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ABSTRACT

This work aims to develop a numerical model to predict free field vibrations due to vibratory and impact
pile driving. For this purpose, a hybrid frequency-time domain formulation is presented. Based on a
coupled FE-BE approach, the soil-pile system is decomposedinto two subdomains: (a) a finite domain
containing the pile and a part of the soil that can behave non-linearly and (b) the unbounded semi-infinite
linear soil domain. The unbounded soil region is represented by tractions at the soil-structure interface
in terms of stiffness matrices and displacements, which areadded to the equation of motion of the
finite domain. The stiffness or flexibility matrices of the unbounded soil are computed in the frequency
domain by means of a boundary element method. Using a hybrid approach and a Fourier transformation
of the flexibility matrix to the time domain, the force-displacement relationship is obtained in the time
domain. Newmark’s time integration scheme is used to solve the equation of motion of the coupled
system. Results of the present method under linear behaviour are compared with those obtained by a
frequency domain analysis.
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INTRODUCTION

Due to the non-linear constitutive behaviour of the soil surrounding the pile, the dynamic soil-pile inter-
action problem is non-linear and must be analysed in the timedomain.

In recent years, many researchers have dealt with the analysis of dynamic soil-pile interaction problems
in the time domain (Mamoon & Banerjee, 1992; Tham, et al., 1996). Some progress has been also made
by developing models to assess the driving efficiency of driven piles using a non-linear constitutive law
for the soil (Holeyman, 2002). In particular, some works arebased on the application of the time do-
main boundary element method with the fundamental solutions for the dynamic soil-structure interaction
problems (Wolf, 1988; Bode, et al., 2002).

Using a substructuring method, the soil-structure system is decomposed into two independent substruc-
tures: (a) the inhomogeneous or non-linear structure, and (b) the unbounded linear elastic soil. For each
of these substructures, the basic dynamic equilibrium equations are written independently. The properties
of the unbounded soil (linear part) on the exterior are represented by a boundary condition in the form
of a force-displacement relationship, which is global in space and time. This relationship is expressed in
the form of convolution integrals involving the dynamic stiffness coefficients in the time domain with re-
spect to the degrees of freedom of the nodes located on the soil-structure interface. Alternatively, Green’s
functions in the time domain can be directly used in the computational procedure.

As it is assumed that the unbounded soil on the exterior of theinteraction horizon up to infinity behaves
linearly, this substructure can be analyzed in the frequency domain. The dynamic impedance of the
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soil is calculated by means of a boundary element formulation that employs the Green’s functions of a
horizontally stratified soil.

An alternative consists in calculating the unbounded soil’s interaction forces in the frequency domain
and transforming these into the time domain. These forces are subsequently used to solve the interaction
problem in the time domain (Wolf, 1988). This strategy is referred to as a hybrid frequency-time domain
approach, while the direct formulation in the time domain iscalled the direct time domain approach.

Wolf (1988) has proposed several alternatives to formulatethe soil-structure interaction forces in the time
domain. In order to avoid the difficulties associated with the transformation of the dynamic-stiffness
coefficients, a flexibility formulation is used in this work (François & Degrande, 2005).

Finally, the interaction forces in the time domain are addedto the nodes of the soil-structure interface and
the equation of the motion of the generalized structure is solved by means of Newmark’s time integration
method.

NUMERICAL MODELING

Problem outline

As the main objective of this work is the time domain analysisof the dynamic soil-pile interaction prob-
lem during pile driving, the governing equations are presented for an embedded pile in a homogeneous
layered soil medium.

First, the soil-structure system is decomposed into two subdomains: the bounded (generalised) structure
Ωb that contains the pile and an irregular soil region adjacentto the pile which can behave non-linearly,
and the unbounded semi-infinite layered soil denoted byΩext

s . The interface between the bounded (struc-
ture) and unbounded (linear soil) subdomain is denoted byΣ, as shown in figure 1a.
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Figure 1: (a) The geometry of the problem, and (b) the radiated wave fieldsusc(ub).

Equilibrium equations in the structure

First, the structureΩb is considered. The boundaryΓb = Γbσ ∪ Σ of the bounded domainΩb is de-
composed into a boundaryΓbσ where tractionstb are imposed and the soil-structure interfaceΣ. The
displacement vectorub of the structure satisfies the following Navier equation andboundary conditions:

divσσσb(ub)+ ρbb = ρbüb in Ωb (1)

tb(ub) = t̄b on Γbσ (2)

(3)

whereρbb denotes the body force on the structure andt(u) = σσσ(u) ·n the traction vector on a boundary
with a unit outward normal vectorn.



