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Abstract

The potential use of pile barriers as a ground vibration mitigation measure is
analysed through an efficient numerical model. The soil is modelled as an elastic
half space, using the reciprocity theorem and specific Green’s functions for the lay-
ered half space, while the piles are treated as beam elements. After benchmarking
the proposed model against a Boundary Element model, it is used to study this
type of barrier, with particular focus on how the presence of a rigid bedrock alters
its performance. A significantly different behaviour when compared to the case of
the half space is found if the piles reach the rigid stratum, increasing the barrier
performance around the layer second natural frequency.

Keywords: Vibration isolation , Pile barriers, Elastic wave propagation, Soil
stratum, Boundary integral formulation

1 Introduction

The environmental vibration produced by nearby traffic, machines or construction oper-
ations can lead to annoyance for residents or perturbed operation of sensitive equipment.
Different types of isolation systems can be used to attenuate these ground vibrations,
located either at the source point or at the receiver structure. In addition to these, wave
barriers can be used along the transmission path to reduce the propagation of vibrations
in the ground.

Several types of wave barriers have been used and studied along the last decades.
The simplest system consists of an open or in-filled trench situated between the vibration
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source and the receiver point. The surface disturbance imposed by the trench diffracts the
elastic waves resulting in a vibration amplitude reduction [1]. The effectiveness of trenches
is determined by their depth and the soil wavelength |IH3] and, for open or in-filled, has
been the object of study of a large variety of research using an either experimental [3—
5] or numerical [6-12] approach. Depending on the dimensions of the trench or the
characteristics of the soil, sometimes it is necessary to include structural elements, such
as thin shell walls [13] or sheet-pile walls [14-16], to guarantee its stability. Systems
composed of double wall barriers have been also recently considered [17,[18]. Some of these
works [12, 18] have employed optimization techniques in order to improve the performance
of the barriers.

On the other hand, wave barriers formed by piles can be also used to mitigate the
ground vibrations when large barrier depths are required. The pioneering experimental
work of Woods et al. [19] and Liao and Sangrey [20], and the analyses based on the equa-
tions of the problem of Avilés and Sanchez-Sesma |21, 22] considered piles for impeding
vibration transmission. Kattis et al. [23] used a Boundary Element (BE) formulation
to analyse the performance of a row of piles to mitigate the ground surface vibrations
produced by an external vertical load. In later work, they addressed the problem by
modelling the pile barrier through an effective trench [24]. A BE model was also used
by Tsai et al. [25] to study the effectiveness of barriers formed by different types of hol-
low and solid piles. Configurations that differ from a single row of piles were considered
by Gao et al. [26] who studied the performance of three pile rows to mitigate Rayleigh
waves; while Xia et al. [27] proposed a formulation to analyse the scattering effects of an
arbitrary configuration of piles. Also, pile barriers with elements disposed in a periodic
configuration (periodic pile barriers) have been analysed in several studies [28-30]. Some
authors have also addressed the problem of pile barriers embedded in poroelastic soils
[31-33].

At this point, it should be mentioned other novel systems that have been proposed
recently in order to mitigate the vibrations received by structures. One example is the ap-
plication of structure-soil-structure interaction effects [34,35] through an auxiliary system
that absorbs part of the energy transmitted through the ground. Also, different kinds of
metabarriers or metamaterials [36-42], some of them based on optical principles, can be
used to properly channel or filter the elastic waves and, consequently, reduce the ground
vibrations at the desired locations.

In most of the previous work, the piles were assumed to be in a homogeneous half space.
There are few works which study how the soil stratification affects the performance of the
pile barrier (see e.g. [43]). In order to fill this gap, this work analyses the behaviour of
pile barriers for both the case of a half space and the case of a layer on bedrock site. The
study is performed in the frequency domain by a numerical model based on the integral
expression of the reciprocity theorem and the use of fundamental solutions for the layered
half space. In this formulation, piles are treated as load lines and coupled to the soil using
a Timoshenko beam model.

The document is organized as follows. First, the problem under study is defined in
Section 21 and the formulation of the proposed model is presented in Section [8l Then, the
ability of the integral model to simulate the effects that are involved in the pile barrier
problem is validated by comparing with a Boundary Element model in Section @l After



setting the scope of applicability of the numerical tool, results are presented in Section [3],
followed by the main conclusions drawn from them in Section

2 Problem statement

The effectiveness of a row of identical piles for the mitigation of ground vibrations is stud-
ied first. A point load in vertical direction, centrally placed at one side of the pile barrier,
is assumed as the source of vibrations. On the other side of the barrier, the response at
a set of observation (receiver) points uniformly distributed along a rectangular surface
behind the barrier is measured. Other choices like taking an area relative to a wave-
length (typically the Rayleigh wavelength) would have resulted in an over-complicated
problem definition given the number of parameters involved (including non-homogeneous
soils). Instead, by choosing a fixed area, results become concise and give an insight on
the effects of the barrier over its surroundings. A sketch of the problem is shown in Fig.
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Figure 1: Sketch of the studied problem.

