View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Missouri University of Science and Technology (Missouri S&T): Scholars' Mine

MISSOURI
s Missouri University of Science and Technology

Scholars' Mine

International Conferences on Recent Advances 1981 - First International Conference on Recent
in Geotechnical Earthquake Engineering and Advances in Geotechnical Earthquake
Soil Dynamics Engineering & Soil Dynamics

29 Apr 1981, 9:00 am - 12:30 pm

Soil-Pile Interaction in Vertical Vibration

Y. Gyoten
Kobe University, Japan

K. Mizuhata
Kobe University, Japan

T. Fukusumi
Kobe University, Japan

H. Nozoe
Kobe University, Japan

T. Inoue
Kobe University, Japan

See next page for additional authors

Follow this and additional works at: https://scholarsmine.mst.edu/icrageesd

b Part of the Geotechnical Engineering Commons

Recommended Citation

Gyoten, Y.; Mizuhata, K.; Fukusumi, T.; Nozoe, H.; Inoue, T.; and Mizuno, T., "Soil-Pile Interaction in Vertical
Vibration" (1981). International Conferences on Recent Advances in Geotechnical Earthquake Engineering
and Soil Dynamics. 9.

https://scholarsmine.mst.edu/icrageesd/07icrageesd/session04/9

This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been
accepted for inclusion in International Conferences on Recent Advances in Geotechnical Earthquake Engineering
and Soil Dynamics by an authorized administrator of Scholars' Mine. This work is protected by U. S. Copyright Law.
Unauthorized use including reproduction for redistribution requires the permission of the copyright holder. For more
information, please contact scholarsmine@mst.edu.


https://core.ac.uk/display/229088802?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://www.mst.edu/
http://www.mst.edu/
https://scholarsmine.mst.edu/
https://scholarsmine.mst.edu/icrageesd
https://scholarsmine.mst.edu/icrageesd
https://scholarsmine.mst.edu/icrageesd
https://scholarsmine.mst.edu/icrageesd/01icrageesd
https://scholarsmine.mst.edu/icrageesd/01icrageesd
https://scholarsmine.mst.edu/icrageesd/01icrageesd
https://scholarsmine.mst.edu/icrageesd?utm_source=scholarsmine.mst.edu%2Ficrageesd%2F01icrageesd%2Fsession04%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/255?utm_source=scholarsmine.mst.edu%2Ficrageesd%2F01icrageesd%2Fsession04%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarsmine.mst.edu/icrageesd/01icrageesd/session04/9?utm_source=scholarsmine.mst.edu%2Ficrageesd%2F01icrageesd%2Fsession04%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarsmine@mst.edu

Author
Y. Gyoten, K. Mizuhata, T. Fukusumi, H. Nozoe, T. Inoue, and T. Mizuno

This article - conference proceedings is available at Scholars' Mine: https://scholarsmine.mst.edu/icrageesd/
Olicrageesd/session04/9


https://scholarsmine.mst.edu/icrageesd/01icrageesd/session04/9
https://scholarsmine.mst.edu/icrageesd/01icrageesd/session04/9

A

Soil-Pile Interaction in Vertical Vibration

Y. Gyoten, K. Mizuhata, Professors
T. Fukusumi, H. Nozoe, Research Associates
T. Inoue, T. Mizuno, Graduate Students

Kobe University, Kobe, Japan

Dynamics, April 26 - May 3, 1981, St. Louis, Missouri

SYNOPSIS

Proceedings: First International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil

This paper deals with the theoretical study concerning soil-pile interaction in vertical
vibration for both the floating pile and the pile group.
elastic wave theory to the viscoelastic layer overlying on the rigid bedrock.

The analysis is made by applying the
Further, the dis-

placement responses of the pile and the complex stiffness at the pile head subjected to the harmon-
ic excitation at the top of the pile are obtained for various parameters.

