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Soil-Pile Dynamic Interaction in the Viscous Damping Layered Soils
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Abstract: Modeling surrounding soil as a three-dimensional axisymmetric continuum and considering its wave effect,
soil-pile dynamic longitudinal interaction in viscous layered soils is studied. The pile is assumed to be vertical, elastic and
of uniform section, and the soil is layered and visco-elastic. Longitudinal vibration of pile in viscous damping layered
soils undergoing arbitrary load is theoretically investigated. By taking the Laplace transform, the question can be solved in
frequency domain. Utilizing two potentials combined with impedance transfer functions, analytical solutions for both the
impedance function and mobility at the pile head in frequency domain are yielded. With the convolution theorem and
inverse Fourier transform, a semi-analytical solution of velocity response in time-domain undergoing a half-cycle sine
pulse force is derived. Based on the solutions proposed herein, the effects of variety of soil modulus on mobility curves
and reflection wave curves are emphatically discussed. The results shows that there is a smaller peak between every two
adjacent larger peaks on the mobility curve in layered soil, and larger peak cycle reflects the location where the modulus
of the soil varies abruptly. The conclusions can provide theoretical guidance for non-destruction test of piles.

Keywords: Soil-pile dynamic interaction, Layered soils, Viscous damping, Admittance curves, Mobility curves, Reflection

wave curves.

1. INTRODUCTION

Dynamic non-destruction test method based on the pile
vibration theory is widely used to identify pile integrity in
civil engineering. Many soil-pile dynamic interaction models
have been developed to simulate the behavior of longitudinal
vibration of pile. From the view point of different model of
the surrounding soil, they can be put into two categories, that
is, Winkler model [1-7] and continuum model [8-13]. In the
former model, soil is modeled by the distributed Voigt body.
However, the value of parameters in Winkler model, that is,
stiffness of spring and damping of dashpot, can’t correlate
well with the usual soil testing result. What’s more, it is
difficult to consider the wave effect of the surrounding soil.
The first kind of continuum model [8-11] is Plain-Strain
model with assumption that soil consists of independent
infinitesimally thin layers extending to infinity horizontally.
In Plain-Strain model, it is assumed that the gradient of
strain and stress in the vertical direction is zero and the
waves propagate only horizontally. Such assumption does
not match well with reality. The second kind of continuum
model [12, 13] takes the gradient of stress of the surrounding
soil in vertical direction into account and hence can consider
the wave effect of the surrounding soil. Nevertheless, two
import factors, say, the radial displacement and the
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axisymmetric wave effect of the surrounding soil, are all
neglected in above models. Furthermore, the foundation soil
is layered and this layered nature has a significant impact on
the dynamic response of the pile and hence should be
considered.

Based on above review, the purpose of this paper is to
derive an analytical solution for longitudinal vibration of pile
subjected to harmonic longitudinal excitation in layered soils
by taking the axisymmetric wave effect of the surrounding
soil into account. Utilizing the solution derived herein, the
effects of various soil parameters on the longitudinal
vibration of pile are discussed.

2. FORMULARION
2.1. Pile-Soil System Model

The problem studied herein is the longitudinal vibration
of pile embedded in a layered soil with viscous damping.
The geometric model is shown in Fig. (1). The soil-pile
system is discretized into a total of n layers numbered by
1, 2, ..., n from the pile toe to pile top. The properties of
pile and soil layer are assumed to be homogeneous within
each layer respectively, but may vary from layer to layer. In
the kth soil-pile layer (1< k < n), the mass density, modulus

of compression, thickness, poisson’s ratio, longitudinal wave
velocity, transversal wave velocity of the soil are denoted by

Py Ego h, v, VL and VS, , respectively. The Lame

constants are A, and u, and the corresponding viscosity

K ?
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Fig. (1). Schematic illustration of pile-soil system.

coefficients are A, andu,, respectively. Here

U/
and A = k_w , wherev
1o ‘
transverse ratio of the viscous deformation rate. The length,
mass density, elastic modulus, longitudinal wave velocity,

cross sectional area and sectional radius of the kth pile layer
are expressed as H , P, E . VP, S and r,, respectively.