In order to present results that can be applied to a wide set of scenarios, the problem is
defined in terms of dimensionless parameters. The pile geometry is determined by the pile
aspect ratio L/d; while the barrier geometry is given by the number of piles NV and centre-
to-centre pile separation s/d. The width of the barrier is denoted as W/d = (N —1)(s/d).

The source is placed at the central line of the barrier at a dimensionless distance rg/d
in the negative = direction. On the other hand, the position of each observation point
is defined through the parameters x,/d and y,/d corresponding to the coordinates of the
points in the reference system located at the centre of the barrier.

The work at hand aims to study how the performance of the pile barrier is affected
by the presence of a stiff bedrock at the site. Therefore, two soil profiles are considered:
a half space and a single soil layer over a bedrock. The relative stiffness between the soil
(half space or upper layer) and the pile is given by the pile-soil Young’s modulus ratio
E,/E;. For the soil deposit profile, the thickness of the layer is given by the ratio H/d,
and the relative stiffness between bedrock and the upper layer is determined by the ratio
Ey/Es. The other soil properties are equal for the layer, bedrock and half space and
are: soil density ps (soil-pile density ratio ps/p,), soil Poisson’s ratio v, and soil hysteretic
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damping ratio f,, which gives complex valued elastic properties as E* = Real[E](1+2i/,),
with i being the imaginary unit.

The remaining material properties corresponding to the piles are: pile Poisson’s ratio
v, and pile hysteretic damping ratio 3,.

Results are presented in terms of the dimensionless frequency ag = fd/cs, being f the
excitation frequency in hertz and c¢s the shear wave propagation velocity of the soil (half
space or upper layer). The dimensionless frequency represents the ratio between the pile
diameter and the shear wave wavelength in the soil, i.e., ag = d/Xs. Other definitions are
possible, e.g. using the pile length as the reference length. However, as it is shown in
Section [l the use of the pile diameter as the reference length allows to establish a validity
range of the proposed model independent of pile dimensions.

The reduction of surface displacements produced by the pile barrier is measured in

terms of the amplification ratio:
u

A, =

(1)

where u and uf are the vertical displacements produced at each observation point by the
vertical load with or without the presence of the pile barrier, respectively.

Then, the effectiveness of the pile barrier is measured through the average amplification
ratio along the observation surface, which is obtained as:

Uyef

- 1
A =— | A dA 2
= [ A ©)

being A = 2(W/d)?* the dimensionless area of the rectangular observation surface located
behind the pile barrier. As mentioned before, in order to evaluate the two-dimensional
integral presented in Eq. (2]), the observation surface is discretized into elements whose
response is determined by the one of the corresponding observation point. These obser-
vation points are distributed over the observation area A with a spacing equal to the pile
diameter both in the x and y directions for all the studied frequencies.

3 Methodology

The response at the observation points due to the point load is computed through a
three-dimensional time-harmonic numerical model previously developed by the authors
[44] for the dynamic analysis of pile foundations. In general, the model assumes the
soil as a finite number of zoned homogeneous viscoelastic isotropic layers overlying a
homogeneous half space. Its behaviour is represented through the reciprocity theorem
in elastodynamics in combination with specific Green’s functions for the layered half
space [45]. In the soil formulation, the piles are treated as load lines and the pile-soil
interaction is expressed through tractions acting in the three directions of the space.
Piles are modelled as Timoshenko beam finite elements and coupled with the soil by
imposing compatibility and equilibrium conditions over the pile/soil displacements and
the soil-pile interaction tractions. The use of the specific Green’s functions (defined as
the response of the layered half space to an unitary point load applied at each direction
of the three-dimensional space) as fundamental solution and the treatment of piles as
load lines (therefore, not affecting the soil continuity), results in a very efficient model

4



as it completely avoids the meshing of the free-surface or layer interfaces, obtaining a
formulation only in terms of pile variables. Once the response of the piles is known,
the displacements at the soil observation points are obtained by the application of the
reciprocity theorem at these internal points. In the following, a brief summary of the
model is presented, which is supported by the graphical description presented in Fig. 2
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Figure 2: Sketch of the proposed model for the analysis of pile barriers.

