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1 INTRODUCTION

It is known that during a strong earthquake, the
dynamic behavior of a group-pile foundation is
not only related to the inertial force come from
the superstructures but also to the deformation
of the surrounding ground. During the
Hyogoken-Nanbu earthquake, it is found from
field observations (Horikoshi et al., 1996) that
even in the absence of a superstructure, piles
failed because of the deformation of the sur-
rounding ground. The moments developed due
to the deformation of ground are usually re-
ferred to as kinematic moments.

On the other hand, dealing with a full system,
which consists of superstructures, a foundation
and a ground, in a numerical dynamic analysis
in time domain is usually thought to be effec-
tive and executable nowadays when the nonlin-
earity of the superstructure, the piles and the
soils is considered. A few studies have been
done in this field through both experiments and
numerical analyses. Murono et al. (1997) con-
ducted a dynamic model test on a structure-

foundation-ground system to investigate the
seismic behavior of group-pile foundation.
Zhang et al. (2000) simulated numerically a
field test of a real-scale 9-pile foundation sub-
jected to lateral cyclic loading up to ultimate
state with a 3-D elastoplastic finite element
analysis, considering the influence of different
constitutive models adopted for soils. Kimura
and Zhang (2000) conducted a series of static
and dynamic 3-D elastoplastic finite element
analyses on a simplified sway-rocking model
(S-R model) and on a full system to investigate
the dynamic behavior of group-pile foundation
during earthquake. It is, however, well known
that the bending strength and the load-sharing
ratio of the piles in a pile group are totally dif-
ferent in different position, e.g. front, back and
middle position, when subjected to lateral load-
ings. In aforementioned works, a very important
fact, that is, the influence of axial force on the
stiffness and the bending strength of RC piles
that greatly affects the nonlinearity of piles, is
neglected. The reason why the influence of ax-
ial force was not considered is that it is difficult
to model the influence under cyclic loading



condition within the framework of common
beam theory.

In structural engineering, a few axial-force
dependent nonlinear models for RC material
have been proposed. Among them, the multi-
spring model and the fiber model (Lai et al.,
1984; Li and Kubo, 1999) are rather popular.
The equilibrium equations of these models are
established in a strong form, that is, differential
equations of structural analysis. For this reason,
by introducing a new weak form of the equilib-
rium equation for beams (Zhang et al., 2000),
the interaction between the bending moment
and the axial force can be properly evaluated
under generalized loading conditions. In calcu-
lating the stiffness matrix of a RC beam, the
concept of the discretization of RC material
proposed by Li and Kubo (1999) is introduced
to the new beam theory proposed in this paper
in which the compatibility of deformation is
satisfied.

As to the nonlinearity of soil, it is known that
in order to simulate the mechanical behavior of
soils under generalized stress condition, a so-
phisticated constitutive model is usually neces-
sary, which often means that the determination
of a few parameters based on laboratory tests
and in situ measurements is needed. For this
reason, a kinematic hardening elastoplastic con-
stitutive model using the concept of subloading,
known as tij subloading model (Chowdhury et
al., 1999), is adopted for soils in the 3-D dy-
namic analysis conducted in this paper.

The purpose of the paper is to provide an ac-
curate numerical method of evaluating the dy-
namic behavior of a group-pile foundation
based on 3-D finite element analysis for a su-
perstructure-foundation-ground  system, in
which the nonlinearity of a pile is described by
the axial-force dependent model and soils are
described with the tij subloading model.

2 NONLINEARITY OF RC MATERIAL
AND SOIL

2.1 New beam theory considering the axial-
force dependency

In this paper, the derivation of the new beam
model considering the axial-force dependency
and taking a weak form of the equilibrium

equation for a beam, which satisfies the com-
patibility of the deformation, is given in detail.
For abbreviation, the model is called as axial-
force dependent model (AFD model). In the
model, the plane-section assumption is still kept
valid and the stress-strain relations of rein-
forcement and concrete are shown in Figure 1.

v. =08 =08 O
y=0001

v.=05A=05
p=d, =4 o,

Crack-closing effect YO |-,
&=0.58,, 6,055 Pl
. ol

8o Maximum terssile strain

(b) Concrete

Figure 1 Nonlinear properties of reinforce-
ment and concrete”