Equilibrium equations in the soil

The exterior soil domainΩext
s is taken into consideration. The boundaryΓext

s = Γsσ ∪Γs∞ ∪Σ of the soil
domainΩext

s is decomposed into the boundaryΓsσ where tractions are imposed, the outer boundaryΓs∞
where radiation conditions are satisfied and the soil-structure interfaceΣ. Free boundary conditions or
zero tractions are assumed onΓsσ . The displacement vectorus of the soil satisfies the Navier equation
and the following boundary conditions:

divσσσs(us) = ρsüs in Ωext
s (4)

ts(us) = 0 on Γsσ (5)

us = ub on Σ (6)

tb(ub)+ ts(us) = 0 on Σ (7)

According to the compatibility condition (6), the displacement vectorus is equal to the scattered wave
field usc(ub) radiated in the soil due to the motionub, imposed on the interfaceΣ (figure 1b):

us =usc(ub) in Ωext
s (8)

Variational formulation

The equation of the motion of the dynamic soil-structure interaction problem is formulated in a varia-
tional form. For any virtual displacement fieldδv imposed on the structure, the sum of the virtual work
of the internal and the inertial forces is equal to the virtual work of the external loads:
∫

Ωb

εεε(δv) : σσσb(ub)dΩ+

∫

Ωb

δv ·ρbübdΩ =

∫

Ωb

δv ·ρbbdΩ+

∫

Γbσ
δv · tbdΓ+

∫

Σ
δv · tb(ub)dΣ (9)

Accounting for the equilibrium of the tractions on the soil-structure interfaceΣ, the variational equation
(9) becomes (in the absence of the body forces):

∫

Ωb

εεε(δv) : σσσb(ub)dΩ+

∫

Ωb

δv ·ρbübdΩ+

∫

Σ
δv · ts(usc(ub))dΣ =

∫

Γbσ
δv · tbdΓ (10)

The virtual work of the internal and the inertial forces of the structure results into the stiffness and the
mass matrix of the structure, respectively. As the structure Ωb occupies a finite domain, the stiffness and
the mass matrix as well as the external force vector can be computed using a FE method. The tractions
ts(usc(ub)) in the soil on the boundaryΣ are computed using a BE method.

Numerical modeling of the bounded domain (the generalized structure)

In a FE formulation, the displacement fieldub is approximated asub = Nbub, whereNb are the globally
defined shape functions andub is a vector of the three displacement components at all nodalpoints. Anal-
ogously, the strain vectorεεε is approximated asεεε = LNbub, with L a matrix which contains derivative
operators. The virtual work equation (10) must hold for any virtual displacement fieldδv. Substituting
the strain-displacement relations, equation (10) can be elaborated as follows:

Mbüb(t)+ f int
b (t) = f ext

b (t)−Q(t) (11)

whereMb is the mass matrix of the structure andf int
b denotes the vector of the internal forces. The vector

f ext
b collects the external forces onΓbσ andQ(t) represents the vector of the soil-structure interaction

forces. The displacement vectorub can be divided into the displacement vectorub1 corresponding to the
nodes within the structure which are not located on the soil-structure interfaceΣ and the displacement
vectorub2 corresponding to the degrees of freedom of the nodes on the interfaceΣ:

[

Mb1b1 Mb1b2

Mb2b1 Mb2b2

]{

üb1
(t)

üb2
(t)

}

+

{

f int
b1

(t)
f int
b2

(t)

}

=

{

f ext
b1

(t)
f ext
b2

(t)

}

−

{

0
Qb2(t)

}

(12)



The interaction forcesQb2(t) depend on the tractions and displacements on the soil-structure interfaceΣ
and are equal to the convolution integral of the dynamic soilstiffness matrixS(t) and the displacement
vectorub2

(t):

Qb2(t) =

∫ t

0
S(t − τ)ub2

(τ)dτ (13)

Numerical modeling of the unbounded linear soil domain

As the unbounded soil domain behaves linearly, the dynamic stiffness coefficients of the soil can be
calculated in the frequency domain by means of a boundary element formulation that uses the Green’s
functions of a horizontally stratified soil. This formulation has been implemented in the computer pro-
gram MISS (Modélisation d’Interaction Sol-Structure) (Clouteau, 1999).