Piles. The dynamic behaviour of the piles is represented through two-noded Timo-
shenko beam elements with 8 unknowns per node corresponding to three displacements,
two bending rotations, and three soil-pile interaction tractions. The torsional motion of
the pile is neglected as no interaction with the soil is considered in the proposed model for
this specific mode. The pile bending deformation is modelled inside each element through
cubic (for displacements) and quadratic (for rotations) shape functions that satisfy the
static equation of the Timoshenko beam. The formulation of this FE element (shape
functions and elemental matrices) can be found in [46]. On the other hand, linear shape
functions are used for the axial displacements and for the soil-pile interaction tractions
along each element. Assuming time-harmonic displacements and forces, the system of
finite element equations for the piles can be expressed as:

(K(1+2i8,) — (27f)° M) u® — Qq® = 0 (3)

where K and M are the global stiffness and mass matrices obtained from the assembly
of the elemental ones, Q is the global matrix that transforms the distributed tractions
into the corresponding nodal loads, and uP and P are the vectors of nodal displacements
(and rotations) and soil-pile interaction tractions of the piles.

The expression given above corresponds to the case of floating piles (free-tip condi-
tions). However, when piles reach a stiff medium, hinged (restricted displacements) or
fixed (restricted displacements and rotations) tip conditions can be directly imposed. In
order to apply these conditions, Eq. (B]) is rearranged so the tip displacements and/or



rotations vanish and the corresponding reaction forces or moments are included as com-
plementary unknowns. In general, the pile system of equations can be written as:

(K(1+2i8,) — (27f)° M) uP — QgP — F' =0 (4)

where F'P is the vector containing the tip reaction forces and/or moments acting over
the pile due to the imposed conditions.

Soil.  The treatment of piles as load lines, the boundary conditions of the studied
problem and the layered half space Green’s functions simplify the integral expression of
the reciprocity theorem in elastodynamics to:

N
= Z/F qsu* dI'; + u'F (5)
=1 l

where u” is the vector containing the three displacements at the collocation point k, I
denotes the load line corresponding to pile [, u* is the tensor containing the displacement
Green’s functions, q° are the soil-pile interaction tractions acting over the soil corre-
sponding to pile [, and F = {0,0,1}" is the vector containing the external point load
(source) acting over the free-surface.

Applying the integral equation (B to all pile nodes, the system of equations corre-
sponding to the soil is obtained as:

Yu'— Gq® =F (6)

where u® and °® are the vectors containing the soil displacements and soil interaction
tractions at all pile nodes, Y is the collocation matrix which contains either identity sub-
matrices or the corresponding pile displacements shape functions depending on whether or
not a non-nodal collocation strategy is needed (see [44]), G is the influence matrix obtained
by integrating the fundamental solution displacements times the linear shape functions
of the interaction tractions along each pile element, and F is the vector containing the
excitation load value times the corresponding displacement fundamental solution terms.

Soil-pile model. As indicated before, the coupling between the pile and soil is realized
by imposing compatibility conditions in terms of the displacements at the pile nodes
(u® = uP) and equilibrium conditions for the soil-pile interaction tractions (q* = —qgP),
obtaining a final linear system of equations that, once solved, gives the nodal values of
the pile displacements and interaction tractions.

At a post-processing step, the displacement vector u’ at any internal point i of the soil
domain (including free surface) can be computed by applying the integral equation (&)
assuming the point ¢ as the collocation point. This equation can be rewritten in matrix
form as:

u' = -G'qP + u'F (7)

where G' is the corresponding influence matrix.
Note that the layered half space Green’s functions can also be used to directly compute
the reference soil displacement (without barrier) u’ at the internal point 4.



4 Validation of the proposed model. Scope of appli-
cability

The aim of this section is to validate the proposed formulation for application to the pile
barrier problem. The presence of the barrier mitigates the ground vibration due to the
stiffening of the soil between the receiver and the source points and due to the diffraction
of the travelling waves that transmit the energy introduced by the external force. Part of
these diffraction effects corresponds to geometrical reflections and transmissions that are
produced at the soil-pile interface. However, as the proposed formulation treats the piles
as unidimensional beam elements, these phenomena can not be completely captured by
the present method. The importance of the geometrical diffraction is expected to increase
as the frequency of the excitation augments, when the soil wavelengths are comparable
to the pile cross-section dimensions.

Therefore, in order to test the range of applicability of the proposed model, a reduced
set of problems is considered and the results of the integral model are compared with
the ones of a previously developed continuum-based Boundary Element formulation [47,
48]. The use of this kind of BE models to rigorously handle the pile barrier mitigation
problems can be found in the literature (see e.g., [23, 25]). However, this kind of models
demands high computational resources (both in time and memory) and also presents,
in their standard formulations, the uncertainties intrinsically related to the surface and
pile meshing. Those inconveniences are avoided by the proposed integral model, which
makes it a suitable tool for carrying out parametric analyses if the validation process is
satisfactorily completed.