INTRODUCTION

The soil-pile interaction problem should be
clarified in order to understand the dynamic be-
havior of the structures on the soft ground
subjected to earthquakes or wind. Especially,
the vertical vibration of piles is one of the
most important problems in the case of floating
piles or rocking of pile groups. Recently, the
theoretical studies on soil-pile interaction in
vertical vibration have been reported by Nogami
et al. (1976) for the case of the end bearing
pile, by Novak et al. (1977), by Gyoten et al.
(1978), (1980) and by Wolf et al. (1978) for the
case of floating pile and pile groups.

It is extremely difficult to obtain the rigor-
ous analytical solution, because this includes
the displacement and the resistance force from
the soil layer at the pile tip for the floating
pile and the vibration of the soil layer with
the cavities of the pile group. Therefore, this
paper adopts the analytical model of the soil
rod connected with the floating pile tip and the
systematic analytical solution is obtained by
neglecting the influence of the cavities of all
other piles except the origin pile in the pile
group.

In this analysis,
made:

(1) The soil overlying on the rigid bedrock is
a visco-elastic, homogeneous and isotropic
layer with the hysteretic damping.

(2) The horizontal displacement is negligibly
small.

(3) There are no normal stress on the free sur-
face of the soil layer and no displacement at
the bottom of the soil layer.

(4) The pile and the soil rod contact with the
surrounding soil perfectly.

(5) The pile is perfectly elastic and the soil
rod connected with the pile tip is made of the
same material as that of the surrounding soil.
These are vertical and have an equal circular
cross-section.

the following assumptions are
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DYNAMIC RESISTANCE FACTOR OF A SOIL LAYER

To obtain the dynamic resistance factors
influencing floating piles and pile groups
the soil layer and the other piles through
soil medium, the behavior of the vibrating
layer must be first analyzed. The visco-
elastic soil layer overlying on the rigid bed-
rock is assumed to have a cavity of the origin
pile at r=0, as shown in Fig. 1 where the co-
ordinate system is also indicated.

by
the
soil

Z

HSOIL LAYER

\J ro,

/ 0 T

RIGID BEDROCK

Fig. 1. Model of Soil Layer

By neglecting the horizontal displacement, the

equation of vertical motion, w(r,z)eimt, of the

visco-elastic medium can be written as
2 N
[O+2)+1 (7 +2u7) 132 (w M5
.. 9 .92 iwt, 9% iwt

+(u+iu )(__’rar+ﬁ‘) (w e Y=pgpe (v e ) (1)
where X ,u=the real part of Lamé's constants, X
;i =the viscosity coefficients associated with
A and p respectively, p=soil density, w=fre-
quency of excitation, t=time and i=/-1. As the
solution for Eg. (1) under the boundary condi-
tions; w=0 at r»«, 0z=0 at 2z=H, w=0 at z=0, the
amplitudes of the vertical displacement and the
resistance force which occur on the circumfer-
ence of the origin pile are obtained as

w(ro,z)=nzl wnsin(hnz) , wn=AnXg (anryp) (2)



pf(z)=2nrorrz(r0,z)=-nflanwnsin(hnz) (3)

where wn is defined as the amplitude of the dis-
placement in the n-th wave mode, Ap is the inte-
gration constant and Trz is the shear stress
amplitude at r=ry. The resistance factor of the
soil layer, ap, is defined as

. K; (dnryg)

=27 1+iDs) gpadi 20z 0 4

On rou )quO(ano) (4)

In the above equations, K((x), K;(x) are the

modified Bessel functions of order zeroc and the

first order of the second kind respectively and
the parameters hn, gn are expressed as

hp=(7/2H) (2n-1)
(5)
{n?+i[Dv(n%-2)+2Ds] thpn?-(v/Vs)?
1+iDs

an_

where n=V1/Vs=/[{(A+2u)/ul, V] and Vs are the
longitudinal and the shear wave velocities in
the elastic medium and Dv=A"/)X and Ds=p”"/p are
the hysteretic damping ratios.

