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Abstract. This paper considers the longitudinal coupled vibration of an elastic bearing concrete
pipe pile with the saturated soil. The outer and inner saturated soil are governed by the dynamic
consolidation theory originally presented by Biot. The governing equations of soil are transferred
to ordinary differential equations by Laplace transform. The volumetric strain and pore pressure
of soil are obtained by directly solving the coupling equations of soil without introducing potential
functions. The analytical expressions of the displacements and shear stresses of the soil are then
obtained. The pile response is derived on the basis of 1D elastic theory and the perfect contacts
between the pile and soils. The displacement and velocity of the pile in time domain are obtained
by using numerical inverse transformation. Selected numerical results are presented to portray the
influence of the existences of soils, pile geometry and dynamic permeability coefficients of soils
on the vibration characteristics of the pipe pile. At last, the displacement response between a pipe
pile and solid pile are compared.

Keywords: concrete pipe pile, coupled vibration, saturated soil, velocity response.
1. Introduction

Many theories for pile dynamics have been developed to provide useful guidelines for
engineering design of pile foundations and techniques for dynamic testing of piles. Nogami and
Konagai [1, 2] used an approximate time domain method to compute the response of single piles
subjected to harmonic excitation, and then extended the method to the response of pile groups.
Gazetas et al. [3] developed a simple method for computing the dynamic steady-state axial
response of floating pile groups embedded in homogeneous and non-homogeneous soil. Wang et
al. [4] proposed an analytical solution for the vertical dynamic response of an inhomogeneous
viscoelastic pile. The interaction between the pile and soil were simulated by Voigt model,
therefore, the real coupled vibration between the pile and surrounding soil were not considered.
Novak et al. [5] developed a plane strain model assuming an elastic layer consisting of many
independent infinitesimally thin horizontal layers. This model reflected the fundamental
characteristics of the interaction between the pile and the surrounding soil but neglected the strain
of the soil in the vertical direction. Nogami and Novak [6] developed a more rigorous model of
vertically loaded end-bearing pile by assuming that the surrounding soil has no radial displacement
and considering the pile-soil interaction in the vertical direction. Militano and Rajapakse [7] used
Laplace transform method to deduce the frequency domain solutions for an elastic pile subjected
to transient torsional and axial loadings in multi-layered elastic soil, and then obtained the time
domain solutions by using a numerical Laplace inversion procedure. Hung et al. [8] studied the
Seismic behavior of pile in liquefiable soil by centrifuge shaking table tests.

The above studies are based on the assumption that the soil around pile is a single phase
continuum. However, the soil is generally a two-phase material consisting of a solid skeleton and
pores, which are saturated with fluid. The first theory of wave propagation in saturated medium
was established by Biot [9, 10]. Based on this theory, Zhou et al. [11] studied the vertical transient
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dynamic response of a pile embedded in a poroelastic half-space. Using the differential operator
splitting and variable separation method, Yu et al. [12] investigated the time-harmonic response
of an end-bearing pile in elastic saturated soil layer. Wang et al. [13] studied the longitudinal
vibration of an elastic bearing pile in saturated soil layer by using potential function method.
Most of the previous studies focus on the solid pile. The concrete pipe piles are also widely
used in practical engineering, such as prestressed concrete pipe piles and large-diameter
cast-in-situ concrete pipe piles [14-16]. The dynamic response of a pipe pile is different from that
of a solid pile because of the interaction between the pile and the inner soil. In this paper, an
analytical solution for the longitudinal response of an elastic bearing concrete pipe pile in saturated
soil is proposed. The frequency domain solution is obtained by directly solving the governing
equations of soils without introducing potential functions. The time domain displacement and
velocity responses of the pipe pile are obtained using numerical inverse transformation method.
Numerical results are presented to analyze the longitudinal vibration characteristics of the concrete