For the validation analysis, several configurations of pile barriers embedded in a ho-
mogeneous half space domain are considered by combining the following dimensionless
parameters:

e pile aspect ratio L/d = 10 and 20

e pile separation distance s/d = 1.5, 2, 3, 4 and 5

e pile-soil Young’s modulus ratio £,/Es = 65 and 250
e soil Poisson’s ratio vy, = 0.3 and 0.485

All other dimensionless parameters are kept constant: number of piles N = 7, pile Pois-
son’s ratio v, = 0.25, pile hysteretic damping ratio 5, = 0%, soil hysteretic damping ratio
Bs = 2.5%, soil-pile density ratio ps/p, = 0.7. The source load is located at r,/d = 10
and the response at receivers situated at z,/d = 6, 10, 15 and 20 and at y,/d = 0 and
1.5s/d from the centre of the pile barrier are considered. Values of the amplification ratio
A, at these observation points are obtained for a frequency range from ag = 0 to 0.25.

It is important to highlight that the validation is made in terms of the amplification
ratio at specific points instead of using its average value along the whole observation
surface. A compensation of errors in the average trend could mask the mismatch between
the responses obtained by the proposed and BE models.

For illustration purposes, Fig. [ shows the meshes required for solving one of the
studied configurations by the BE and integral models. Note that only one-quarter of



Figure 3: Examples of the meshes used for the BE (left) and integral (right) models.

the discretization of the problem is presented for the BE model in order to clearly show
its details. In fact, in order to reduce the computational cost related to solving the
corresponding system of equations, the BE model exploits the symmetry of the system,
decomposing the problem into its symmetric and antisymmetric components. The com-
putational efficiency of the integral model makes this decomposition unnecessary. Thus,
the proposed model directly considers the whole configuration (as shown in Fig. B]). In
order to situate the computational performance of both models, wall clock time and RAM
memory consumption required for solving one of the considered configurations (L/d = 20,
s/d =3, E,/E; = 65 and v, = 0.485) are presented. The BE model takes 210 s per fre-
quency with a memory usage of 11.6 GB for solving a model of one symmetric quarter
of the problem. On the other hand, the integral model takes 5.7 s per frequency with
a memory usage of 110 MB for solving the complete problem. This means that the in-
tegral model just takes 2.7% of the time and 0.9% of the memory required by the BE
model. These values were obtained by using a 28 core (Intel® Xeon® CPU E5-2690 v4
@ 2.60GHz) 260GB RAM computer.

Fig. M presents an example of the comparison between the results of the two models.
The amplification ratio A, at the observation points defined before that are obtained by
the integral and the BE models are plotted against the dimensionless frequency. Con-
figurations of L/d = 20 and v, = 0.485 are considered. The results corresponding to
the different pile separation distances are shown in different rows, while the observation
points are indicated by the value of x,/d at the top of each column. It can be seen
that, depending on the pile configuration, the range of applicability of the propose model
changes. In order to determine this in an objective way, a simple statistical analysis of
the data is conducted, which is detailed in the following.

The combination of the aforementioned parameters results in 320 curves of the evo-
lution of the amplification ratio A, with the dimensionless frequency that can be used
to compare the two different methodologies. In order to measure the discrepancies be-
tween the two models at any point x, = {z,/d,y,/d,0}" of the soil surface, the following
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Figure 4: Comparison between amplification ratios obtained by the integral (lines) and BE
(markers) models. vy = 0.485, L/d = 20, E,/E; = 65 (blue) or 250 (black). Observation
points located at the centre of the barrier (y,/d = 0).

frequency-dependent relative error is defined:

Ar(a07 XO) - A?E(a07 XO)

max(ABF) — min( ABF)

(8)

AAT (CLO, XO) -

which represents the importance of the difference between the amplification ratio obtained
by the integral (A, (ag, Xo)) and BE (ABE(ag, X)) models with respect to the range within
which lies the reference (BE) results. This definition of the relative difference is chosen
over the classic relative error in order to avoid excessive values at frequencies in which
the reference value of AP is close to zero.

After computing the Pearson’s correlation coefficient (R) between A 4. and the variable
dimensionless parameters, the only ones that are found to be significantly related to the
differences between the two models are the dimensionless frequency a¢ (R = 0.614) and
the separation distance s/d (R = —0.183). As expected, as the frequency increases and,
consequently, the soil wavelength decreases, the geometrical effects of the pile dimensions
become more important and, therefore, the simplified model is unable to reproduce these



effects which are taken into account by the BE model. Related to this, as the piles in the
barrier are located at closer distances, the volume of soil situated in between the piles
differs more from one model to another. Note that, in the limit scenario of s/d = 1,
the piles will touch each other at their perimeters in the BE model, while in the integral
model the propagation of waves through that soil medium will be considered. In other
words, it is found that as the geometry gets closer to the one assumed in the integral
model (unidimensional load lines, i.e., slender separated piles), the results of the two
methodologies converge.