Further, in the case of the pile away from the
origin by the distance L, as shown in Fig. 1,
the influence of the cavity of its pile is neg-
lected. The pile is assumed to be the one-
dimensional soil rod made of the surrounding
soil. The distributions of the displacement
and of the resistance force vary along the cir-
cumference of the soil rod. However, these
values can be estimated at its center, when the
distance L is relatively longer than the pile
diameter. The soil rod vibrates due to the re-
sistance force, Pf, from the soil layer, then

the equation of vertical motion, ws elwt, can
be written as

2

§f(z)eiwt=ﬂrozo%€2(ws eiwt)
—nrozu{n2+i[Dv(n2-2)+2DS]}%;z(ws eiwt) (6)
where wg is equal to the displacement of the
soil layer at r=L and similar to Eg. (2):
ws=n°§_°l wnsin(hpz) , Wp=AnKg(gpL) (7)

Substituting Eq. (7) (6) and consider-

ing Eq. (5) yield

into Egq.

ﬁf(z)=n§13n wnsin(hpz) (8)

where Wp is the amplitude of the displacement of

the soil rod and the resistance factor, 8, is
defined as
Bn=mro’u(l+ibs)qp? (9)

The displacement wp including the integration
constant may be determined by the boundary
condition at r=ry.

VIBRATION OF A FLOATING PILE

The floating elastic pile which perfectly con-
nects with the one-dimensional visco-elastic

soil rod at the pile tip is shown in Fig. 2.
}‘Ocimt
I
R [ P 1wt
W WLI’ 1 If(‘_)c
tliro

Fig. 2. Model of Soil-Floating Pile System

The pile-soil rod is assumed to sustain the ver-
iwt
Poe ’

tical harmonic excitation, at the pile

Pf(z)elwt, from
Then the equation of ver-

head and the resistance force,
the surrounding soil.
tical motion, w elwt

written as

, of the pile-soil rod is

wt wt

2 . 2 . .
Mpgzz(wpel )-Epsgzz(wpelwt)ﬂ?f(z)el (10)
2 . .

wt)*ESS%;z(wselwt)=Pf(z)elwt

2 'y

Msggz(wsel
where the subscripts p and s denote the pile and
the soil rod respectively, M=mass per unit
length, E=Young's modulus and S=cross-sectional
area of the pile. Eg means the modulus of
visco-elasticity, in the state of plane strain,
like as in the surrounding soil and is defined
as

Eg=[(A+2p)+i (A"+2u") Imry?/S (11)
The resistance force, Pf(2), is expressed
similar to Eg. (3) and rewritten as

pf(z)=—m§lamwmsin(hmz) , hm=§%(2m—l) (12)

Each solution of Eg. (10) is obtained as a sum
of the homogeneous solution and the non-
homogeneous solution; hence

wp(z)=Apcos(sz)+Bpsin(sz)+mzlcpsin(hmz)
(13)

ws(z)=Ascos(Ksz)+Bssin(Ksz)+m§ Cgsin(hp2z)

1

where Ap, By, Ag and Bg are the integration con-
stants, and Kpr Ks, Cp and Cg are defined as

2
2 =M9w - 1 AmWm
“P TEps , CP E 8 ¥o?-hy?
p p> Kp" ~hm
) (14)
2_Mguw _1 oamW,
“s TEgs , Cs EgS ©g2-hp?

The four integration constants can be determined

under the boundary conditions; wg=0 at z=0, wg=
wp and ESS%§S=EPS%§p at z=1lg, Epsg§P=P0 at z=H,

and become



—r_Po S

Ap [E " J+cos («pH) ZlCmamwm]/(AS)
= _Po 3

Bp [E < I+s1n(KpH) ZlCmamwm]/(AS)

Ag=0 (15)

BS=[P0+m§leamwm]/(As)

where

A=Icos(KpH)~Jsin(KpH)

I=Eprsin(Kpls)sin(Ksls)
+Eskscos (kplg) cos (Kglg)

J=Epkpcos (Kplg) sin(xglg)
—EsKsSin(Kpls)COS(Ksls)

(16)
1 E 1 .
CmZKs(Ksz—hmz_Ep sz_hmz)COS(Ksls)Sln(hmls)

1 1 .
-hm(Ksz_hmz- sz_hmz)Sln(Ksls)COS(hmls)
___E 1 . .
Dm—Kp(Eg ST hme sz_hmz)Sln(Kplp)51n(hmls)