In a stiffness formulation, the inverse Fourier transform of the dynamic stiffness coefficients from the
frequency domain to the time domain must be calculated and the asymptotic value for the frequency
approaching infinity must be determined. The difficulties indetermining the components of the dynamic
stiffness can be avoided using a flexibility formulation. The dynamic flexibility coefficients of the soil
in the frequency domain are the inverse of the dynamic soil stiffness coefficients and converge to zero
when the frequency approaches infinity.

The displacements of the interface nodesub2
(t) are equal to the convolution integral of the dynamic

flexibility matrix F(t) and the vector of interaction forcesQb2(t):

ub2
(t) =

∫ t

0
F(t − τ)Qb2(τ)dτ (14)

(a)
−1 0 1

0

0.5

1

t/∆t

φ
(t

)

(b)
0 1 2 3 4 5

0

0.25

0.5

0.75

1

Frequency [−]

φ̂
(ω

)

Figure 2: (a) Time history and (b) frequency content of the triangular interpolation function φ(t).

Introducing a time domain interpolation functionφ(t) (figure 2), the interaction forcesQb2(t) are dis-
cretized as follows:

Qb2(t) =
∞

∑
k=1

φ(t −k∆t)Qk
b2

(15)

Substituting expression (15) into equation (14), the displacement vectorun
b2

at timen∆t becomes:

un
b2

=

∫ n∆t

0
F(τ)

(

n

∑
k=1

φ((n−k)∆t − τ)Qk
b2

)

dτ (16)

This is rearranged as:

un
b2

=
n

∑
k=1

(

∫ (n−k+1)∆t

0
F(τ)φ((n−k)∆t − τ)dτ

)

Qk
b2

(17)



where, due to the bounded support−∆t ≤ t ≤ ∆t of the time interpolation functionφ(t), the integration
bounds are reduced from 0 to(n−k+1)∆t. The boundary displacement vectorun

b2
is finally written as:

un
b2

=
n

∑
k=1

Fn−k+1Qk
b2

(18)

where

Fk =

∫ k∆t

0
F(τ)φ((k−1)∆t − τ)dτ (19)

The first dynamic flexibility coefficientF1 is equal to:

F1 =
∫ ∆t

0
F(τ)φ(−τ)dτ (20)

which results in:

F1 =

∫ ∞

−∞
F(τ)φ(−τ)H(τ)dτ (21)

Introducing the functionφ ′(t) = φ(t)H(−t), whereH(t) is the Heaviside step function, the integral is
rewritten as:

F1 =

∫ ∞

−∞
F(τ)φ ′(−τ)dτ (22)

Using the convolution theorem, the flexibility coefficientF1 is written as:

F1 =
1

2π

∫ ∞

−∞
F̂(ω)φ̂ ′(ω)dω (23)

with

φ̂ ′(ω) =
1−eiω∆t + iω∆t

ω2∆t
(24)

The flexibility coefficientFk (k≥ 2) in equation (19) can be written as follows:

Fk =
1

2π

∫ ∞

−∞
F̂(ω)φ̂ (ω)eiω(k−1)∆tdω (25)

with

φ̂ (ω) =
2−2cos(ω∆t)

ω2∆t
(26)

The integral in equation (23) is evaluated by means of a trapezoidal rule, while equation (25) is evaluated
by means of a Filon integration algorithm with an oscillatory kernel function.

The interaction forceQn
b2

can be elaborated as:

Qn
b2

= (F1)−1un
b2
−Qn−1

b2
(27)

where the second term on the right hand side is the time history of the interaction forces:

Qn−1
b2

= (F1)−1
n−1

∑
k=1

Fn−k+1Qk
b2

(28)

Substituting equation (27) into the equation of motion (12)results in:
[

Mb1b1 Mb1b2

Mb2b1 Mb2b2

]{

ün
b1

ün
b2

}

+

{

f intn
b1

f intn
b2

}

+

[

0 0
0 (F1)−1

]{

un
b1

un
b2

}

=

{

f extn
b1

f extn
b2

}

+

{

0
Qn−1

b2

}

(29)



Interface modes and interaction forces

A modal reduction technique is applied where the vector of the interface displacementsub2 is decom-
posed as a linear combination of vibration modesψψψb2m(m= 1, . . . ,q):

ub2 ≃

q

∑
m=1

ψψψb2mαsm = ΨΨΨb2αααs (30)

where the modesψψψb2m(m= 1, . . . ,q) are collected in a matrixΨΨΨb2 and the modal coordinatesαsm(m=
1, . . . ,q) are collected in a vectorαααs. The modal coordinatesαααs are equal to:

αααs = Tuub2 (31)

whereTu = (ΨΨΨT
b2

ΨΨΨb2)
−1ΨΨΨT

b2
. The modal interaction forcesfs are introduced as:

fs = ΨΨΨT
b2

Qb2 (32)

Therefore, the interaction forcesQb2 can be rewritten as follows in terms of the modal interactionforces:

Qb2 = Tqfs (33)

whereTq = ΨΨΨb2(ΨΨΨ
T
b2

ΨΨΨb2)
−1.

