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SUMMARY

The impedance and transfer functions referred to the pile head are theoreti—
cally estimated in a wide range of parameters for both end bearing and floating
piles. The effects of the secondary displacements in vertical and horizontal
vibrations, the shear deformation of piles, the rotational resistance of the sur—
rounding soil layer, and the compressibility and flexibility of piles on the im—
pedance and transfer functions are clarified by a parametric study. Physically
approximate formulas of impedance functions are proposed in the explicit and
simple expressions corresponding to each problem parameter.

INTRODUCTION

It is necessary that the dynamic response of structures with pile founda-—
tions exposed to seismic excitation is predicted and estimated in consideration
of the soil-pile-structure interaction. In recent years, a significant amount of
work has been done on the dynamic behavior of single pile foundations by several
analytical approaches and simplified procedures. However, the dynamic charac—
teristics of floating piles in comparison with that of end bearing piles has not
yet been fully understood.

In this paper, the impedance and transfer functions, which play essentially
important roles in coupling to superstructures, are theoretically estimated in a
wide range of parameters for both end bearing and floating piles. A parametric
study is made to investigate mainly the effects of the secondary displacements in
vertical and horizontal vibrations, the shear deformation of piles, the rota-—
tional resistance of the surrounding soil layer, and the compressibility and
flexibility of piles on the impedance and transfer functions. Approximate for-—
mulas of the impedance functions are derived physically and consistently for the
static and dynamic cases. The accuracy of these formulas is investigated by com-—
parison with the exact results for a wide parametric range.

DESCRIPTIONS OF MODEL AND PARAMETRIC STUDY

The problem of a soil-pile system is sketched in Fig. 1. The analytical
model consists of a floating pile, its surrounding soil layer on a rigid bedrock
and a soil column beneath the pile tip. The pile is dealt with as elastic
Timoshenko's beam considered the shear deformation. Both the surrounding so41
layer and the soil column are dealt with as three-dimensional continua to be
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elastic, homogeneous and isotropic with the linear hysteretic damping. The govern-
ing equations of motion in vertical and horizontal y v ou
vibrations are based on the elastic wave propagation Tﬂ;///ﬁ:i

6

theory in cylindrical coordinates, as shown in Fig. 1.
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where the time factor exp(iwt) in the harmonic excitation is abbreviated for con-
venience. Wy and Uy are amplitudes of the uniform bedrock motion. Np and Qp are
the axial and shear forces, respectively, and MP is the bending moment. P p= mass
density, EP=Young's modulus, GP= shear modulus, Ap= cross-—sectional area, = mo-
ment of inertia of the cross section, and «= form factor for shear. Py, gH and
Py are the vertical, horizontal and rotational forces per unit length of the sur-
rounding soil layer acting on the pile circumference, respectively. The pile is
also subjected to the harmonic excitations NPL’ QPL and MPL at the pile head, and
N 0> QPQ and Mpy of the soil column at the pile tip. The authors have presented
tgeoretlcal sofhtions of Eqs. 1 by employing the finite Fourier-Hankel trans-
forms and the Fourier-Bessel integral (Refs. 1 and 2). This approach has such ad-
vantages that the solutions are involving the effect of the generalized Rayleigh
wave and the equations of boundary condition are expressed as the complex simul-
taneous linear equations without using integral equations. However, the above ex~
act resistances of the soil on the pile circumference and at the pile tip are
expressed in the implicit form in order to include the effect of the complicated
soil-pile interaction.

The impedance and transfer functions, which are of importance in predicting
the response of superstructures in consideration of the inertial and kinematic
interaction effects, respectively, are defined as [K] referred to the pile head
and [S] at the free pile head in the following forms.