€4, the strain at a arbitrary point P(x,y) at the
sectional plane of a beam, can be divided into
three parts, that is, the bending ¢; strain due to
M., the bending &, strain due to M, and axial
strain &y due to axial force, as shown in follow-
ing equation,
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The virtual energy stored in the beam element
due to a virtual strain can be expressed as,

U = fffo, de,dv

- s} g {aY FHraf Takv-b) ©)

On the other hand, virtual energy W brought
about by the external force due to a virtual dis-
placement, is W={d&}"{F}. Therefore, the vir-
tual energy theory (W=U) can be obtained as

Fl-e Uf P Fef v b -[K1 6} (6)

where [K]is the stiffness matrix of the beam
element and can be rewritten as :
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In the classical beam theory, [] is defined by
Equation 9 in which the influence on the M-@
relation due to the axial force is not consid-
ered, namely,
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Based on Equations 8 and 9, [/] can be rewrit-
ten as

[r]=[n,]+[r,] (10)

where [I;]is evaluated by the following equa-
tion:
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[I2] is the newly added item which takes into
consideration the influence on the M- @ relation
due to the axial force. Based on the above equa-
tions, [K] can be expressed as
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The integration in Equation 14 can be evalu-
ated by discretizing area A into N small areas 4;
and taking the sum as

EI, = (fE-x*-dA =§1E,-xi2Ai . (15)

As to the discretization of the RC circular sec-
tion, it is discretized to m-concentric rings with
equal thickness of r=r;-ri.;=R/m, as shown in
Figure 2. Each ring is divided again into &j-4
elements for the j-th ring (j=1,2...m). It makes a
total of 4m° divided elements with equal areas
of a=8R%/4m*. The elements of the j-th ring are
located on the circumference with radius.

In order to confirm the validity of AFD model
proposed in this paper, a cantilever with a cir-
cular section, whose material parameters are
listed in Table 1, subject to monotonic and cy-
clic loads, is calculated with a finite element
beam analysis based on the proposed theory.
The cantilever considered here is an RC mate-
rial with a length of 8 m and a diameter of 1.2
m. In the calculations, the cantilever is simu-
lated with eleven beam elements and the circu-
lar section is divided into 100 elements in the



form as shown in Figure 2. Monotonic and cy-
clic axial and/or bending loads are applied at
the top of the cantilever. It is found from the
analysis that the axial-force dependent M- @ re-
lation is well simulated under monotonic and
cyclic loading conditions, as shown in Figures 3
and 4.
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Figure 2 Discretization of a circular section
of RC pile
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Figure 3 Nonlinear behaviors of Cantilever I

under monotonic loading

Table 1 Parameters of RC cantilever
Compressive strength of concrete : 0.=36.0 MPa
Tensile strength of concrete : 6,=3.0 MPa
Young’s modulus of concrete: E.=2.5 X 10* MPa
Young’s modulus of steel: E;=2.1X 10°MPa
Yielding strength of steel: 5,=3.8 X 10° MPa
reinforcement: $29 X 24
Overburden of reinforcement: 15 cm
Diameter: 120 cm

2.2 Nonlinear properties of soils

Nakai and Matsuoka (1986) proposed tij clay
model based on the concept of SMP (spatially
mobilized plane), in which the influence of the
intermediate principal stress can be properly
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Figure 4 Nonlinear behavior of Cantilever I
under cyclic loading

evaluated. The model has been verified through
many true triaxial tests on normally consoli-
dated clay in generalized stress paths. Chowd-
hury et al. (1999) extended the tij clay model to
a kinematic model using the concept of
subloading so that it not only can describe a
monotonic loading but also a cyclic loading.
The model can describe the stress-strain-
dilatancy relation of soft clay well in monotonic
and cyclic loadings. The model consists of
seven parameters that can be determined with
conventional triaxial compression tests. De-
tailed discussion about how to determine these
parameters can be referred to corresponding
reference.