As the dynamic soil stiffness coefficients are usually computed in the frequency domain in terms of the
interface modes, equation (18) can be represented in the following modal form:

αααn
s =

n

∑
k=1

Fn−k+1f k
s (34)

where the modal interaction forcesf n
s can be written as:

f n
s = (F1)−1αααn

s − (F1)−1
n−1

∑
k=1

Fn−kf k
s (35)

where(F1)−1 denotes the instantaneous dynamic impedance of the unbounded soil domainΩext
s . Substi-

tuting equation (35) into equation (33) results in:

Qn
b2

= Tq(F1)−1Tuun
b2
−Qn−1

b2
(36)

where

Qn−1
b2

= Tq(F1)−1
n−1

∑
k=1

Fn−kf k
s (37)

Substituting equation (37) into the equation of motion (12)results in:

[

Mb1b1 Mb1b2

Mb2b1 Mb2b2

]{

ün
b1

ün
b2

}

+

{

f int
b1

n

f int
b2

n

}

+

[

0 0
0 Tq(F1)−1Tu

]{

un
b1

un
b2

}

=

{

f ext
b1

n

f ext
b2

n

}

+

{

0
Qn−1

b2

}

(38)

Modal decomposition

Assuming a linear elastic behaviour for the structure and introducing a modal decomposition based on
the modes of the structure with free boundary conditions:

{

ub1

ub2

}

=

{

ΨΨΨb1

ΨΨΨb2

}

αααs (39)



the equation of motion (38) can be elaborated as:

Iqqα̈ααn
s +
(

ΛΛΛqq+(F1)−1)αααn
s = ΨΨΨT

b1
f ext
b1

n
+ ΨΨΨT

b2
f ext
b2

n
+ f n−1

s (40)

where theq-dimensional diagonal matrixΛΛΛqq = diag(ω2
m) contains the squares of the eigenfrequencies

ωm(m = 1, . . . ,q) and theq-diagonal unit matrixIqq reflects the orthogonality of the eigenmodes with
respect to the mass matrix. The vectorf n−1

s is defined as:

f n−1
s = (F1)−1

n−1

∑
k=1

Fn−kf k
s (41)

Craig-Bampton substructuring technique

The Craig-Bampton substructuring technique is a valuable alternative to solve the coupled linear problem
(Craig & Bampton, 1968). The displacement vector of the structure can be written as:

{

ub1

ub2

}

=

[

ΨΨΨb1 ΨΨΨs
b1

0 ΨΨΨb2

]{

αααb1

αααb2

}

(42)

The displacement vectorub2 is written as a superposition of the modesΨΨΨb2 of the soil-structure inter-
face. The displacement vectorub1 is decomposed as a linear combination of the eigenmodesΨΨΨb1 of the
structure fixed on the soil-structure interface and the quasi-static transmissionΨΨΨs

b1
of the modesΨΨΨb2 of

the soil-structure interface:

ΨΨΨs
b1

= −K−1
b1b1

Kb1b2ΨΨΨb2 (43)

Applying the Craig-Bampton decomposition technique, the equation of motion (38) is represented as:








Ikk ΨΨΨT
b1

[

Mb1b1 Mb1b2

]

[

ΨΨΨs
b1

ΨΨΨb2

]

[

ΨΨΨsT

b1
ΨΨΨT

b2

]

[

Mb1b1

Mb2b1

]

ΨΨΨb1 ΨΨΨT
b2

M s
b2b2

ΨΨΨb2









{

α̈ααn
b1

α̈ααn
b2

}

+

[

ΛΛΛkk 0
0 ΨΨΨT

b2
K s

b2b2
ΨΨΨb2 +(F1)−1

]{

αααn
b1

αααn
b2

}

=

{

ΨΨΨT
b1

f ext
b1

n

ΨΨΨsT

b1
f ext
b1

n
+ ΨΨΨT

b2
f ext
b2

n

}

+

{

0
f n−1
s

}

(44)

where thek-dimensional diagonal matrixΛΛΛkk = diag(ω2
j ) contains the squares of the eigenfrequencies

ω2
j . The matrixI kk is a k-dimensional unit matrix reflecting the orthogonality of the eigenmodes with

respect to the mass matrix. The matricesM s
b2b2

andK s
b2b2

are the Schur complement of the mass and the
stiffness matrices of the structure, respectively.