E, =2(1+v )y, is the

f(t) is an arbitrary vertical exciting force acting on the pile
top and R, (z,t) is a friction force acting on the surface of

the pile along per unit length in the kth layer. The support of
soil at the toe of pile is described as a single Voigt body
which consists of a linear spring and a dashpot connected in
parallel. The elastic modulus of the linear spring and the
damping coefficient of the dashpot are denoted by k, and

c,. respectively. The supports of surrounding soil at the

level of pile toe are described as distributed Voigt bodies in
radial direction. The elastic modulus of the linear spring and
the damping coefficient of the dashpot are expressed as k,

and c , respectively.

2.2. Assumptions

The soil-pile system model is developed on the basis of
the following assumptions:

(1) The surrounding soil layers with linear viscoelastic
damping are assumed to be isotropic and homogeneous
within each layer. The soil is infinite in the radial direction
with free boundary condition at the surface of the soil. The
soil radial displacement at the interface of the pile shaft is
regarded to be small and thus can be neglected.

(2) The excitation is harmonic. The soil-pile system is
subjected to small deformations and strains during the
vibration. Pile and soil contact perfectly and therefore both
force equilibrium and displacement continuity are satisfied at
the interface of soil-pile, soil-soil and pile-pile.
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(3) The pile is elastic and vertical with uniform circular cross
section.

(4) The initial displacement and velocity in the soil and pile
are zero.

2.3. Dynamic Equation of Soil

The geometric model of soil-pile in kth soil layer is
shown in Fig. (2). The support of the surrounding soil at the
top and bottom are described as Voigt bodies distributed in
radial direction. The elastic modulus of the linear spring and

the damping coefficient of the dashpot are denoted by k

ssk !

c and Kk c

'ssk sxk ! sxk ?

axisymmetric. Let u, (r,z,t), u, (r,z,t) to be the radial and

vertical displacement, respectively and then dynamic
equation of soil can be written as follows:

respectively. The vibration is

k +1pile segment

B0 el

k pile segment
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B8 A B

k -1 pile segment
Fig. (2). Schematic illustration for k soil layer.

Radial direction:
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Vertical direction:
) 9 1 ou,
leV Uy — ZGZk (a_l’ + F)wek = Py 8t2k )

where G,, = (4, +2u,)+ (A, + zu;)g ,

’ ! a 2 (:)2 1 a 82
GZk=(Ak+Mk)+(Ak+“k)§ vV =G?+Fa—r+a?and
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w, == (=& -—%),
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2.4. Dynamic Equation of Pile

Assuming the pile to be a one-dimensional continuum, its
dynamic equation can be expressed as:
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2w (z,t)
E,S —(’;zz

02w, (z,t)

+R (z,t)=m e

®)

where m and w, (z,t) are mass of unit length and vertical
displacement, respectively.

2.5. Boundary Conditions and Initial Conditions

For convenience, local coordinate system is adopted
herein. This means that the coordinate is zero at the bottom
and h, at the top in the kth soil-pile layer.

(1) Boundary conditions of the soil layer:

@ Displacements approach zero at an infinite radial
distance:

u(r,z,t)|_ . —0 (4-2)
u, (r,z,t)|

@ Radial displacement is zero at the interface of soil and
pile:

u,(r,zt)=0 (4-b)

® At the bottom of the kth soil-pile layer, stress boundary
condition is as follows:

c, du au

sxk sxk kK _ zk

£ U TE ot o T

sk sk

(4-0)

where k. =k ,c_. =c..
sx1

S sx1 s

@ At the top of the kth soil-pile layer, stress boundary
condition is as follows:

ad d
ssk B Cssk i uzk . =0(k < n—l)
Esk Esk ot gz (4-d)
. =0(k =n)

(2) Friction force and displacement continuity condition at
the interface of the kth soil-pile layer :

R (z,t) =2nr7T,, (1),2,1) (5-a)
u, (r,z,t)=w,(z,t) (5-b)
(3) Boundary conditions of the kth pile segment:
@ At the top of the kth pile segment:

aw,  f (1)

3

6-a
0z ESZh (6-3)

where f (t) is the force that acts on the top of kth pile

segment by k+1th pile segment and f (t)= f(t) at the
level of pile head.