Through box and whiskers diagrams, Fig. Bl shows the relation between A4 and the
aforementioned relevant parameters (s/d, ag). In coherence with the correlation analysis,
it is found that the mean values of the differences are larger for the smallest pile separation
distances, and that the magnitude of these differences significantly increases with the
frequency. The results presented in Fig. [l also indicate the high dispersion that exists
for the differences between the models, which lead to the statistical treatment of the data
instead of a direct evaluation from the graphical results.
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Figure 5: Distribution of the differences A4, between the integral and BE models.

Finally, in order to fix the range of applicability of the integral model, the expected
difference A% is obtained for each separation distance s/d through a linear regression of
the available data and is shown as a solid line in each graphical area of Fig. 5. The com-
parison between the evolution with frequency of this expected difference for the different
separation distances can be easily analysed in Fig. [6l(a). From these results, the validity
of the proposed model can be established by defining the range in which the discrepancies
are acceptable. Obviously, the chosen threshold will depend on the characteristics of the
problem under study. For this work, a value of 0.1 (ten percent of the ABE range) is as-
sumed in order to accept the results of the integral model, yielding the maximum values
of the dimensionless frequencies ai™ that can be reached for each separation distance, Fig.
Bl(b). Note that a near-linear relation between the separation distance s/d and the max-
imum dimensionless frequency ali™ is obtained. Thus, for separation distances s/d > 5
and dimensionless frequencies ay < 0.15 the results of the integral model can be accepted
and, therefore, it is the range of properties that is considered in the following analyses.

The different values of maximum dimensionless frequency ali™ are also indicated as
dashed vertical lines in Fig. [l It can be seen that a good match between the two models
is obtained for low frequencies up to the afi™. Also, for configurations with large pile
separation distances, the integral model follows the main trend of the BE results for
frequencies larger than ai™, although their values do not perfectly coincide. Despite this
validation study has been presented only for the half space domain, the same conclusions
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were found when considering the same geometry and properties as the ones using in Fig.
4 but with an infinitely rigid bedrock placed at a depth equal to the pile length. As
indicated at the beginning of this section, the discrepancies between the two models are
produced due to the lack of geometrical diffraction effects in the integral formulation and
these phenomena were expected to behave in a similar way regardless the existence of the
rigid bedrock.

5 Results

5.1 Scope of the study

As previously stated, the objective of the present work is to study how the vibration
mitigation performance of the pile barrier is altered when it is embedded in a soil layer
over a stiff bedrock. For this purpose, the results corresponding to this profile (henceforth
referred to as Bedrock profile) are compared with the ones obtained by assuming the soil
as an unbounded semi-infinite medium (Half space profile).

In the next subsections, several cases are considered in order to analyse the effects of
some of the dimensionless parameters that define the problem. Table [Il presents each sce-
nario together with the values that are assumed for the different dimensionless parameters
and contact condition at the pile tip-bedrock union.

In addition to this, Table[2lshows the values for the rest of the dimensionless properties
that are kept constant along the different cases. The chosen value of the soil Poisson’s
ratio v; = 0.485 corresponds to a real soil profile extracted from [10]. In this regard, as
the Poisson’s ratio directly affects the propagation of elastic waves in the soil media, it
also influences the performance of the pile barrier. On the other hand, the importance
of the soil density was found to be marginal after obtaining virtually the same results
when varying the density ratio ps/p, from 0.3 to 2. Thus, a constant value p;/p, = 0.7
presented in Table 2 is considered in this work.

The cases presented allow comparing the performance for vibration mitigation of the
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Case N (s/d) L/d H/d rs/d E,/E; Ey/Eq tip cond.?

A 7(4) 5,020 20 24 100,250,500 00 free
B 7 (4) 10,20  L/d 24 250 00 free,hinged, fixed
C 7 (4) 10,20  L/d  0-6 (r5/)\s) 250 00 fixed
D 7 (4) 10,20  L/d 24 250 1,2,5,10,00 free
E 7 (4) 10,20 L/d 24 250° 00 fixed
F b 10,20 L/d 24 250 % fixed

2 only for the Bedrock scenario. Free tip conditions are always assumed for the half space profile.
b single barrier configurations: 13(2),7(4),4(8); double barrier configurations: 6&7(4),3&4(8).
¢ non-homogeneous stratum (Gibson soil). E,/E; indicates the average value of the layer.

