCR), confining pressemdncy and
shape of the cyclic loading-time history etc. For cohesive sbisplasticity index (Pl) has an
important influence on the modulus reduction curves (Vucetic and Dobry 19ah)ingteasing
shear strain, clays of higher plasticity indices tend to behave elastically than low PI soils,
resulting in slower rate of modulus reduction and lower damping ratiolaBy, the modulus of
sands reduces much faster than that of clays, and the dampingraamdls is generally larger.
Recent experimental investigations also reveal significant dependence ahthaf the modulus
reduction curve on the applied strain rate. Due to the rate effecdmuly and static modulus
reduction curves can be quite distinctive especially at small strainss$ueshas been examined
through comparisons of monotonic and cyclic laboratory tests at vastyeig rate (LoPrestet



al. 1996; Shibuyat al 1996). Based on the experiments, the maximum modulus at small strains
is not significantly influenced by the imposed strain rate. On ther ¢tand, the elastic threshold
strain is influenced by the strain rate, increasing with inocrgastrain rate. Beyond the elastic
threshold strain, the moduli degrade at much faster rate under monloadicg than under
dynamic loading.

.

15 F

3
Y
F £ og
o
o
25 F
48
¥ ! »l
\\ 4-10
35 o UCTest \\
—— FEM Static \
= = FEM Dynamic Nl
3:}7 . ,J}fE 40o 1000 2000 3000 4000 5000
Su (psf)
Figure 4. FEM mesh Figurpafige

Since the shear modulus reduction curve is rate dependent, differamtepens for the
static case and dynamic case are used, such that the ratecaffdbe considered explicitly. As
described before, two hardening parameter@ndm, are used to adjust the shape of the cyclic
curves and they can be fitted through the modulus reduction curve of various soil types. Although
it is most appropriate to determine the modulus reduction curve oe-gpsitific basis, with
limited site information, the hardening parameteendm are chosen to fit the low PI range of
Vucetic and Dobry (1991) curves in the dynamic simulation. For the stadlysis, we back
calculate a static modulus reduction curve, which degrades faateitite dynamic curve. The
difference is consistent with that observed in the laboratory fEsésmodulus reduction curves
used in the analyses are shown in Fig. 6, with the Vucetic and Did8¢)(curves for PI=0, 15,
30 shown in dashed lines.

Table 2 summarizes soil parameters used for dynamic andastatises. In the dynamic
analyses, very small viscous damping was also used to controktht aad the time step was
chosenAt =0.005se. The predicted PLT curves for pier head displacement versus apaied |

history are shown in Fig. 7(a), with recorded data in dashed linesrguarison. The plot shows



that the dynamic stiffness of pier-soil system during loading/umgadithe residual
displacements, and energy dissipation for all nine cycles cammgated reasonably well. The
overall strength envelope, which encompasses all these cyclic loopsy Ghiisels the observed
load displacement loops. It should be noted that during the test, thecomgderable rebound
at the end of each PLT loop, which cannot be adequately simulated. ckheflaebound
accumulates to produce the apparently larger predicted total fedidpacement (0.7 inches
predicted against 0.5 inches measured).

Table 2. Soil Parameters.
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Figure 6. Modulus Reduction Curves

As described previously, the static compression test was perfaftezdthe PLT test.
Thus, the PLT load history, i.e. the influence of residual displaceamehstress condition, had
to be properly taken into account in the finite element analysis. Inaiir abalysis, the pier was
first loaded and unloaded to generate the desired residual displac&heepter was then loaded
again and the prediction was compared with the measured data. Figredbnts the simulated
pier head load displacement response using static soil propertieabl@ 2. The prediction
matches the test data very well for both total response and endgbeamponent. The
compressive load distribution in pier can also be calculated througratite of stresses over
Gauss points, as shown in Fig.7 (c). The slope of the distribution cumesponds to the shear
stress of the soil mobilized along the shaft. The deformed megnifired by a factor of 10) at
the peak static load can be seen in Fig. 7(d). Although no specifaet@lement was used in
this model, the resolution of strain localization is sharp. It is also worth megitmat, although
the displacement gradient is highly concentrated close to the #i@finaximum shear strain
developed in these elements reaches only about 3%.

Conclusions
Rate effect of cyclic loading can lead up to 100% increasefinests and 40% increase

in capacity of a pier-soil system compared to the static loadliimg nonlinear finite element and
cyclic soil model we developed has successfully captured theqgiiesystem stiffness, capacity



and energy dissipation through simulation of a prototype pier under dym@ahistatic axial
loading tests. The general performance of the model is robust awhabdy fast. For example,
the total run time was approximately 12 minutes for a full arsalysnsisting of 789 elements
and 540 time steps on a personal computer (Pentium IV 2G Hz CPUpomheear cyclic soll
model has been implemented in an open source finite element fram@mekSees), and it

shows great promise for future use in three-dimensional fully coupdatinear soil-structure
analyses.
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