3 SIMULATION OF DYNAMIC BEHAVIOR

OF AN ELEVATED BRIDGE WITH A
GROUP-PILE FOUNDATION

Based on the constitutive models for soils and
RC material discussed in sections 2, an elevated
highway bridge with a group-pile foundation is



considered in a seismic evaluation. The bridge
is supported by a group-pile foundation made of
3 x4 cast-in-place reinforced concrete piles, 1.2
meters in diameter (D) and 30 meters in length,
as shown in Figure 5. The distance between the
centers of the two piles is 2.5 D. The ground is
composed of five layers. The surface layer of
the ground is a sandy reclaimed soil, followed
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l * . 10.0 -
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Figure 5 Geometry of the elevated highway
bridge

by a very soft alluvial clayed layer, 10 meter in
thickness, with a small N value for SPT. The
third layer is also alluvial clayed soil and fourth
layer is an alluvial sandy soil. The pile group is
laid on fifth layer, diluvial gravel. The bottom
layer of the ground is supposed to be an elastic
material in the numerical analysis. Figure 6
shows the setup of the group-pile foundation

and the geologic profile of the ground. In the

figure, b; ~b;i> represent the numbers of the
beam elements whose results are discussed in
detail.

A dynamic analysis of the elevated highway
bridge using a full system is conducted to simu-
late the mechanical behavior in a major earth-
quake. A direct integration method of New-
mark-g is adopted. The finite element mesh for
the ground is shown in Figure 7. Figure 8
shows the input earthquake wave used in the
analysis, which is an earthquake wave recorded
in Port-island of Kobe during the Hyogoken-
Nanbu earthquake in Japan. It has a maximum
acceleration of 687 gal in a horizontal direction.
A Rayleigh type of damping is adopted and the
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Figure 6 Setup of group-pile foundation and
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Figure 8 Input earthquake wave

damping factors of the structures and the
ground are assumed as 2%, in the dynamic
analysis of a full system. Although the stiffness
of the ground, the piles, and the pier may
change because of the nonlinearity of these
materials, the viscous matrix calculated from
the Rayleigh type of damp is assumed to be
constant irrespective of the changes in the
stiffness matrix. .

In calculating the viscous matrix, an eigen-
value analysis for the full system is conducted
to evaluate the first two eigenvalues. The ei-



genvalue analysis shows that the first two eigen
periods are 1.155 and 1.067 sec., respectively.
The eigenvalue analysis is conducted with a
hybrid of Jacobian and subspace methods. In
the dynamic analysis, the time interval of the
integration is 0.01 sec.

Table 2 Parameters of pile
Compressive strength of concrete : 0,=2.4 X10°kPa
Tensile strength of concrete : 0,=3.5 X 10° kPa
Young’s modulus of concrete: E.=3.0 X 10’ kPa

scribed by D-P model and their values are listed
in Table 3(b).

Yielding strength of steel: 0,=3.0 X 10° kPa
Arrangement of the reinforcement:
Part A (0.00-2.40): main: ¢29 X 28, hoop: $16 ctc 150, OB:15 cm
Part B (2.40-10.0): main: $29 X 28, hoop: $16 ctc 300, OB: 15 cm
Part C (10.0-30.0): main: ¢29 X 14, hoop: ¢16 ctc 300, OB: 15 cm
OB: Overburden of reinforcement; ctc: center-to-center distance

The parameters of the piles described by ADF
model are listed in Table 2. Because the pa-
rameters involved in tij subloading model
should be evaluated by laboratory tests which
are not available in present cases, these values
are estimated with the N value of SPT in such a
way that the initial stiffness for tij subloading
model and D-P model is the same in small
strain level and that the shear stress ratio g/o’,
at critical state for both models is the same, if
noticing the fact that four parameters involved
in D-P model can be easily determined with the
N value of SPT (Zhang et al., 2000). The corre-
sponding values of the parameters of tijj
subloading model for clays are listed in Table
3(a). The sandy soils of the.ground are de-
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Figure 9 Distribution of shear strain in ground
at different positions

Figure 9 shows the distribution of the maxi-

mum difference of shear strain (e - €5

occurred at different positions. It can be seen
that the shear strains of the soils between the
piles (soils of Column 1 and Column 2) are al-
most the same as those at far field (30 m away
from the footing). While the shear strain of the
soils in front of the piles are much larger than
the others, showing that large shear strains oc-
cur at the interface between the soil and outside
piles of a pile group. The soils within the piles,
however, behave in the same way as the soils at
far field.
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Figure 10 Distribution of sectional forces of group piles when t = 3.10 second



Table 3 Material parameters of the ground

(a) Clays described by tij subloading model
Soit Ny (kN/m’) A Kk ¢(C ) a X k e v
Acl 2 170  0.0553 0.0081 346 10 03 50 088 042
Ac2 8 18.0  0.0088 0.0017 346 1.0 03 50 088 0.40