@ At the bottom of the pile:

Coxc IV + kbxk W o— IW,

= 6-b
ESS ot ES koaz o (6-0)
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where ¢, , =c,, k , =k,.

(4) Initial conditions of the kth soil-pile layer:

@ Initial conditions of the kth soil layer:

u Ol_rkl

| o= =
rk I(r,z,0) at (r,z,0)
(7-3)

Uy |(r‘z,0)= at (rz20)"

@ Initial conditions of the kth pile segment:

ow

W ko= 0s =l =0 (7-b)

3. SOLUTION OF THE EQUATIONS
3.1. Vibrations of the Soil Layer

Two potential functions are introduced to decouple the
displacements urk(r,z,t) and uzk(r,z,t) in the Eq. (1)
and Eq. (2):

aqbsk(r zt) 621/; (r,zt)

H(rz.t) = oraz (8)
uzk(r,z,t)_w_%aar( W) ©

Let Urk(r,z,s), Uzk(r,z,s), ¢, (r,z,s) and Y, (r,2,s)
u,(r,zt),
¢, (r,z,t) and Y, (r,z,t) with respect to t, respectively.

to be the Laplace transform of u,(r,z,t),

Taking the Laplace transform of Eg. (1) and Eg. (2) and
combining the initial conditions of the soil layer yield:

Radial direction:

1 d
Glli (V2 +F)U wt ZGsz a—zngk = pskSZU rk (10)
Longitudinal direction:
G, VU, -2G, (—+ )w =p,SU, (11)
where G|, = (A, +2u, )+ (A +2u’)s,
@ 1o 9
GL=(A +u)+(A +u)s, Vi=—+-—+—and
2k ( k ! k) ( k ‘uk) arz ror aZZ
L1 (8U ou ).

”k=2 ar 0z

Taking the Laplace transform of Eq. (8) and Eg. (9)
yields:

a¢sk(r,Z,S) n az'(/)Sk(r,Z,S)

Unlr,2:9) == oraz (12)
T R (e )
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Substituting Eq. (12) and Eq. (13) into Eqg. (10) and Eq.
(11) yields:

, 9
Gy 37 Vobu + (1, +148) 5tz Vi Psks((ps Sk) (14)

Gl £V, - (1 +is)(Z+ Hr | vy
99, 2
s [t (o

And thus Eqg. (14) and Eg. (15) can be decoupled as
follows:

(15)

2

S
V2¢sk - _2¢sk =0 (16)
Vlk
2 s?
v wsk _V_zwsk =0 (17)

sk

G- 2(1
wherev, = [, v, = Mkwk f 1( 2U
psk v

A +2 f I
VL, = A and VS, = B are longitudinal wave and
psk psk

shear wave velocity of the kth soil layer, respectively.

Solving Eq. (16) and Eq. (17) with method of separation
of variables first and then combining Eq. (12) and Eq. (13),

we can obtain the solutions of U, (r,z,s) and U, (r,z,s) as
follows:

U, (r,z,s)=[A, cos(B,z)+B, sin(B,2)]
[Cy1,(n,r)- D, K nn, -

(18)
[A, sin(B,z) - B,, cos(B,2)]-
[C,i L (57) = Dy Ky (5,1IB,S,
u,(r,z,s)=[B, cos(B,z)- A, sin(B,z)]-
[C,, 1, (n,r) + D, K, (n,NIB, (19)

-[A, cos(ﬁkz)+ B, sin(B,2)]-
[C s 1)+ D, K, (s, r)]s

2k 0(
where 1,() and K,() are modified Bessel functions of order
1,0 and
K,( are modified Bessel functions of order first of the first