pipe pile.
2. Governing equations

The computational model is shown in Fig. 1. A dynamic longitudinal uniform pressure p(t) is
applied on the pile head. H is the pile length. r; and r, are the outer and inner radii of the pile
section, respectively. A4, 1,, 1y and u, are the complex Lame’s constants of the outer and inner
soil, respectively. p;, p2, Ny, Ny, ky; and kg, are the densities, porosities and permeability
coefficients of the outer and inner soil, respectively. f; and f, are the outer and inner soil
resistances, respectively. It is assumed that the outer and inner soil are homogeneous and
viscoelastic with frequency-independent material damping of the hysteretic type, and the soil
medium is two-phase material consisting of incompressible soil grains and fluid. The pile is
modeled by 1D elastic theory and has perfect contact with the outer and inner soil. The soil
resistances under the soils and pile are modeled by the Winkler model, where the elastic
coefficients under the outer soil, inner soil and pile are kq, k; and k,,, respectively. The initial
displacements and stresses of the pile-soil system are considered as zero.
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Fig. 1. Computational model
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2.1. Governing equations of the outer soil

Zienkiewicz et al. [17, 18] pointed out that the convective acceleration terms of the fluid can
be neglected for computation convenience. The governing equations of the outer soil undergoing
axisymmetric motion, in absence of compression of the solid matrix and pore fluid, can be written
as [10]:

de u dp .
VP + (4 + 1) 6_: — M rLzl - a_rl = p1lyy, M
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de; 0dp .
/11avzuz1 + A + Il1) a_Zl - a_zl = P1Uz1, ()
1 .. Wr1

_ 0 - 3
ar Prur + Ky 3)
op, W1

_op_ Wz 4
9z Pruz + Ky )

au‘rl h auzl awrl er aV.Vzl =0 (5)

or T 0z or r 0z ’

where:

V2o 0> 10 02 _Oupy | Uy | Ouy
oz Tror "oz 1T Tor T 0z’

U, and u,, are the radial and vertical displacements of the solid phase of the outer soil,
respectively; w,; and w,, are the radial and vertical relative displacements between the fluid and
solid phase of the outer soil, respectively; p; is the pore pressure of the outer soil; kj;; is the
dynamic permeability of the outer soil; pf is the density of the pore fluid.

2.2. Governing equations of the inner soil

Similarly, the governing equations of the inner soil can be expressed as:

de u op .
12V Uy + (A + 1) g_: - l;z %22 - a_rz = P2Ur2, (6)
e p .
Mzgzuzz " (/12 i ‘MZ) a_Zz B 6_22 = P2Uzz, (7)
p2 . Wi
ar - pfu'T'Z + k,dzﬁ (8)
op, Wy
——2 _ 5. T 9
a_r pfurz + k,dzl ( )
aurz E auzz aWrz Wrz asz =0, (10)
ar r dz ar r 0z
where:
o = Uy Urz U,
27 or T 0z’

U,, and u,, are the radial and vertical displacements of the solid phase of the inner soil,
respectively; w,, and w,, are the radial and vertical relative displacements between the pore fluid
and solid phase of the inner soil, respectively; p, is the pore pressure of the inner soil; k, is the
dynamic permeability of the inner soil.

2.3. Wave equation of the concrete pipe pile

The motion of the concrete pipe pile is governed by the 1D elastic theory [19]:

E A

P 9z

0%u, 0%u,
> — 2mrify = 2mryf; = ppA FToK

(11

where u, (z, t) is the longitudinal displacement of the pile; E,, p, and A are the Young’s modulus,
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mass density and section area of the pile, respectively.
3. Solutions for the equations

3.1. Solutions for the governing equations of the outer soil

The differentiations 22 + & 4 23 5 23 | &) | 98 yield:
or r 0z oar r 0z
Vep, = (/11 +2p1)VPe; — piéy, (12)
€1 ..
Vep, = o Pré1- (13)
di

Performing Laplace transform on Egs. (12) and (13) and combining them, one obtains:
V2E, — BE; = 0, (14)

where By = kyy(p1 — ps)s? + 5/kyy (A4 + 21); E; is the Laplace transform of e;.
The solution for Eq. (14) can be easily obtained as:

E; = [A11Ky(q117) + B1115(q117)1[C11c08(8112) + Dy45in(g12)], (15)

where g%, = B; + g%1; I,() and K, () are the first and second kind of modified Bessel functions
of order zero, respectively.
The boundary conditions for the outer soil can be expressed as follows:

071l 220 = P1l 220 = 0, (16)
Ju
Ay +2pm) 525+ klum) =0, (17)
z=H
urll roow — uzll room — Gzll row =0, (18)
u‘r1| r=ry — Wr1| r=ry = 0, (19)

where 0, is the normal stress of the outer soil.
It can be obtained from Eqgs. (16)-(18) that:

Bll = Cll = 0, (20)

and g;; = g1, satisfy the following transcendental equation:

ky

tan(g;,H) = ————. 21
Gin Jin(A1 + 1q) @1
Thus E; can be expressed as:

E = Z A11nKo(q11n7)SIN(G112). (22)

n=1

P;, the Laplace transform of p; can be obtained from Eq. (12):

P = Z[X1A11nKo(Q11nT') + A12nKo(q1207)15I0(g12,2), (23)

n=1
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where y; = (A + 2u1)B1 — P15%; Qizn = Gin:
Substituting Eqs. (22) and (23) into Eqgs. (1)-(5), the solutions for the displacements of the
outer soil can be obtained as:

U = Z[(nnAnnKl(CIunT) + (1204120 K1 (Q12n7) + A13nK1(q13n7)]SIN(G10,2), (24)
n=1
q
Uy = Z [(13nA11nKO(q11nr) + C1anA120nKo(qr2nT) — fABnKO (q13n7) [ cOS(g1n2z), (25)
n=1 n

Wy = 2[511nA11nK1 (@11n7) + 61204120 K1 (G1207) (26)

n=1
_k:11pf52A13nK1(Q13n7")]51n(91n2),
W, = 2[613nA11nK0 (@11n7) + 614nA120Ko(G12n7)
g @
d1PfS"q13
+#A13nKO(Q13nr) cos(g1n2),

9in
where:
¢ _ Giin(M + 11— x1) ¢ _ q12n ¢ _ Iin(1 — A4 — 1) ¢ __ 9in
v tif — p1s? 1 p1s?’ e fafr — p1s® v p1s¥
8110 = kit (X1 G11n — C11nP5%), 8120 = kit (G120 — G12npys?),
2
p1S

S13n = —kél()ﬁgm + Cl3npf52)' O14m = _k('u(gm + (14-npf52)' Gisn = I + 9t

Uy, Uyq, W,q and W, are the Laplace transforms of u,.4, u,q, w4 and w4, respectively.
Substituting Egs. (24) and (26) into Eq. (19) yields:

A11n = V1104130, (28)
Aion = V1204130, 29
where:

_ (Bign + Gianka1prs*)K1(qrznTr) (811 + C1anka1prs*)Ki (q13n71)

9 = ) = .
vn (61106120 — $11n012n)K1(q11n71) 1an (¢11n012n — 611n$12n)K1(q12n71)

The vertical displacement of the outer soil at the interface between the outer soil and the pile
can be expressed as:

Uz1| r=ry = Z $1nA13nC0S(g1n2), (30)

n=1

where §1, = —(q13n/ 91n) Ko(q13n71) + $13n9110Ko(G11n71) + 1400120 Ko (qr2nT1)-
The resistance of the outer soil, equal to the shear stress of the outer soil at the interface

between the outer soil and the pile, can be obtained as:
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= Z A13nK1nK1(q13071)c0S(g10n2), (1)
n=1
where:
Q123n 812n + Ciankgipps? 8110 + Crinka1pyps?
Kin = ——— *+ (130110 14n912n )
I1in 611n<12n (111161211 <11n612n - 611n(12n

Fi(z,s) is the Laplace transform of f; (z, t).
3.2. Solutions for the governing equations of the inner soil

A similar solving procedure can be followed for the inner soil. The boundary conditions of the
inner soil are as follows:

Oz2l 2= O=p2|z 0=0, (32)

