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Seismic response analysis of grouped pile embedded foundation

by substructure method

Shin-ichiro Takano, Yuzuru Yasui & Hitoshi Maeno
Obayashi Corporation, Tokyo, Japan

ABSTRACT: Many structures constructed on soft soil are founded on grouped pile embedded foundation. For these
structures, it is important to take structure-pile-soil interaction into account. The object of this paper is to analyse three
dimensional structure-pile-soil interaction problem by substructure procedure. Frequency dependent impedances
(sliding, vertical and rocking) and foundation input motions are calculated to evaluate the effect of foundation embed-

ment and grouped pile.

1. INTRODUCTION

Many important structures founded on soft soil are sup-
ported on grouped pile embedded foundation. Dynamic
structure-pile-soil interaction must be taken into account
for this type of foundation. Some results have already
been presented for structure-pile-soil interaction effects
such as Waas-Hartmann([1]. The calculation method pre-
sented here is almost same as the one of Waas-Hartmann
except for using the alternative substructure procedure.
The total system is separated into structure sybsystem
and pile-soil subsystem. The pile-soil subsystem is esti-
mated as the frequency dependent impedance matrix,
and seismic input to the structure is evaluated as the fre-
quency dependent foundation input motion. This
method can not only evaluate soil-pile interaction but
also take the embedment of the foundation into account.
Adopting thin layer element method, layered soil can
also be taken into account.

Symmetric property is adopted to reduce the requied
storage and computational effort.

2. SUBSTRUCURE PROCEDURE

The total structure-pile-soil system can be separated to
three subsystems, that are structure subsystem, pile sub-
system and soil subsystem(Fig.1). Each subsystem is
evaluated by the following equilibrium equations.
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Where ny,ny and KXY (x,y=a,e,h,i)are stiffness
matrices of structure, pile and soil, respectively. The
suffices a, e, h and i present the degrees-of-freedom of
structure, structure-soil-interface, pile-caps and
piles(without pile-caps), respectively. U, (x=ag,h,i) is
the displacement vector of each node. P, (x=g,h,i) is the
action and reaction force vector generated by separation.
Following three forces are balanced at the pile-cap.

P, =P} +P} 4
In eq(3), UQ (x=e,h,i) and P? (x=e,h,i) are the
displacement Vector and the force vector of free field

subjected to seismic wave. Adding eq(2) and eq(3), the
equation of pile-soil subsystem is derived as follows.
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We define new suffix E as the degrees-of-freedom of

both structure-soil-interface and pile-cap. then eq(1) and
eq(5) are described as follows.
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In eq(8), the displacement vector of piles (without pile-

caps) Uj can be eliminated, and the stiffness matrix to be
condensed.

Pg =K% Ug - P¥ (11)
where
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Substituting eq(11) for eq(9), the motion-equation of the
structure considering pile-soil interaction is derived as
follows.
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where KEE presents the stiffness matrix of pile-soil
subsystem, and P¥ presents the driving force vector.
When the foundation can be considered rigid, the
impedance matrix K¢ and foundation input motion U,
are defined as follows.

Ke=TTKET (15)

. -1
Up=TT Kgﬁ) PR (16)

where T is rigid-body-motion influence matrix, and 7 is
transposed matrix of T.

3. CALCULATION OF STIFFNESS MATRIX

The stiffness matrix of each element is calculated as
follows. The pile stiffness is estimated by Timoshenko
beam theory. The stiffness matrix of the embedded soil
is calculated by subtracting the stiffness matrix of the
excavated soil evaluated by finite element method from
the stiffness matrix of free field (not excavated) soil
evaluated by thin layer element method(Fig.2). The
fundamental solutions (displacements derived by unit
load) used in thin layer element method are summarized
in Fig.3. Each solutions are derived by Waas et al[2] and
Kausel et al[3].

Stiffness of
embedded soil
| I (equal)
Free field soil
(thin layer element
method)
| (minus)
Excavated soil
L1 ] (finite element
method)
— H
_ hamnd
Fig.2 Stiffness of embedded soil
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Fig.3 Fundamental solution between two nodes

embedment effect of foundation and
grouped pile effect. Embedment of the
foundation is more effective for the
reduction of sliding input motion than
grouped pile.

5. CONCLUSIONS

A substructure procedure to analyze the
structure-pile-soil interaction problem
was presented. Sliding, vertical and
rocking impedance of grouped pile
embedded foundation can be evaluated in

4. RESULTS

Fig.4 shows the model cases of grouped pile foundation
on the uniform soil. Casel, 2 and 3 are grouped pile
foundations, and Case4 has no piles. Casel and Case4
are embedded foundations, Case2 and Case3 are surface
foundations, contacted and separated to soil,
respectively. S-wave velocity, Poisson ratio and unit
mass of soil are 300m/s, 0.45 and 2.0t/m3, respectively.
Shear modulus, Young coefficient and unit mass of piles
are 1.087x105t/m2, 2.5x108t/m2and 2.5t/m3respectively.
Fig.5, Fig6 and Fig7 shows sliding impedance, vertical
impedance and rocking impedance of the foundation,
respectively. In sliding impedance case, the embedment
effect of the foundation is larger than the grouped pile
effect. On the other hand, in vertical and rocking
impedance case, the grouped pile effect is larger than

this procedure. Also sliding and rotational input motion
in case that the foundation is subjected to vertically
incident SV-wave can be calculated in this procedure.
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