1k’ Clk’ le’ Azk’ sz’
and B, are constants to be determined by the

zero of the first and second kind, respectively;

and second kind, respectively. A,
C,, D

2k ? 2k
boundary conditions. 7, and s, satisfy the following rela-
tionship:

B’ _nk2=_3_§ (20)
Ik
BZ-s’=-5 (1)
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For convenience, repeat Eq. (4-a) here:
u(r,z,t)|_ . —0 22)
u, (r,z,t)|

Take the Laplace transform of Eq. (22):

{Urk(r 2,8)|_.—

u,(rzs)|_.— (-2

Similarly, taking the Laplace transform of Eq.(4-b) to (4-
d) as follows:

u,(r,z,s)=0 (4-b’)
k c U (r,z,s)
ok 4 ok g)Y r,z,s S S =0 4-c’
(—ESk 3 W, (r.z,5) e (4-c)
(&+Q_Sks)uzk(r1215)+m|z=h =0
E, 0z " (4-d)
, U, (U ), _
[(2, +2u,)+ (%, +2un)s] S A =], =

Substituting Eq. (18) and Eq. (19) into Eq. (4-a’) to (4-d")
and solving them simultaneously yields U _(r,z,s) and

u,(r,zs):

U, (r,z,s)= Eakm kmsm(/ikmz—ﬁkm)nkm[Kl(nkmr)—%Kl(skmr)]
1\%km 0k (23)
U,(rzs)= Eakm cos(, 2-0, )Pl 0als) s (o 1 K (1]

km km " 0 \Tkm
ﬁkm Kl( km Dk)

where a_ is a constants to be determined. B, , . S,,.
0,, and M, can be obtained from the following equations:
KX, + KS
tan(B, h,) = (2k+—k)ﬂkm (24)
B, — KX, x KS,
2
ﬁka - ﬁr’km2 = _S_Izk (25)
2
ﬁka - 5km2 = _3_2 (26)
sk
KX
tan(6, ) = —* (27)

km

M = ,/1+ (f%)2 (28)

( K., +C.5S
KS, = sk _sk” (k <
‘ Esk ( )
where < KS, =0(k = n) (29)
ka = ksxk + Cska
Esk
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3.2. Solution for Longitudinal Vibrations of the Pile

Denote W, (z,s) as the Laplace transform with respect to

time of w,(z,t) and take the Laplace transform of Eq. (3).
After using the initial condition (7-b), we can get:

SR 4w (2.5)- —% (30
, 2
where p° = Pt
Rewrite boundary condition (5-a) as :
R (z,8) = 27r (u, +w,8)
(1)

£ N
2 akm Mkm COS(ﬂka - Hkm)(ﬁ:m - Slfm)ﬁL Kl(nkmro)
m=: km

Then solving Eq. (30) for W, and using boundary
condition Eq.(31) gives:

W, = Asin(pz) + Bcos(pz) + ECkm cos(B,,z-0,,) (32)

m=1
C Clim km
Where = 2'7.”.0 ('uk + M{(S) M km (Skzm - ﬁlfm )nkm Kl (nkm rO) (33)
" E S(p* - B2)Be

Taking the Laplace transform of Eg. (5-b) gives
U, (r,,z,8)=W,(z,s), which can be further rewritten as

follows:

E akm km COS(ﬂka - Okm)

(34)
= E C,, cos(B, z -0, )+ Asin(pz) + Bcos(pz)
m=1
K
where ka = _Mkm[ﬂkm Ko(nkmro)_M Skm 0 Skm o)] (35)

ﬂkm Kl (Skm r.0)

It can be proved that cos(p,,z-6,,,) form an orthogonal

set over the interval [0,h ] as follow:

fohk cos(B,z -0, )cos(B,z—6, )dz =0(m=n)

] (36)
fok cos(B,z -0, )cos(f,z -6, )dz =0(m=n)
Multiplying both sides of Eq. (34) by Ecos(ﬁk -6, yand
hk m m
then integrating over the interval [0,h ], we can get W, :