{WG} (2)
Ug

Npy Kyy, 0, O WpL WpL Sve, ©
QrLp=| O , KHH, KHR| 4 UpPLp, UpLo=1 O , SHe
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where the coupling terms Kyr and Kpy are equal. K or S can be expressed as the
function consisting of ten parameters in the form:
Lp Ls Vp _Ap _Ip _Ep pp V

K or S = F(—=, =, —, TT_I‘?' Trr“;’ :E:PE’TE’ VHV.’ g, bl) (3)
where Vp=vEp/fyp, V= "¥/e, VV/VH=V221—V)7(1—2V , H=shear modulus of soil. p=so0il
density. gis the ratio of hysteretic damping for soil and defined in the form of
the complex shear modulus y¥*=y(142i£). b1=w/wH1 and the fundamental frequency of
the soil layer due to the distortional wave: wgp=nVy/ (2H).

A parametric study is performed with the numerical analysis. In the range of
problem parameters, a soft soil is considered, whereas Poisson's ratio v=1/3 to
0.479 (Vy/Vg=2.0 to 5.0), and the ratio of hysteretic damping £ =0.01 to 0.1. A
concrete pile with the solid circular cross section is considered, whereas
m=6(1+vP)/(7+6vP), Poisson's ratio vP=1/6 and E =2.1x105kg/cnﬁ. The density ratio
of pile to soil pp/o =4/3 typically. The velocity ratio of pile to soil, which
reflects the stiffness ratio of pile to soil EP/u, is widely selected to comprise
the stiffness existing in common surface stratum: i.e., VP/V =7.5 to 240. The
slenderness ratio of the pile Lp/r°=5 to 80, Ls/ro=5 to 80, and /Lpéz.
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APPROXIMATION OF SOIL RESISTANCES, IMPEDANGE AND TRANSFER FUNCTIONS

For the sake of a physical approximation of the impedance and transfer func-
tions, Egqs. 1 of motion must be solved in a simplified model. First, the effects
of the shear deformation of the pile and the rotational resistance on the im-
pedance functions are investigated. The ratio of the real parts of impedance
function by the rigorous method D to those by four different methods are shown
in Fig. 2, where Koy is the real part of impedance function at the rotational
free pile head. The effect of the shear deformation of the pile on the impedances
is con51derab1e as the soil becomes stiffer irrelevantly to the slenderness ratio
LP/r 25, The effect of the rotational force PM on the impedances is little except
Kgr SL)or the short- KHR/Kgy KHR/KHR © /kns xoﬂ/xoH
rigid pile, though - - . "

its effect on Kpy| |* i
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and at the plle (E:m ; " M neglected considered
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Fig. 2 Comparison of impedance functions by methods of

S, T, M and D at b,= 0.2
Second, the Winkler type medium is assumed for the soil in order to simplify

the vertical and horizontal resistances of the soil. That is

Py = Kiy(Wp — Ws); KGy = Kgy(1+2iE), Py = KEu(Up - Us); K&y = Kop(1+2iE) (4)

NPO‘ KSV(WPO—Wso)' K§y = Kgy(1+2iE), Qpo= K&y (Upg-Usg); K&y = Kgp(1+2ik)
where Koy* and Kop® are the local impedances and assumed to be constant along
depth, and Kqy* and Kgy* are the complex stiffnesses. Wg and Ug are the vertical
and horizonta total 1splacements of the soil layer, respectively, when the pile
is absent. The dynamic coefficients of the vertical and horizontal acting force

and ky, respectively, are derived from approximate solutions for a tentative
fYoatlng pile in a half medium. These solutions are obtained for the acting force
distributed along depth triangularly and uniformly by applying the dynamic
Kelvin's solution. An approximation of the average displacements and stresses W
and T in vertical loading ,and U and © 1n horizontal loading, respectively, at
the ground surface is performed under L /r %10 in the explicit form. That is
1) The case of the triangular distribution?
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= —-51(a.,H,“’(a,,) + boH,¥(by)} - —ﬂ{exp(—ia,) + exp(-ib,)}
+ —}—1- {(1+1a,)exp(—1a,) - (l+ibgy)exp(-ib,)} ; ap> 2
P