Table 1: Summary table with the definition of the cases used in this study.

ps/pp Vs Bs Vp Bp Qg
0.7 0485 25% 0.25 0.0% 0-0.15

Table 2: Dimensionless properties assumed for all cases used in this study.

pile barrier embedded in the soil layer over a rigid bedrock with the results obtained
assuming the half space profile. The study starts with Case A, where a constant layer
thickness is considered together with three pile aspect ratios for the elements of the barrier.
Two of these aspect ratios correspond to piles that are shorter than the layer thickness,
while the last ratio corresponds to the situation in which the piles reach the bedrock. For
this case, the influence of the pile-soil stiffness ratio is also analysed. Only when the piles
reach the rigid bedrock a significant variation of the barrier amplification ratio is obtained
with respect to the half space scenario. After this finding, only configurations with piles
having a length equal to the layer thickness are given further consideration. The influence
of the layer thickness on the barrier behaviour is studied in Case B, together with the
effects of changing the pile tip boundary condition at the interface between the piles and
the rigid bedrock. Then, Case C studies the influence of the position of the external
source with respect to the barrier, comparing the scenarios of the bedrock and half space
soil profiles. In Cases D and E, the academic assumption of the single homogeneous layer
over an infinitely rigid bedrock profile is generalized into two more realistic soil profiles: a
homogeneous layer overlying a flexible bedrock (Case D), and a soil layer with a variable-
with-depth properties over a rigid bedrock (Case E). Finally, several barrier configurations
are analysed in Case F by changing the pile spacing or adding extra pile rows in order to
confirm that the obtained results can be extrapolated to other disposition of the piles in
the barrier. In the following, detailed comments of the different cases are presented.

5.2 Case A. Influence of the pile dimensions

Fig. [[ presents the average amplification ratio produced by the pile barrier as a function
of the dimensionless frequency for the half space and bedrock profiles. The aspect ratios
of the piles are indicated by the labels atop each column. For the bedrock profile, a layer
thickness H/d = 20 is assumed regardless of the pile aspect ratio. The natural frequencies
of the layer (corresponding to H = nA;/4 with n = 1,3,5...) are marked with vertical
dashed lines. Two different situations are found depending on whether or not the piles
reach the rigid bedrock. When the piles are shorter than the thickness of the soil layer, the
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average amplification ratio obtained for the bedrock profile practically coincides with the
one for the half space, showing a slight oscillation around it. For the studied frequency
range, the barrier with the shortest piles (L/d = 5) provides virtually no reduction of
the ground vibration; while the one formed by piles with L/d = 10 only presents a small
attenuation at high frequencies. For this last configuration in the bedrock profile, there is
a frequency range (ag = 0.04—0.08) in which the presence of the piles amplifies the average
vertical displacements at the points located behind the barrier. On the other hand, for
the case of the piles with a length equal to the layer thickness, a considerable change in
the behaviour of the barrier is found between the bedrock and half space profiles. For
the single layer over the rigid bedrock, the reduction of the pile barrier starts to increase
from frequencies above the fundamental frequency of the soil layer, reaching the maximum
reduction, i.e. minimum A, value, around the second natural frequency (H = 3),/4, i.e.
ag = 0.0375). For higher frequencies, the barrier becomes less effective but continues to
reduce the ground vibration at the points behind it (A, < 1). For the half space profile,
the average amplification ratio of the barrier smoothly reduces as the frequency increases,
reaching a minimum around ay = 0.09, and then starts to become less effective for higher
frequencies but at a lower rate than in the case of the bedrock profile. Comparing the
A, ratios of the two soil types, it can be found that the largest reductions are found for
the bedrock site around its second natural frequency, but for frequencies higher than the
third natural frequencies the barrier becomes less effective in this medium compared with
the half space.
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Figure 7: Case A, E,/E; = 250. Average amplification ratio. Influence of the pile aspect
ratio.

