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1. INTRODUCTION

The authors have been engaged in the investigation of seismic response charac-
teristics of pile-supported bridge structures. In the theoretical approach, they have
developed different methods of analyses; A beam analysis in a visco-elastic medium
[1,2], a finite element procedure [3,4} and a Green function method [5]). All of the
methods aim at evaluating the so-called pile head impedance functions and the asso-
ciated seismic driving forces at the footing elevation. With use of these quantities,
the component modes technique can be applied for the effective and efficient seismic
analysis of the whole soil-structure interaction system.

The grouped pile foundations are characterized by the so-called the grouping
effect due to the pile-soil-pile interaction. As stated in Refs.[1-5], in the case of
a small number of piles, the rigorous analysis may be taken, while in the case of a
large number of piles the approximate but effective procedure such as a ring-pile
concept [3] is more desirable from the computational point of view, Some simplifica-
tion may further be introduced to advantage for this aim, as proposed:in Ref.[2].

In this paper, the authors extended the preceding formulation for vertical piles
[1,2] to the battered piles analysis. Since the foundation for analysis has a large
number of piles, the ring-pile modeling is adopted with an equivalent independent soil
stiffness at ring-pile nodes. For the purpose of verifying these assumptions, thus
obtained results are compared with the earthquake observation data. The particular
points of investigation are placed on the structural responses when the battered piles
are used together with the vertical ones, and when the footing embedment is considered.

2. THEORETICAL FORMULATION

For the seismic analysis of a pile supported structure, the modeling is carried
out as outlined below: (1) Soils are horizontal layers of visco-elastic materials
with hysteretic damping whose properties remain constant within individual layer. (2)
The pile foundation is comprised of a group of vertical and battered straight piles
of circular cross sections, and a rigid body pile cap (or footing) into which pile
heads are jointed. (3) For evaluating the lateral soil reaction around piles and
footing, the infinetesimal thin layer or equivalently the plane strain assumption is
introduced. The soil reaction at the footing bottom is neglected since its contribu-
tion is so small. The interaction force between soil and piles is accounted for by
evaluating the soil sitffness as the inverse of the soil flexibility. A simple diago-
nalization as proposed in Ref.[2] is used for an efficient solution procedure. (4)
Piles are modeled by the mass distributed beam elements with hysteretic damping. (5)
The superstructure is discretized and formulated by the standard matrix structural
analysis procedure. The normal modes decomposition is presumed for this part for the
fixed base condition. (6) As for the seismic motion, the shear wave field is consi-
dered; therefore, the base input situation is dealt with. (7) For the seismic analysis
of the concerned soil-structure, the substructure technique is applied to advantage,
splitting it into soils, piles, footing and superstructure. The global interaction
behavior of piles and soil in their vicinity is approximated by the so-called ring-
pile formulation [2,3,4] which presumes limited Fourier harmonics expansion to express
the response variation of pile axes on concentric rings. (9) As an engineering
understanding, the pile head impedance functions and the associated driving forces,
which are frequency dependent, are evaluated, Because of this nature, the inertial
interaction analysis between the sub- and superstructures is carried out in the
frequency domain.
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3. Numerical Computation and Earthquake Observation

Concerning the earthquake response of grouped piles supporting bridge structure,
Ohira, Tazoh and Shimizu carried out earthquake observations during the period of
1981-1985 at a road bridge in Fujisawa, Kanagawa Prefecture, Japan. This bridge is
characterized by a three span continuous girder on medium height piers, as illustrated
in Fig.1. The connection of the pier No.6 is rigid with the girder and other pier
connections are movable along the bridge axis. Tlie site is an extremely soft alluvial
deposits of humus and silt, the average shear wave velocity being 57 m/sec, which lies
on a firm diluvium of the shear velocity more than 400 m/sec. The observation system
and the findings from it have been reported in detail in Ref.[6].

The structure for investigation herein is chosen as the above  bridge pier-
foundation system, Since the above earthquake observation is mainly addressed to the
pier No.6, the present analysis is also focused on its response. This foundation is
characterized by the battered outer piles together with the vertical centeral piles
along the bridge axis. Note that a half of the total 64 piles are battered by 10° from
the vertical.

Pier-Foundation Modeling: The structural model for theoretical analysis is depicted in
Fig. 2 and the soil condition used are indicated in Fig. 3. The soil profile is
idealized as a layered system which extends infinitely in the horizontal direction,
even if we consider the longitudinal behavior of the concerned bridge pier.  Although
the original grouped-pile foundation has equally spaced piles of 8 rows by 8 columns
in the plan view at the pile head elevation, the piles are rearranged as symmetric
piles with respect to x- and y-axes on 9 rings. The pier and footing part is repre-
sented by a descrete 5-mass system The top mass takes account of the 3-span continuous
mass together with the contribution from the top segment of the pier.