2) the case of the uniform dlstrlbut:.on.
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where Ay, A,, B; and B, are arbitrary constants. Ky=w/Vy, Ky=w/Vy, a_=Kyr,,
by=KyTos ag=Relps bp=KVL§, and Hy?) and H(2) are the Hankel functions of the
second king of order zero and one, respectively. When the pile length tends to
infinity, the above solutions and those for a plane strain case by Novak et al
(Ref. 3) for £=0 agree precisely in vertical vibration but are different in
horizontal vibration. Though the above solutions can not keep the circular condi-
tion on the pile circumference in horizontal vibration, those are available at
the lower frequencies. The dynamic coefficients of acting force are obtained, and
the local impedances for £§=0 can be expressed as follows:

ko o= -t Ta ool o.1% 9,

VT W+ W, H U,+ U,’
where Ay=By=L /H , Ay=Byo=1-L /H,, Lp is replaced by L, in Eqs. 5 and 6, and
Lo=min(LP,LC) and H0=min H,ch. iC is defined as the effective soil depth in the
static state and equal to the effective pile length given later. The static coef-
ficients of acting force obtained by Eqs. 7 can be predicted within 107 error ex-—
clusive of the extra short-rigid piles for both the end bearing and floating
piles by comparison with this exact result and with the other results for LS* °
(in Refs. 4 and 5). On the other hand, the static stiffness Kgy and Kgy for g=0
can be calibrated in the following forms from Kausel's expression for a rigid
circular foundation on a stratum over a rigid bedrock.

2.56ur, 2r Bur,

Ky = T-5 1+ ’ii)’ Ksh = 25 ®
The above simple expressions are valid for LS/rOES, then these error are the or-
der of 5% by comparison with this exact solution. Since the influence of Npo and
QEO on the dynamic impedance functions are small for the slender piles LP/roglo,
the dynamic stiffnesses are also estimated by Eqs. 8 approximately.

Koy = 2mrg-ky, Koy = mrg-ky (7)

By neglecting both the rotational inertia of the pile and the rotational
resistance of the soil on the pile circumference, and by assuming the pile tip to
be pinned for both end bearing and floating piles, Eqs. 1 of motion are solved in
the simple expression in consideration of Egs. 4 to 8. The approximate impedance
functions referred to the pile head are reduced to the following forms.

2
- 1 + nytanh(AyLp) AXHEpIp Dyy * 2 DHR * 2EpIp D
= 2 e— = 2A  e—— = .
Kiy = MEphrpapiatuke) = B, Kiin = BTy, Ki —Ef—ﬂ T (9)

where o=k V*7iEPA ) 3=7KCH¥7ZZE I5), Ay= Vo?-KpZ, Ay=vyB® -K; ' /4, Kp=uw/V

2 ¢ P ’ P H b ’ P
K =Kp/Ep7Ip, ny=kyEpkp/Ray*, n g=2iy Bplp/ (Rey*Lp) , ‘and ¢ =iy “EpTp/ (<Cpkp), which
are wholly characteristic parameters. Moreover, it is put beforehand that Xq=
AH/I+c, 12=XH/I—;, Sh=sinh(2AlLP), Ch=cosh(2A1LP), Si=sin(2x2LP), Co=cos(2A2LP).

1+2¢ 1-2¢ 142 25
Dy = [£==sh - Z"=Fsj +28 1-2¢ 2 Sh Si
K Nip i i] + nu[l* :Ch * oo + I:ET]’ Dyy = [Ch + Co] + nHXHLP[yzzg + 71:2]
Sh Si Ch Co (10)

_ 2t B . ¢ Sh si
oue = IR+ ) mlny - et rerds Pan = (On - ool el ge - ]

The characteristic parameters representing the pile behavior, oLp and gLp for
£ =0, can be classified into three categories: 1) a LﬁéO.B or gLp=0.5 for short-
rigid piles, 2) 0.3<aLp<3 or 0.5<BLp<3 for intermediate piles, 3) alp or B Lp=3
for long-compressible or -flexible piles. Then the effective pile Ilength ,
which is already defined with respect to Eqs. 7, is determined from o Lg=3 or
8 Lo=3 and LO=H0=LC with a few iterations. Meanwhile, the approximate transfer
functions are easily obtained by using the above approximate soil resistances.
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CHARACTERISTICS OF IMPEDANCE AND TRANSFER FUNCTIONS