In order to explain why the performance of the pile barrier at high frequencies is
reduced to a larger extent in the bedrock profile than in the half space domain for the
L/d = 20 piles, Fig. [ shows, for the two studied profiles, the absolute value of the
vertical displacements produced by the external source at certain observation points with
and without considering the presence of the pile barriers. These observation points are
located at the central line of the barrier (y,/d = 0) and at a distance of 1/8 (z,/d = 6),
1/4 (x,/d = 12) and 1/2 (z,/d = 24) of the width of the observation surface (2WW/d).
Expressing the results directly in terms of displacements gives a better explanation of
the behaviour corresponding to the two soil profiles. For the half space, the displace-
ments present an oscillatory but smooth behaviour with frequency, and the presence of
the barrier only scales their value. On the contrary, for the bedrock profile, the varia-
tion of the soil response with frequency is different. Below the fundamental frequency
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of the soil, the energy introduced by the external load can not propagate through the
layer so the displacements at the soil surface are limited. However, once this cut-off fre-
quency is reached, the displacements of the soil rapidly increase, reaching values that
can be three times higher than at the half space site. At higher frequencies, a highly
frequency-dependent behaviour of the soil displacements is found. At these values of the
dimensionless frequency ag, the presence of the pile barrier in the bedrock profile modifies
the variation with frequency of the soil displacements, shifting the curves toward higher
frequencies. This shift, produced by the interference of different waves, is more evident
for points more distant to the barrier: e.g., the minimum displacement for the point at
T,/d = 6 is moved from ay = 0.065 to ay = 0.07 when the piles are included; but the
shift of minimum value for x,/d = 24 goes from ay = 0.12 to ap = 0.14 if the barrier is
present. At high frequencies, these shifts lead to an oscillation of the amplification ratios,
as illustrated by the bottom row of Fig. 8l Therefore, the average reduction produced
by the barrier in the bedrock profile is less effective for frequencies in which these shifts
occur (ag > 0.06 for the studied configuration).
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Figure 8: Case A, E,/E; = 250. Amplitude of the dimensionless soil vertical displace-
ments and amplification ratio at specific observation points located at the central line
(yo/d = 0) behind the barrier. Pile aspect ratio L/d = 20.

In order to study the influence of the pile dimensions on the effectiveness of the barrier,
Fig. [0 presents the amplitude of the soil displacements with and without the pile barrier
and the corresponding amplification ratios for several frequencies and pile dimensions.
The two first rows present the results at the second natural frequency of the layer profile
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for the configuration where the piles reach the rigid stratum. In the case of the bedrock
profile, a clear attenuation of the vertical displacements of the points beyond the pile
barrier is observed, while for the half space domain this reduction is not so important.
The third and fourth rows show similar results but for a higher frequency (ag = 0.1). For
the bedrock profile, the previously observed interference between the different waves can
be seen. The zone with minimum vertical displacements is slightly shifted close to the
barrier (dashed lines could be used as reference). This leads to a slight amplification of the
soil displacements in a zone immediately behind the barrier. However, this amplification
should be understood as a local effect (due to the small reference displacements) rather
than a significant increase in the magnitude of the soil displacements due to the barrier.
These results also show the influence of the position of receiver point on the barrier
performance. Finally, the fifth and sixth rows present the results for the barrier with
L/d = 10 piles for ay = 0.1. For this configuration, the influence of the bedrock is small.

Finally, Fig. [0l shows the results for Case A that are obtained by assuming different
values of the pile-soil stiffness ratio. The initial value E,/E; = 250 was considered as
representative of concrete piles (£, ~ 30 MPa) embedded in a medium-soft soil (¢s ~ 150
m/s). Cases with different soil or pile properties are simulated by changing the value of
the E,/FE; ratio. The obtained results show that the behaviour of the barrier is similar
regardless of the pile-soil stiffness ratio. Furthermore, for configurations with L/d < 10
the average amplification ratios virtually coincide for E,/E; = 100 — 500. On the other
hand, for the barrier with the most slender piles L/d = 20, a larger pile-soil stiffness ratio
improves the performance of the barrier. The influence of the stiffness ratio E,/E; is
observed at high frequencies for the half space domain, while it is more significant around
the second natural frequency for the bedrock profile.

5.3 Case B. Influence of layer thickness and pile tip boundary
conditions

From the results presented in Figs. [1l and [I0 it can be concluded that the behaviour of
the pile barrier is only significantly altered by the presence of the rigid bedrock if the
piles reach it. For this reason, and in order to study the effects of the layer thickness,
Fig. [[Il compares the average amplification ratio obtained for the half space profile with
the one obtained assuming a bedrock profile in which the layer thickness coincides with
the pile aspect ratio. The configuration with short piles L/d = 5 is omitted as it would
imply unrealistic short layers for typical pile dimensions. Note that, as the layer thickness
changes, the natural frequencies of the soil profile (indicated by the vertical dashed lines)
do not coincide in terms of aq for the cases of L /d = 10 and 20. For the bedrock profile, the
influence of the pile-bedrock interface conditions is investigated as well. Free, hinged, and
fixed tip conditions are considered. The importance of the pile tip condition is found to
be negligible, however. The results for free and hinged tips practically coincide, while the
differences between these and the fixed condition are only significant at low frequencies, in
particular for the shortest piles. For the fixed tip condition, a local minimum is observed
at the layer fundamental frequency. This effect is produced because the pile deformation
is not compatible with the soil displacements corresponding to the layer fundamental
mode, but it is not really important as for the bedrock profile the displacements on the
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Figure 9: Case A, E,/Es = 250. Grey scale: Amplitude of dimensionless soil vertical
displacements with (left) and without (right) the presence of the pile barrier. Color
scale: Amplification ratio. Comparison between the half space (bottom) and bedrock
with thickness H/d = 20 (top) profiles. Various pile aspect ratios L/d and dimensionless
excitation frequencies ag. Geometry of the soil domain expressed in terms of pile diameter

d.