((/12 + 2#2) %+ kzuzz) =0, (33)
z=H

urzl =Ty = Wr2| =Ty = O, (34)

urzl =0 < 0, uzzl r=0 < o, Uzzl r=0 < 0o, (35)

where g, is the normal stress of the inner soil.
In view of the above boundary conditions of the inner soil, the solutions for the inner soil can
be derived as follows:

E, = Z Azznl921n10(q21n7) + F22nl0(q22nT)]SIN(G2n2), (36)
n=1
P, = Z A3n[921nX210(G21nT) + 922nX22n10(q22nT)]SIN(G202), (37)
=%
U, = Z A3n[921n821n11(G21n7) + F22nC22nl1 (G22nT) + 11(q23n7)1sIN(G2n2), (38)
n=1
Uz, = Z Azzn [192111(231110((121717’) + 9220824010 (G22nT) 4 dzn Gom 10(¢l23n7’)] cos(gznZ), (39)

n= 1

W, = Z Asn[9210821n 11 @o1nt) + B2onBr2nls (G22n) = Kihys* s (@rnr)|5in(g2n2), (40)

n;l
Wy, = 2[1921n523n10(6h1n7") + 922n624n10(g22n7)
L . 41)
—kaopys® —— 10 (CI23n7")] cos(g2n2),

where:

pP2S
q%ln =p+ g%n' q22n = 92ns q§3n = I + g%n:
2
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9o = (B22n + C2onkaaprs®) 1 (qz3nT2) _ (8210 + $21nka2pr5*)11 (G23n72)
an (6210022 _2(211152211)11(‘121#"2)’ 2an ($21n022n — 821022011 (A22n72)’
kg2 (p2 — pp)s® +s k; G21n(X2 — A2 — U2)
=—7 , tan(gypH) = ——————, {uin = :
& ko (A2 + 2u3) ( Gan !jhn(/lz + 2u,) 2n U2z — p2S?
q Gon(Ay + 1, — x g
Caon = 222 Ca3n = moz 2 o2 Coan = ,02%’ X2 = (A2 + 2p3) B, — pas?,

p25?’ H2fBr — P22
8z1n = _kziz()(zchm + szpfsz), 8pon = _kc’iz(qZZn + ZZanfSZ)r
Oa3n = k&z()(z!]z;z - pf52€23n)1 8zun = ktliz(an - pf52(24n)1
E,, Py, Uy, U,y, W, and W, are the Laplace transforms of e,, p,, Upy, Uys, Wy and w,,,
respectively.

The vertical displacement of the inner soil at the interface between the inner soil and the pile
is expressed as:

U22| r=ry = Z onA23nCOS(92nZ)' (42)
n=1

where &35, = (q23n/ 2n) 10(G23n72) + 921823010 (G21n72) + F220824nl0(G12nT2)-
The resistance of the inner soil can be expressed as:

F,=u, Z AzznKonli (q23n72)C0S(g2n2), (43)
n=1
where:
o = 953n +oand 822n + Caznkazpys? + Coand 8210 + Caankazpys?
an 92n 23nizin 621n(22n - (21n622n 2anizan (21n622n - 621n(22n’

F,(z,s) is the Laplace transform of f,(z, t).
3.3. Solution for the wave equation of the pile

Performing Laplace transform on Eq. (11) and substituting Egs. (30) and (43) into Eq. (11),
one obtains:

0%Uy(z,5) s? 2, O
= Up(@5) = Tt ) AvsknK(Gusnty)C0S(g1n2)
Z; p n=1 (44)

271y
+ Tt Z AzznKonli (23n72)C0S(g2n2),
p n

=1

where C, = \/E,/pp; Up(z,s) is the Laplace transform of u,(z, t).
The solution for Eq. (44) can be easily derived as:

s, s, o 0
Up = Mie? + Mye v + Z 01nA13n c0S(g1n2z) + Z O2nA23n €0S(g2n2), (45)

n=1 n=1

where:
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0 22”7’1#1K1nK1(Q13n7"1) :2”7”2!12K2n11(CI23n7"2)
T ppA(CEgE — D) T ppA(CEgE — 5P