The numerical results of the exact impedance functions for the floating pile
are shown in Fig. 3. Each curve of the impedance functions for Poisson's ratio
varies at the frequencies where the group velocity due to the Rayleigh wave is
minimum (first: b;=1.88, 1.98 and 2.07 for VV/VH=2.0, 2.5 and 5.0, respectively)
and zero (second: by=1.95, 2.31 and 2.81, and third: b1=4.93, 5.00 and 4.96 for
VV/VH=2.O, 2.5 and 5.0, respectively), and at the resonances of the soil layer
due to the distortional wave (b1=l, 3, 5, 7 and 9). The real parts have valleys
and the imaginary parts shift up stepwise at those frequencies. However, the
above tendency disappears for Kyy at the resonances of the soil layer due to the
dilatational wave (b1=2.0, 2.5 and 5.0 for VV/VH=2.0, 2.5 and 5.0, respectively)
except for the case of VV/VH=5.O and £=0.01. The influence of Poisson's ratio for
g 20.05 in vertical and horizontal vibrations almost focuses at the first and
second frequencies due to the Rayleigh wave, respectively.

The results of the exact impedance function Kpy and the approximate one Kyy*
for both the end bearing and floating piles are shown in Fig. 4 with frequency
whose scale is identical, i.e., the value in parentheses of a1=b ro/H. As the
pile approaches the long-flexible pile, KHH becomes independent of the soil depth
except the vicinity of resonance. As the pile approaches the short-rigid pile,
Ky is affected significantly by the behavior of the soil layer for the floating
p§§e in comparison with the end bearing pile. Such tendency appears similarly for
Kyy (in Ref. 5), Kyp and Kpp. In the low frequency range (Ref. 4), the proposed
approximate impedances are estimated as follows. The real part of the approximate
impedances can be predicted within 5% error for the end bearing piles in vertical
vibration and within 10%Z error for the others. However, the rotational impedance
Kpp® for the stocky pile is considerably underestimated, because this approxima-
tion neglects the rotational resistance of the soil. The imaginary part only oc-
curs due to the hysteretic damping of the soil and is roughly estimated with the
order of 10%Z error. The above result of Kyy* can be verified in Fig. 4. Above the
first resonance, both the real and imaginary parts of KHH* also nicely agree with
KHH for all piles, and such estimation holds good similarly for Kyy* (in Ref. 5),
Kyp* and Kpp¥*. The estimation for the plane strain case is also good except for
the long-compressible and -flexible piles. On the other hand, the exact and ap-
proximate amplitudes of transfer function are shown in Fig. 5. The transfer
functions have peaks at the resonances of soil layer due to the body waves, and
are scarcely affected by the Rayleigh wave. At the fundamental resonances, as the
pile approaches the short-rigid pile, ﬁVGlbecomes larger but ﬁHG|becomes smaller
in comparison with the corresponding free surface response, and ﬁRd depends on
|Sygk Such tendency becomes remarkable in vertical vibration. The approximate
transfer functions can be predicted satisfactorily at the lower frequencies.

CONCLUSIONS

In estimating the impedance and transfer functions, the authors can clarify
the effect of the problem parameters as follows. The influence of Poisson's ratio
in vertical and horizontal vibrations for £%0.05 almost focuses at the first and
second frequencies due to the Rayleigh wave, respectively. The characteristic
parameters, which depend on the coefficients of the soil resistance and pile
stiffness, represent three categories of the pile behavior, i.e., the impedance
functions for the long-compressible and -flexible piles are independent of the
soil depth and so on. The proposed approximate formulas are valid in practical
situation without much computational effort, and can play an auxiliary role in
the estimation of the impedance and transfer functionms.
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