NUMERICAL EXAMPLES

In order to validate the present method, different linear analyses are performed due to a harmonic loading.
Results computed by the present method are compared with those obtained by solution in the frequency
domain.

A single pile embedded in a homogeneous half space

A circular concrete pile with a diameterdp = 0.50m is considered (figure 3a). The pile has a lengthLp =
10m, a Young’s modulusEp = 40000MPa, a Poisson’s ratioνp = 0.25, and a densityρp = 2500kg/m3.
The pile is assumed to be completely embedded in the soil witha penetration depthep = 10m. The
longitudinal wave velocity in the pile is equal toCp = 4000m/s.
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Figure 3: (a) The geometry of a single pile and (b) the geometry of the generalised structure (a
single pile and the soil) embedded in a homogeneous half space.

The pile is modeled using 8-node isoparametric brick elements. As the pile has a cylindrical shape and
an axial force is applied at the center of the pile, only the axisymmetric modes consisting of the vertical
rigid body mode and the flexible axial modes of the pile are considered. Figure 4 shows the flexible axial
eigenmodes of the pile with free boundary conditions.

Mode 2: 200.0 Hz Mode 3: 400.3 Hz Mode 4: 601.1 Hz

Figure 4: First three flexible axial modes of the pile with free boundary conditions.

The soil medium consists of a homogeneous half space with a Young’s modulusEs = 80MPa, a Poisson’s
ratio νs = 0.4, a material damping ratioβs = 0.05, and a densityρs = 2000kg/m2. The shear wave
velocity in the elastic soil is equal to 120m/s.

The dynamic soil stiffness matrix is calculated in the frequency domain using a BE method implemented
in the program MISS 6.3. The boundary element analysis is applied to compute the impedance functions
of the soil. The size of the boundary elements on the soil-pile interface is limited to 0.05m at the pile
toe and 0.25m along the pile shaft. The impedance functions are computed up to a maximum frequency
fmax = 300Hz. Figure 5 shows the diagonal elements of the dynamic flexibility matrix. The dynamic
flexibility coefficients tend to zero for limiting high frequencies.

The discrete flexibility coefficient matrices in the time domain are computed by the convolution equation
(25) with a time step of∆t = 1.7×10−3 s (figure 6). The number of time steps is selected considering
the time that the shear wave needs to pass through the largestdimension of the soil-structure interface.
The flexibility coefficients are evaluated by the integration of the product of the dynamic flexibility
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Figure 5: Diagonal elements of the dynamic flexibility matrix in the frequency domain.
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Figure 6: Diagonal elements of the flexibility coefficient matrix in the time domain.

matrix with the frequency content of the triangular or modified triangular shape function. As the upper
frequency limit is 300 Hz instead of infinity, an error is induced which has no significant influence on the
results when the upper frequency limit is higher than the maximum frequency content of the loading.
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Figure 7: Modal response of the pile subjected to a sinusoidal force with a frequency of 20 Hz,
computed by the hybrid method (solid line) and by solution inthe frequency domain (dash line).

A vertical sinusoidal forcep(t) = sin(2π f t) is considered with a frequencyf = 20Hz. The force is
applied at the pile head. The dynamic response of the pile is computed using a modal reduction technique
(equation (40)). Newmark’s method is used to solve the equation of motion with a time step∆t =
1.7×10−3 s and parametersα = 0.47 andδ = 0.70. Since the displacements in each time step implicitly
depends on the displacements at all previous time steps, unconditional stability can not be guaranteed
with a constant average acceleration scheme (α = 1/4 andδ = 1/2). For a fixedδ > 1/2, one can
selectα such that high-frequency dissipation is maximized (Hughes, 1987). It is observed that the better
stability is achieved by selectingα > 0.32(δ +1/2)2.