In order to execute the parametric studies, the authors adopted the following
four models, by changing the conditions of the footing and the piles: (1) All vertical
piles (referred to simply as vertical piles in the computation results) and footing
without embedment, (2) A mixed type of battered and vertical piles (simply referred to
as the battered piles in the computation results) and footing without embedment, (3)
All vertical piles and footing with embedment, and (4) A mixed type of battered and
vertical piles and footing with embedment.

Pile Head Impedance Functions: Fig. 4 shows the gross pile heads impedance functions
evaluated at the gravity center of the footing. The differences between the all
vertical piles foundation and the battered and vertical piles foundation are recog-
nized appreciably at the impedance functions for the rocking and strongly for its
cross degree—of-freedom(DOF) with the sway. The real part of the impedance function of
the battered and vertical piles results in a smaller value than that of the all
vertical piles foundation for the rocking motion in the whole frequency range. Regard-
ing the cross stiffness, we note that the battered and vertical piles foundation
yields a positive value in contrast to the negative value of the all vertical piles
foundation. This opposite sign in magnitude in battered piles implies the retrograde
motion in which the horizontal translation due to the rocking moment makes a reduction
of the horizontal movement due to the sway motion, diminishing the response at the
superstructure. The embedment effect of the footing only results in a small modifica-
tion of the impedance function for sway motion in the high frequency range.

Total Interaction for Seismic Motion: The response characteristics are interested with
the emphasis on the soil-strurcture interaction. Fig.5(a) depicts the frequency
responses for the case of the battered and vertical piles for a unit harmonic base
motion at the pile tips elevation. The first peak, being almost identical for both
footing and pier top, represntes the fundamental soil vibration mode (for vertical
shear waves) which yields the sway mode to the structure. The second peak reflects the
rocking mode of foundation due to the interaction with soils since we note that a
small response at footing and appreciable amplification at the pier top. The second
soil vibration mode, located at around this frequency works to increase the retoro-
grade rocking motion for the battered piles foundation and gives a significant
response reduction in horizontal motion at the footing elevation. In the figure, the
pier top response is also depicted for the almost fixed condition at its footing.
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Actually this condition is produced by multiplying the pile head impedance functions
by one thousand in magnitude. We note that the predominant peak around 2.6 Hz coin-
cides the superstructural fundamental mode in which the girder part sways with all
piers in a phase motion. This vibration mode disappears in the soil-structure inter-
action system. Rather, the trough at the footing elevation and the value nearby the
second peak at the pier top at the 2 Hz mean a great pier motion in the form of
rocking.

In case of all vertical piles, shown in Fig.5(b), the difference from the
battered piles is noted such as the bigger first peak and the more reduction of the
second peak. The former explains the greater input motion for the all vertical piles
foundation and the latter is due to the no presence of the retrograde motion as seen
in the battered piles foundation. In the higher frequency range, the repsonse of the
battered piles are greater than that of the all vertical piles foundation.

Since the earthquake observation data are available for the structure of the
present analysis, the comparison is made with the theoretical ones as the former being
the bench mark for the parametric discussion. Fig. .¢. shows the reponse amplification
against the base input which is obtained from the records of the Kanagawa-Yamanashi-
Kenzakai Earthquake on August 8, 1983. This is the biggest earhtquake among those
observed at the bridge and has the following properties: Magnitude = 6.0, Epicentral
distance = 42km, Epicentral depth = 20km, Maximum Acceleration at soil surface = 113.6
gal. The observed amplification is simply calcurated by dividing the Fourier trans-
form of observed accelerograms at fooing top and pier top by the value at -30min
soils, Concerning the piles, the battered analysis leads a good matching with the
observation. The all vertical piles analysis fails to give the response matching at
the second peak and the response features in the high freuqncy range as stated in the
above paragraph.

- The embedment effect is investigated by comparing the responses for foundations
with it and without it. Their comparison with the observation results indicates that
the consideration of the embedment, even under the present approxmate manner, explains
well the response characteristics in the freuqncy range of interest. The embedment of
the footing works for the increase of response at the second peak while for the
reduction in the high freuqncy range beyond this freugqncy. The former is understood as
the increase of the input motion due to the second soil vibration mode in favor of the
retrograde motion of the battered piles foundation and the latter is as the stiffness
effect for the foundation motion. The footing embedment changes the soil stiffness
that results in the shift of the soil-structure interaction mode toward lower
frequency range. The same trand holds also for the all vertical piles foundation.

4, CONCLUSION

The comparison of the analytical results with the earthquake observation data
confirms that the present method is very effective. The investigation is focused on
the effect of the battered piles and embedment of the footing on the superstructural
response. The battered piles motion is noted to be retrograde in which the rotational
motion of the foundation is to reduce the superstructural response due to the positive
interaction of sway and rocking modes in contrast to the vertical piles foundation
which is characterized by the prograde motion. Therefore, the modeling of the battered
piles by the equivalent vertical piles will be limited in the response prediction. The
embedment effect of the footing works first to amplify and then to reduce the response
of the soil-structure interaction as the frequency grows beyond the fundamental soil
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