1 1
_hm(Ksz—hmZ_ sz_hmz)cos(Kplp)cos(hmls)

Then the displacement of the so0il on the circum-
ference of the pile-soil rod is expressed by Eq.
(2). Since the pile-soil rod is assumed to con-
tact with the soil layer, the displacements of
the soil layer, Eg. (2), and of the pile-soil
rod, Eq. (13), must be identical. Expanding Eq.
(13) into the Fourier sine series of argument
hnz, the identical equation is written as

néanSin(hnZ)=n£l[Bst+Aprl+Bpr2

(17)
+m§l(CsGs+CpGp)]Sin(hnZ)
where
Fg=2 /35 sin(xsz)sin(hyz)dz
GS=% f(l)s Sln(hmz) Sin(hnz) dz
2 H s
Fpl=g fls cos (kpz)sin(hpyz)dz (18)

2 /H . .
FP2_E fls 51n(sz)51n(hnz)dz

2 H : ,
Gp=g fls sin(hpz)sin(h,z)dz

Eq. (17) can be solved for wp, which is deter-
mined from the following complex simultaneous
equation.

Fg+Cm[Fr1cos (KkpH) +F in (kpH
wn_mzlamwm{Dmgs, nlFp1 (Ag )+Fp2sin (kpH) |

+_l_ _Gs +_i_ G
Ess Ksz‘hm2 EPS sz—hmz

=P°[F5+E;tp(J Fp1+I Fp2) ]/ (8S)

} (19)
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Finally, the displacement of the pile can be
evaluated by Eg. (2) and the complex stiffness
of the soil-pile system at the pile head is
obtained as

P
K= (20)
wp (H)
The particular cases; kK =hp, kg=hp, w=0, may be
obtained from the above equations as the limit
cases for «k Kg*hypm or w+0. However, the rela-
tionships in the explicit forms have been
derived by modifying the above procedure.

VIBRATION OF A PILE GROUP

The identical piles forced to vibrate vertically

due to the harmonic excitation, Pjel(wt_¢j),

applied at each pile head are shown in Fig. 3,

i(ot-op)
pret(Wt-¢D) Pm€ "
! p.ol (®t-45)
;€
1 1 1
] } L1j f Lmj l
H [ . ;
|
‘ 7
1 j m

Fig. 3. Model of Soil-Pile Group System

As the resistance forces generated in one pile
by the vibrations of the other piles have been
obtained, the equation of motion for each pile
can be expressed as the similar equation to the

case of the single pile. Thus, for the origin
pile j,
3?2 i(wt-0¢4) 52 i(wt-04)
Mp§€2[ije J ]_EPS§EZ[WPJe 1
=pgj(z) e (WE703) (21)

where the symbols for the pile are the same as
for the floating pile and ¢ is the phase lag of
the excitation at each pile. The total resist-
ance force, Pfj(Z), from the soil layer on the

circumference of the pile j is a sum of JP£3

occurring due to the vibration of the pile j
itself and kPf4 generated by the vibration of

the other piles; hence
m
Pfj=k=l kP£] (22)
where m is the number of piles. jPgy is ex-
pressed similar to Eq. (3) and rewritten as
ijj=‘n§1“anjSin(hnz) (23)

while kPf is given by Egq. (8) and rewritten as

kpfj=n§lsn xWnjsin(hnz) (24)



(24)

unknown amplitudes of the displacements of
soil on the circumference of the pile j and
is the displacement due to the vibration of

where Wn3 in Eq. are

the
the
wn3j
the

(23) and xwpj in Eqg.

pile j itself and kwnj 1s the displacement

generated by the vibration of the other piles.
In the same way as the floating pile, the solu-
tion of Eq. (21) for the vertical displacement
of the pile J, wpj, under the boundary condi-
tions; ij=0 at z=0, EpS%§P=Pj at z=H, is
reduced to

1

=% __ L n-1
¥PITni1 EgSTRLZ=rp?)