The displacements of the pile and the soils at the pile-soil interfaces are continuous:

Uzll r=rq = Up' (46)

Uzzl r=ry = Up- (47)
Using (46) and (47), it can be obtained that:

Z $1nA13nC08(g1n2) = Z $2nA23nC0S(g2n2)- (43)

n=1 n=1

Assuming A; = A,, yuy = p, and ky = k,, then g4, = g, Given g, = g1n = g, ONE can
obtain:

A
Agan = —5“; . (49)
2n

By invoking the orthogonality of eigenfunctions cosh(g,z), 413, and 4,3, can be obtained:

Aizn = Son(VinMy + v2nMy), (50
Azzn = $in(VinMy + V2nMy), (5D
where:
H oz H —oz
e’r cos(g,z)dz e cos(g,z)dz
J, €7 cos(gn2)d J, e % cos(gpz)d

Yon =

Yin = (flnéZn - 91n$2n - 92n€1n)Ln’ ($1n€2n - 91716211 - 92n€1n)Ln’

H
L, =f cos(gnz)cos(gnz)dz.
0

The boundary conditions at the top and bottom of the pile are as follows:

ou. P(s
Wy __PB) (52)
0z l,—0 E,
z = HQ, (53)
where P(s) is the Laplace transform of p(t).
Substituting Eq. (45) into Egs. (52) and (53), M; and M, can be obtained:
C,P(s
| = p—(), (54)
(e 1)5Ep
C,P(s
L= yCpP(s) , (55)
(2 1)sEp

where:
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s
S —H © .
(kp + EpA C_p) eCp + znzl(elann + 92n§1n)yln [kp cos(gnH) - EpAgn Sln(gnH)]

S —5H o . '
(kp - EpA C_p> e g + Zn=1(91n§2n + Ganln)VZn [kp COS(gnH) - EpAgn Sln(gnH)]

All of the coefficients have been determined. Substituting the above coefficients into Eq. (45),
the vertical displacement response of the pile can be expressed as:

s, s, &
eCp + ye & + Z(glnEZn + 02n€1n) (yln + VZnV) COS(gnZ)]. (56)

n=1

Cpp(s)

Up(z,s) = & - DsE,

The velocity response of the pile in Laplace domain V}, can be written as:

V,(z,5) = sU, B
Cop(s) | = == 57
=2 eCp +vye & + Z(glnfbl + 92n$1n)(y1n + )/Zny) COS(gnZ) . ( )
(V - 1)Ep pryuer |

Given s = iw, the Laplace transform can be considered as one-side Fourier transform. The
frequency domain velocity admittance of the pipe pile at the pile head is defined as [4, 20]:

— inp(Ol iw) — Cp [)’ +1+ Z?L)lo:l(glann + 92715111) (Y1n + yZny)]
v P(iw) Ep r—-1

: (58)

The time-domain displacement and velocity of the pile can be obtained by numerical inverse
Fourier transform:

1 [t .

uy(z,t) = o f Uy(z,iw)e'tdw, (59)
1 [t .

v (0 = 5 f V(2 i)e d. (60)

4. Numerical results and discussions

Numerical results are presented to verify the correctness of this solution and analyze the
vibration characteristics of the pile-soil system. In the following analysis, the velocity admittance
in frequency domain as well as the displacement and velocity responses in time domain of the pile
are expressed as dimensionless values.

4.1. Velocity admittance in frequency domain

To verify the accuracy of the solution derived in this paper, the present solution is compared
with that for an end bearing solid pile. By setting , = 0 and k,, = k; = k, = oo, the elastic
bearing pipe pile can be reduced to an end bearing solid pile. Fig. 2 shows the comparison of the
velocity admittance between the reduced solution in this paper with the solution proposed by Yu
et al. [13], where the frequency is transformed to dimensionless values by order of 6 = w H/C,.
It can be noted that great agreement is obtained between the two solutions.