E Fklmcl:m COS(ﬁkm km)
(D, -C,.)F

k3m

+ E Fk2mCl:m COs(ﬁkm km)
m=1 ( ka Ckm) F

k3m

W =

k

+sin(pz) | A

m=1

@37)

+cos(pz)|B

Wang et al.
= h%fohk sin(pz) cos(B,,z -6, )dz
where 1 F, = h% ) oh“ cos(pz) cos(B,,z -6, )0z . (38)
cam = hik I Ohk cos(B,,z -6, )cos(B, z-6, )dz

Denoting F, (s) as the Laplace transform of f (t) with

respect to t and taking the Laplace transform of the
boundary conditions Eq. (6-a) and Eq. (6-b) yields:

aw, F.(s)

K _ 6-a’

dz ES z=h (6-2)
dw, ,

Ep = (kbxk bxkS)W | (6-b”)

Substituting Eg. (37) into Eqg. (6-a’) to (6-b’) and solving
for A and B, we can obtain the impedance function at the
kth pile segment head:

ZK(S)=WFk(S) ,Ehns c (L Ny = L Ny, 39
9N o ) (0, o - o) 4N, (P - eosooy
where L, = _E FunCnBin sin(B,,h, -6,,)+ pcos(ph,) ,
m=1 (ka - Ckm) Fk3m
S k2 k ﬁk H
E 5 m ~kn E sin(B,h, -6,)- psin(ph,),
1( km ) k3m
K -1
km klm[ S COS(ka) ﬁkm SII"I(Hkm):I
p
sz = E ' -p.
m=1 (ka - Ckm)Fk?;m

km k2m[ kslcos(gkm) ﬁkmsm(ekm):I

=2 P i <
m=1 (ka_ km)F EpS

k3m

And then the velocity admittance function at the kth pile
segment can be obtained as follows:

G, (s)=—— (40)

. h L .
Set I=\/jl, o and T =—%to be the imaginary unit,

the circular frequency and the propagating time in the kth
pile segment, respectively. For convenience, some
dimensionless parameters are introduced as follows:

— L. — p VS 22 p . —
=21 p =", v, =—k; y ="k p=al;
0k K spk Vi — k k
h, o, VP rOkz
D = ‘u l/< D = )Ll: . R ksxk hk | Csxk hk
! s ! xk ! xk ’
! .Uka A’ka Esk Eska
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— = k,h, . ¢, h . 7 :
KX, = (R, +il,p); R, =—Ek5kk g = E:kT: s Be=PBh:
- = h
KS, = (Ry +ily p,); ask=ﬂ;M l+(ﬁkm )
VS, X,
— —2 a
S = B, —(—=)";
_ — a
nk = ﬁk _( s . ) = _)2'
J& +il(E -2)D, +2D,p,
k,h, c,n, 7 il o
RoEs "= E ST Zo= Rl
p pot
i
rOk(1+ IDM pk)Mkm(Skm _ﬁkm ):Kl(nkm I’Ok)
C_ _ ﬁkm .
km = Yk —2 —2 '
_ﬁkm
N nkal(nkm ) )
ka = M [— Ko(skm Ok) ﬁkm Ko(nkm )]'
/Skm Kl(skm Ok)
— h
Z,= E kS 2o
£ _cos(0,)~ cos[( P+ +B)- O] , COS(6,) - COS[( P~ ﬁkm)+9km]
kim +ﬁkm ﬁkm
_ sin[(?k+@-%]+sin(ekm)+sin[(p7—@+%]—sin(ekm) ;
kam P, +ﬁkm Py _ﬁkm
sm[2(/5k Hk )1+sin(26, )
Fk3m 8 N § 1'
2ﬂkm
L, =- klm—kmﬁkmsin(/skm -6,.)+ P, cos(p,);

_1(D -C.)F

k3m

— wC_F.,.[Z cos(em) ﬁmsm(em)] —.
LZk _ E k kim LTk 2Pk ki k - P
m=1 (ka km)F

k3m
FkZm kmﬁkm

! m=1 km Ckm ) F

k3m

sin(B,, - 6,,) - p,sin(p,) ;

N_2k = N kZm[Zk lCOS(ka) ﬁkm Sm(ekm)] k 1 :
m=1 (D Ckm) k3m i
DN, = Nzk[z—klm Cun (P~ )+sin(p_k)]
m=1 km) k3m

Cos 0 —_
|_2k [EM + COS( P, )]
m=1 m - Ckm)

k3m

where ﬁ_k and 6,
equations:

can be determined utilizing the following
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tanpy) - L KSIA, (41)
[B, - KX, KS,]
tan(6, )= KX, (42)

km

where equation (41) is a complex transcendental equation
and can be solved by numerical method.