2
{Epj(—l)

m
~onWnj+, Z:8n k¥Wnjlsin(hpz) ;k#j (25)
From the assumption of the pile to contact with

the soil layer, the relationship on the circum-
ference of the pile j becomes

® m . 3
ij=n£1{wnj+k§1 kwnj}SIH(hnZ) ik#J (26)

Hereon, k%nj is expressed by the displacement of

the so0il on the circumference of the other piles
, Wnk, due to their own harmonic vibration,

et (Wt9%) 1ng follows by considering the phase
lag (¢j—¢k) of the pile k behind the pile j as

kwnj= k‘%’j Wnk s kK#J (27)

where ij

displacement on the circumference of the pile j
through the soil medium due to the vibration of
the pile k. From the relationship between

Egs. (2) and (7)., ij is obtained as

_Kg (apLkig) 1(e9-dk) s
kY3 Relanrs) © k73

This influence factor depends on the phase dif-
ferences of the harmonic excitations and the
distances among piles. Finally, from the
identical equation (26), the following equation
for the pile j must hold with respect to n.

is the influence factor of the soil

(28)

Substituting Egs. (25) and (27) into Eg. (26)
yields for k#j
{EpS(hnz-Kp2)+an}wnj (29)
n-1

s (=1)

m
2
+{Eps (hnz—sz ) —Bn}kél k\yj Wnk=ﬁpj

where the unknown displacement wpx (k=1l,°*,3,--

,m) are included. Similar equations may be ob-
tained for the other piles. By solving the
simultaneous equation composed of m equations,
wpk can be determined. The displacement of the

pile group can be evaluated by Egs. (26) and
(27), respectively. The complex stiffness of
the soil-pile system at the pile head is
defined as Eq. (20).

292

NUMERICAL RESULTS AND DISCUSSION

Some of the numerical results are shown in Figs.
4 to 7. In the numerical calculation, the
complex responses of the displacement w' and
the stiffness k' at the pile head normalized by
their static values have been obtained. The
displacement w' includes the amplitude and the
phase lag. The complex stiffness k' represents
the stiffness and the damping for the real and
the imaginary parts, respectively. In these
figures, v is Poisson's ratio of the soil, 7 is
the mass density ratio of the soil to the pile,
D(=Dv=Ds) is the hysteretic damping factor of
the soil, V is the velocity ratio of the shear
wave of the soil layer to the longitudinal wave
of the pile and wp=(ﬂ/2H)/[EpS/Mp].
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Fig. 4. Variations of Frequency Response

of Amplitude and Phase Lag of
Displacement with lp/rg



'Discussion on the case of the floating pile:
The variations of w' and k' with lp/ry are shown

in Figs. 4 and 5, respectively. From these fig-
ures, it is mentioned that the responses of the
floating pile differ from those of the end bear-
ing pile and that the shorter the pile length is,
the more the displacement and the complex
stiffness at the pile head are affected by the
excitation frequency, w/wp and that as the wave

velocity ratio V or the thickness of the soil
layer H is smaller, this tendency is remarkable.
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Fig. 5. Variations of Pile Stiffness vs.
Frequency with lp/ro
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Discussion on the case of two piles in phase on
behalf of the pile group:

The variations of w' and k' with L/r; are shown
in Figs. 6 and 7, respectively. From these fig-
ures, 1t is recognized that in the range of the
frequency lower than the first natural frequency
of the soil layer, the responses of the pile
group don't differ from those of the single pile
and that in the range of the frequency higher
than the first natural frequency of the soil
layer, the responses of the pile group differ
from those of the single pile and that these
curves are influenced by the distance between
piles and the pile length.
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CONCLUSIONS

The above analysis leads to the following
conclusions;

(1) The responses of the floating pile differ
from those of the end bearing pile and the
shorter the pile length is, the more the re-
sponses of the displacement and the complex
stiffness are affected by the excitation fre-
quency. As the wave velocity ratio or the
thickness of the soil layer is smaller, this
tendency is remarkable.

(2) In the range of the frequency lower than the
first natural frequency of the soil layer, the
responses of the pile group don't differ from
those of the single pile, while in the range of
the frequency higher than the first natural fre-
quency of the soil layer, the specific curves
appear and differ from those of the single pile
and are much affected by the distance among
piles.
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