The difference between the pipe pile and solid pile is the existence of the inner soil. The outer
soil and inner soil both provide resistance to the pile under dynamic loading. Fig. 3 shows the
influence of the existences of the outer and inner soil on the velocity admittance of pile. It is noted
that the oscillation amplitudes when only the outer soil exists are larger than those when both of

2890 © JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. SEP 2015, VOLUME 17, ISSUE 6. ISSN 1392-8716



1723. COUPLED VIBRATION OF A CONCRETE PIPE PILE WITH SATURATED SOIL DUE TO LONGITUDINAL LOADING.
CHANGIIE ZHENG, XUANMING DING, SHUHONG AN, YUMING FAN

the outer and inner soil exist. It shows that the existence of the inner soil has valuable influence,
and the interaction between the pile and the inner soil cannot be neglected. Furthermore, the
oscillation amplitudes of the velocity admittance of pile when only the inner soil exists are larger
than those when only the outer soil exists, especially at the initial frequencies. It indicates that the
outer soil provides more resistance than the inner soil, and the influence of the outer soil is more
obvious than the inner soil.

5- . 15,

—— the result of this paper —=— both the outer and inner soil exist
*  Yuetal. (2008) —— only the outer soil exists
41+ 12§ only the inner soil exists
™37 S
u\JQ LLIQ
T 2} T s
| TAAAAAN
0 L 1 L ) 0/\:‘\"/' ) uf t/ M. e =Zadi} = )
0 5 10 15 20 0 5 15 20
4 [
Fig. 2. Comparison of the velocity admittance Fig. 3. The influence of the existences of the outer
between the present solution and Yu et al. (2008) and inner soil on the velocity admittance

The influence of the geometry of the pipe pile on the velocity admittance is shown in Fig. 4. It
is noted that with the decrease of H /1y, the oscillation amplitudes increase. That means the smaller
slenderness ratio, the larger oscillation amplitudes of velocity admittance. It is because the
impedance of pile and radiation damping increase as the slenderness ratio increases. It is also
found that the oscillation amplitudes decrease with the decrease of 17 /1, . That means the smaller
thickness of the pile wall, the smaller oscillation amplitudes of velocity admittance. The influence
of the dynamic permeability coefficients of the soils on the velocity admittance is shown in Fig. 5.
It is noted that the oscillation amplitudes of the velocity admittance increase slightly with the
increase of the dynamic permeability coefficients of the soils.

4r 4.

—=— HIr=20, r,/r,=2 —— k=K ,=107
—+—Hir=15, r,/r,=2 k,m:k,dz:wq
3L Hir;=20, r,/r,=1.5 r Vo —a0
k' =k',,=10
o S
w2y w2y u a
T T , /
1
0 %
5 1 O 1 5 20
19 0
Fig. 4. The influence of the pile geometry on the Fig. 5. The influence of the dynamic permeability
velocity admittance coefficients of the soils on the velocity admittance

4.2. Velocity response in time domain

The semisinusoidal impulse load is usually used to simulate the loading in dynamic pile testing
[4, 20]. The time history of the semisinusoidal impulse is shown in Fig. 6(a), where P, is the
amplitude of the impulse load; Ty, is the pulse width; 7 is the dimensionless time, and T = t C,,/H.
Firstly the results of the proposed solution are compared with 3D dynamic finite element analysis
performed with the software ABAQUS. Eight-node, isoparametric finite elements are used to
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model the pipe pile and soil (Fig. 7). Infinite elements were placed on the surrounding boundary
to reduce the total number of elements and provide “quiet” boundaries to prevent stress wave
reflected at the far boundaries coming back to the domain of interest. The comparison of the
velocity response at the pile head subjected to a semisinusoidal impulse is shown in Fig. 8. It can
be seen that the proposed analytical solution are in close agreement with the FEM result.