Figure 7 shows that the modal response of the pile, computed with the present method, compares well
with results obtained in the frequency domain. This good agreement is also preserved when the vertical
displacement of the pile head is computed by means of modal superposition (figure 8).
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Figure 8: Response of the pile head subjected to a sinusoidalforce with a frequency of 20 Hz,
computed by the hybrid method (solid line) and by solution inthe frequency domain (dash line).

A generalized structure (single pile and soil) embedded in ahomogeneous half space

In the following, the pile foundation and a part of the soil are modeled as a generalised structure em-
bedded in a homogeneous half space. The soil-structure system is decomposed into two subdomains: a
bounded domain contains the pile and a part of the soil aroundthe pile and an unbounded soil domain.
The properties of the pile and the soil are the same as in the previous example (figure 3b). The pile-soil
model has a diameterdm = 2.00m and a heighthm = 11.0m. Since the model has a cylindrical geometry
and a vertical force is applied at the center of the pile head,the pile and the soil are modeled using 4-node
plane axisymmetric finite elements.

Mode 2. Mode 3. Mode 4. Mode 5.

Figure 9: Some axisymmetric modes of the interface.

The boundary element method is applied to compute the impedance of the unbounded domain. A three-
dimensional BE mesh of the interface is built correspondingto the nodes on the interface in the two-
dimensional axisymmetric FE mesh. The size of the boundary elements is limited to 0.10m at the base
and 0.25m along the shaft. A rigid body mode in thez−direction and 29 flexible modes are selected.
The flexible modes in figure 9 illustrate the eigenmodes of theinterface with free boundary conditions.

The dynamic response of the generalised structure due to a sinusoidal force is investigated using the
Craig-Bampton technique (equation (44)). Results are computed applying 30 interface modes and 200
modes of the structure clamped on the soil-structure interface. Newmark’s method is used to solve the
equation of motion with a time step∆t = 1.7×10−3 s and parametersα = 0.47 andδ = 0.70. Figure 10
shows the vertical displacement of the pile head due to a sinusoidal excitation. The pile response shows
a good agreement with the result of the previous example.

Ground vibrations due to vibratory driving are considered.A standard hydraulic vibratory driver ICE 44-
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Figure 10: Response of the pile head subjected to a sinusoidal force at 20 Hz, computed by the
hybrid method in a pile-soil model (solid line) and by solution in a single pile model (dash line).
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Figure 11: The norm of the particle velocity in a homogeneoushalf space due to vibratory driving.

30V is selected. It operates at a frequencyf = 20Hz with an eccentric momentme= 50.7kgm, resulting
in a centrifugal forceFp = 800kN. In this example, the same Newmark parameters and timestep as in
the previous example are considered.

Figure 11 shows the norm of the particle velocity in a homogeneous half space due to vibratory pile
driving at 20 Hz for the penetration depthep = 10m. Results are presented in the(r,z) plane, where the
vertical coordinate varies fromz= 0.0m on the ground surface toz= 20m; the horizontal coordinate
varies from the soil-structure interface atr = 1.0m up to a distancer = 20.0m from the pile centre. It is
observed that: (1) because of the soil-shaft contact, vertically polarized shear waves are generated which
propagate radially from the shaft on a cylindrical surface;(2) at the pile toe, shear and compression waves
propagate in all directions from the toe on a spherical wave front; and (3) Rayleigh waves propagate
radially on a cylindrical wave front along the surface.

Figure 12a illustrates the decrease of the peak particle velocity (PPV) at the surface with the distancer
from the pile for the penetration depthep = 10m. Figure 12b displays the variation of the PPV versus the
depth at a distance ofr = 5m. Results of the hybrid method are compared with those obtained by means
of the direct inverse Fourier transformation (Masoumi, et al., 2007). The response along the surface
shows a small discrepancy with the reference solution.

CONCLUSION

A hybrid frequency-time domain approach has been proposed to solve a dynamic soil-pile interaction
problem in the time domain. Different analyses were performed to investigate the dynamic response of
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Figure 12: (a) PPV versus the distance from the pile at the free surface, and (b) PPV versus the
depth at r = 5m from the pile due to vibratory pile driving at 20Hz. Results of the hybrid method
(−◦−) are compared with those obtained by a frequency domain solution (−⋄−).

a pile under harmonic loading. Results of the present methodunder linear behaviour were compared
with those obtained by a frequency domain analysis and show agood agreement. The prediction of free
field vibrations due to vibratory pile driving is illustrated in an example. In the near future, the proposed
model will also be applied for a non-linear analysis of an impact pile driving problem.
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