Substituting S =1iw into Eg. (39) to (40), the

displacement impedance function and velocity admittance at
the head of kth pile segment can be expressed as follows:

ES
K = hp K (41)
k
H (0)= H 42
Vk( ) p S'VP vik ( )
p
where K/ and H are dimensionless displacement

impedance function and velocity admittance function,
respectively:

LZk le ) (43)

(44)

Set kK=n in Eq. (41) and Eq. (42) and then the
displacement impedance function and velocity admittance at
the pile head can be obtained.

When the excitation acting on the pile head is a half-sine

pulse such as f(t)=Q__ sin(gt), te(0,T), where T
denotes the impulse width, then the semi-analytical velocity

response of the pile head can be expressed as:

T

t IFT(H gt max 45

9,)=Q,IFT(H,, T2wz( )= SVPg() (45)

g;(t) _ 21 f: va 1 - (1+eii;T')ei&'da_) (46)
JU .7'[2 _TIZw

5 h
where T =) —% denotes the propagation time of elastic
. gvp propag
longitudinal wave propagating from the pile head to pile tip.

t’=i, T’=l and cT)=wTC denote the dimensionless

TC
time, dimensionless impulse width and dimensionless
circular frequency, respectively.

C

4. PARAMETRIC STUDY AND DISCUSSION

In the following, the effects of variety of soil modulus on
the velocity admittance curves and reflection wave curves
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are discussed, which are the theoretical basis of mechanical
impedance analysis method and reflection wave method. For
convenience, the subscripts marking the soil layer are
eliminated if the parameter values are same in each layer in
the following figures. Number sequence of the soil layer is
shown in Fig. (1). Parameters using in the analysis are shown
as follows:

V,=VS /VS . VP=3500, r, =05, p_ =2500,
¢, =5x10°, k =10°, v=04, v'=04, u =5x10°,

- k k
p=07, 24=1, ¢, =10", =(k<n)=1,

sk sk

¢, (k<n)=10*, T =15ms.

The case of two soil layers: Influence of modulus of
upper soil layer on the velocity admittance curve and
reflection wave curve at the pile top

Fig. (3.a) shows that the variation of modulus of the
upper soil layer has significant effect on the velocity
admittance curve. Compared with the case that the soil is
homogeneous, the velocity admittance curve of the pile top
has a phenomenon that there is a smaller peak between every
two adjacent larger peaks. When the upper soil layer is
stiffer than the lower soil layer, it can be seen that the
amplitude of the velocity admittance increase at first as the
frequency increases, but then decrease as the frequency
further increases after the amplitude is beyond the
maximum. When the upper soil layer is softer than the lower
soil layer, it can be seen that the amplitude of the velocity
admittance decrease as the frequency increases and the
amplitude increase as the frequency further increases after
the amplitude is beyond the minimum. For two cases, the
length between every two adjacent larger peaks (large peak
cycle) is almost equal, which reflects the location where the
soil impedance varies abruptly with the relationship

h,=VP-m/dw_  =10.18m. The length between one larger

peak and its corresponding adjacent smaller peak (smaller
peak cycle) reflects the pile length with the relationship
H=VP-m/dw=19.64m. Fig. (3.b) shows that wave curve
at the division surface concaves and is out of phase with the
input pulse when the upper soil layer is stiffer than the lower
soil layer. The wave curve at the division surface convexes
and is in phase with the input pulse when the upper soil layer
is softer than the lower soil layer.