(b) Sandy soils described by D-P model
Soil N y(kN/m)E (MPa) v K; c(KPa) ¢( )
B 4 18.0 10 030 1.00 0.0 23
Asl 16 19.0 40 0.30 0.50 0.0 35
Dg 50 20.0 125  0.30 0.50 elastic elastic

Figure 10 shows the distribution of the sec-
tional forces in the piles at the time of 3.1 sec-
ond when the ground deforms in the left direc-
tion. In the figure, the sectional forces M, N and
S are normalized with the maximum values of
- Mmax, Nmax and Spax 1espectively. In this case,
Pile 1 is a front pile and Pile 4 is a back pile.
Due to the different axial force happened in Pile
1 to Pile 4, the distributions of the bending
moments and the shear forces in different piles
are quite different and show a very clear ten-
dency, that is, the larger the axial force is, the
larger the bending moment and shear force will
be. In the figure, the distributions of the sec-
tional forces are unified by dividing the corre-
sponding maximum forces as shown in figure.
It is known from the calculation that the differ-
ence of the maximum bending moment in four
piles, which occurs at the heads of piles, is
about 30 %. While the difference of the maxi-
mum shear force is about 150 %.

Figure 11 shows the load sharing ratios of the
piles at the depths of 5 m, 7 m and 15 m. In the
figure, the sectional forces N and S are normal-
ized with the maximum values of Npax and Spax
respectively. It is clear that the shear force in
the piles changes with the axial force in seismic
loading in all depths.

From Figures 10~11, it can be concluded that
the phenomenon that the bending strength and
the load-sharing ratio of the piles in a pile
group subjected to lateral loading can be prop-
erly simulated with the analysis.

4 CONCLUSIONS

Based on the AFD model that can properly de-
scribe the axial-force dependency of RC mate-
rials, a series of three-dimensional elastoplastic
finite element dynamic analyses are conducted
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Figure 11 Load sharing ratio of group piles

on a superstructure-foundation-ground system.
The conclusion can be given as follow:

The AFD model for the M-® relation of RC
material is proposed based on a new weak form

‘of the equilibrium equation for RC material. It

can be applied to finite element analyses and
satisfies the compatibility of deformation.

The AFD model can well simulate the axial-
force dependency of RC materials under mono-
tonic and cyclic loadings. By introducing the -
AFD model for RC material, the difference
among the distribution in bending moments of
front, back and middle piles in a group-pile
foundation subjected to seismic loading can be
well simulated. Without using the model, it is
impossible to simulate well the difference
aforementioned.

Large moment not only occurs at the head of
piles, usually caused by the inertial force from
the upper structure, but also within the ground.
Therefore, it is worth emphasizing that the in-
fluence of the deformation of a ground on the
piles must be considered carefully.

The validity of the numerical analyses pro-
posed in this paper, by which the dynamic be-
haviors of a group-pile foundation is predicted,
should be verified with model tests or centri-
fuge tests in future research.
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3-D DYNAMIC FINITE ELEMENT ANALYSIS ON GROUP-PILE FOUNDA-
TION BASED ON AN AXIAL-FORCE DEPENDENT MODEL FOR RC

Feng ZHANG, Makoto KIMURA & Chihwei LU

It is commonly known that the dynamic behavior of a group-pile foundation is not only related to its
own mechanical properties, but also to the upper structure supported by the foundation, and to the sur-
rounding ground. The most important thing in the dynamic analysis of a full system that consists of su-
perstructures, a foundation and a ground, however, is that the individual nonlinear behavior of soils
and piles should be properly evaluated. In this paper, a new beam theory is proposed for reinforced
concrete material (RC material). The theory is based on a weak form in which the axial-force depend-
ency in the nonlinear moment-curvature relation is considered. Its validity is verified by experimental
result RC cantilever beam. Then, a highway bridge with a 12-pile foundation is analyzed using a three-
dimensional elastoplastic finite element analysis (DGPILE-3D). The piles are cast-in-place reinforced
concrete pile and have a diameter of 1.2 m. Meanwhile, the ground soils are simulated with tij
subloading model in which the concepts of the kinematic hardening and subloading are adopted. The
purpose of the paper is to provide an accurate numerical way of evaluating the dynamic behavior of a

pile foundation in earthquake.