The influences of the soil existences, pile geometry and dynamic permeability coefficients of
soils on the time domain velocity response at the pile head subjected to a semisinusoidal impulse
are presented in Figs. 9-11. It can be found from Fig. 9 that the reflected wave signals of the pile
top in the velocity curves when only the outer soil exists are larger than those when both the outer
and inner soil exist, while those when only the inner soil exists are much larger than the two others.
Fig. 10 indicates that the reflected wave signals increase with the decrease of H/r; and decrease
with the decrease of 1 /1,. Fig. 11 shows that the reflected wave signals increase slightly with the
increase of the dynamic permeability coefficients of the soils.

P p@)
B> - By .
0 7, T, 7 0 A T, 7
2 2
a) Semisinusoidal impulse b) Triangular impulse

Fig. 6. Transient loading considered in the analysis

Fig. 7. The 3D FEM mesh used for the numerical simulation of the problem

10r —=— Analytical solution 1.2 —=— poth the outer and inner soil exist
—+—FEM 10 —— only the outer soil exists
0.8+ [ 2 — only the inner soil exists /|
o6 o8t} ‘
O =)
<) gu 06
™ 04 a
N W o4
0.2 =
’ 0.2
0.0t 0.0
202 L L L L L ) -0.2
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
T T
Fig. 8. Comparison between the analytical solution ~ Fig. 9. The influence of the existences of the outer
and FEM result and inner soil on the reflected wave signals
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4.3. Displacement response in time domain

The triangular pulse is one of the commonly used types of transient loading in
vibroengineering, which is shown in Fig. 6(b). Fig. 12 shows the time histories of non-dimensional
displacement of the pile head of a pipe pile, a solid pile with the same area and a solid pile with
the same perimeter. It is found that the displacement of a pipe pile is much smaller than that of a
solid pile. The peak displacement of the pipe pile is about 23.5 % smaller than that of the solid
pile with the same area, and almost half of that of the solid pile with the same perimeter. It can be
concluded that use of pipe piles can efficiently decrease the vibration range of pile foundations.

1.0 1.0~
—— H/r1=20, rw/r2=2
0.8F —+— Hir,=15, rIr,=2 08| —— k' =k, =107
— — | et =) =107
sl Hir,=20, r/r,=1.5 - osll km-kdz-m_4
Ll& lq [ kymzk'd2=10
Q | () | |
Q 0.4 -} =, 04H !’
S S
02| 02 |
| | |
|
0.0+ | ) . e 0.0F | . *W/AL«—C’
-0.2 Mﬁ L L L L 4 -0.2 L“/M/‘ L L 1 1 )
00 05 10 15 20 25 30 0 05 10 15 20 25 3.0
T T
Fig. 10. The influence of the pile geometry on the  Fig. 11. The influence of the dynamic permeability
reflected wave signals coefficients of the soils on the reflected wave signals
0.06 —=— pipe pile
—— solid pile (same area)
0.05+ solid pile (same perimeter)
0.04 -
0°
S 003}
Q
-
0.02 -
0.01+
0.00*
0.

Fig. 12. Time histories of non-dimensional displacement of
the pile head between pipe piles and solid piles

5. Conclusions

The longitudinal coupled vibration of a concrete pipe pile with saturated soil is studied in this
paper. The frequency domain solution is obtained by directly solving the governing equations of
soils without introducing potential functions. The solving process and the solution are more
concise, and the physical conceptions are more precise. The time domain results are obtained by
using numerical inverse transformation. Some selected numerical results are given to analyze the
effects of pile geometry and soil existences on the coupled vibration characteristics of the concrete
pipe pile and saturated soil. The following conclusions can be obtained:

1) For a pipe pile, the inner soil also provides resistance during the vibration. The dynamic
interaction between the pile and the inner soil must be considered. Nevertheless, the influence of
the outer soil is much larger than that of the inner soil.

2) The oscillation amplitudes of velocity admittance and reflected wave signals increase with
the decrease of slenderness ratio, while they decrease with the decrease of the outer and inner
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radius ratio. Furthermore, they increase with the increase of the dynamic permeability coefficients
of the soils.

3) The peak displacement of the pipe pile is about 23.5 % smaller than that of the solid pile
with the same area, and almost half of that of the solid pile with the same perimeter. Use of pipe
piles can efficiently decrease the vibration range of pile foundations.
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