Fig. (4.a) and Fig. (4.b) show that the amplitude of the
velocity admittance decreases as the modulus of the upper
soil layer increases and oscillation is weak. The dynamic
stiffness at the low frequency range increases and the
amplitude of the input impulse and the reflection amplitude
at the pile tip decreases. The amplitude of the reflected wave
amplitude at the division surface increases. It is due to more
energy dissipation in the shallow layer as the modulus of the
upper soil layer increases.

The case of three soil layers: Influence of modulus of
surrounding soil on the velocity admittance curve and
reflection wave curve at the pile top

Wang et al.
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Fig. (3). Influence of Variations of modulus of upper soil layer on
velocity admittance curve and reflection wave curve.

a
1.2
1.04
0.8+
.06
T
0.4{:
V21=2 h,=h,=10m
029 | ----v21=15
TV2IEL ys vp=0.04
0.0 T v T v T v v v
0 500 1000 1500 2000 2500 3000 3500 4000 4500
o
b 1.0
—V21=2 h,=h,=10m
o8{f |----va1=15
V21=L - Jys vp=0.04
0.6
0.44
® 0.2

0.0+

-0.24

-0.4 v N N N N N
0.000 0.004 0.008 0.012 0.016 0.020 0.024 0.028
t

Fig. (4). Influence of varying degree of modulus of upper soil layer
on velocity admittance curve and reflection wave curve.
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Fig. (5.a) and Fig. (5.b) show that the velocity admittance
curve is similar to the case of two soil layers when there is
stiffer or softer interlayer in the surrounding soil. Large peak
cycle reflects the location of the interlayer with the
relationship h, =VP-z/dw,, =6.5m. At the first peak, the

amplitude of the case with stiffer interlayer is larger than that
of the case with homogeneous soil and the amplitude of the
case with softer interlayer is smaller than that of the case
with homogeneous soil. Consequently, the properties of the
upper soil layer have significant effect on the amplitude of
the first peak. The wave curve at the division surface is out
of phase with the input pulse for stiffer interlayer case and in
phase with the input pulse for softer interlayer case. The
amplitude of the reflection wave at the pile tip decrease as
the modulus of the stiffer or softer interlayer increases.
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Fig. (5). Influence of hard or soft interlayer on velocity admittance
curve and reflection wave curve.

Fig. (6.a) and Fig. (6.b) show that the occurring time of
the reflected waves of the interlayer is retarded as the buried
depth of the softer layer becomes deeper. The large peak
cycle of the velocity admittance curve reflects the buried
depth of the interlayer with the relationship
h,=VP-w/dw,,,/dw,,,/dw,,, =6.39m/8.46m/10.18m .

max1 max 2

Fig. (7.a) and Fig. (7.b) show that the amplitude of the
velocity admittance increases but the reflection amplitude of
the interlayer tends to be weaker as the thickness of the
softer interlayer increases. The reflection amplitude at the
pile tip increase. It is due to less energy dissipation in the
interlayer as its thickness increases.
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Fig. (6). Influence of location of soft interlayer on velocity
admittance curve and reflection wave curve.
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Fig. (7). Influence of length of soft interlayer on velocity
admittance curve and reflection wave curve.
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5. CONCLUSIONS

(1) Modeling surrounding soil as a three-dimensional
axisymmetric continuum and considering its wave effect,
soil-pile dynamic longitudinal interaction in viscous layered
soils is studied. The analytical solution of mobility in the
frequency domain and semi-analytical solution of velocity
response in the time domain undergoing a half-cycle sine
pulse force have been derived. Based on the solutions herein,
the effect of stiffer or softer interlayer on the mobility curves
and reflection wave curves of integrated pile is studied

(2) Compared with the case of homogeneous soil, there is a
smaller peak between every two adjacent larger peaks on the
mobility curve in layered soil. The difference between two
adjacent larger peaks can be used to locate where abrupt
variety of soil modulus happens. At the division surface, the
reflection wave curve is out of phase with the input pulse if
soil modulus increases and in phase with the input pulse if
soil modulus decreases.
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