surface produced by the external source are quite small at these frequencies, as shown in
Fig. Regarding the influence of the layer thickness, the same trend can be seen for
the two studied configurations: the maximum reduction takes place around the second
natural frequency of the soil layer, and the value of the A, ratio increases for larger
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Figure 10: Case A. Average amplification ratio. Influence of the pile-soil stiffness ratio.

excitation frequencies. However, it is important to highlight that, in the studied range,
the difference in the minimum value of the average reduction factor depending on the
soil profile is higher for the shortest piles as it goes from A, = 0.8 for the half space to
A, = 0.4 for the bedrock profile (for the L/d = 20 configuration, these minimum values
are 0.55 and 0.3 respectively).
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Figure 11: Case B. Average amplification ratio. Influence of the layer thickness and pile
tip boundary condition.

5.4 Case C. Influence of the external source position

The influence of the position of the external source on the barrier performance is studied
in Fig. [[2] which presents the average amplification ratio for the half space and bedrock
profiles as functions of this parameter. Note that the distance of the source with respect
to the barrier is presented in terms of r;/\; instead of r4/d in order to obtain similar
trends for the three studied frequencies. These frequencies correspond to the second and
third natural frequencies of the soil layer (H/As = 3/4,5/4), plus the intermediate value
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(H/X\s = 1). The point marker indicates the results corresponding to the source position
(rs/d = 24) assumed in the other cases. The results depend significantly on the soil
profile. For the half space, large reductions are obtained when the load is placed near the
barrier (r5/As < 1). For larger separations, the average attenuation ratio of the barrier
increases up to a limit value which remains constant regardless of the source separation
distance. On the contrary, for the bedrock profile, the effectiveness of the pile barrier is
maintained for all of the studied positions of the external load. The average amplification
ratio oscillates depending on 7/, but does not increase as the source moves away from
the barrier. In the case where the ratio H/As = 5/4, the efficiency of the pile barrier
can be larger in the half space domain (close loads) or in the bedrock site (distant loads),
depending on the source position. The influence of the source position on the performance
can be explained considering the different ways in which the energy is transmitted inside
the two studied soil media. In the case of the bedrock profile, the propagation of the
energy is channelled through the soft layer. On the other hand, for the half space domain,
only part of the energy introduced by the external load is transmitted through surface
waves and the rest propagates through body waves into the half space (as shown in Fig. [@)).
In this case, as the source moves away from the barrier, only the part which is transmitted
through surface waves reaches the barrier and, therefore, can be attenuated.
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Figure 12: Case C. Average amplification ratio. Influence of the position of the source.
Point markers indicate the source position used in other cases (rs/d = 24).

5.5 Case D. Influence of the stiffness of the lower stratum

In the previous analyses, the case of an infinitely rigid bedrock has been considered.
However, in reality, the lower medium has a finite stiffness. To study the influence of
the stiffness of the bedrock upon the barrier performance, Fig. [I3] presents the average
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amplification obtained by assuming different FEj/E; values. Free-tip pile-soil interface
conditions are assumed for all of the soil profiles. The results show that the largest
reductions are still found for the rigid bedrock case. However, noticeable differences with
respect to the half space profile (E,/FE; = 1) are observed for the other layered media
considered here. When the lower layer is assumed to be flexible, the minimum value of
the average amplification ratio is shifted from the second natural frequency of the layer
over rigid base towards lower frequencies. At higher frequencies, the average amplification
ratio A, of all layered profiles increases, reaching values above the one corresponding to
the half space, as well as the perfect bedrock case. When the pile aspect ratio has a value
of 20, the average amplification ratio in the flexible bedrock case is again reduced at high
frequencies, obtaining larger barrier effectiveness than for the perfect bedrock case.
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Figure 13: Case D. Average amplification ratio. Influence of the flexibility of the bedrock.

5.6 Case E. Influence of the profile of the soil layer

In consolidated soils, the shear wave velocity increases with depth in a continuous way.
In order to check how the assumption of a variable profile for the soft layer changes
the obtained results, Fig. [I4] presents the average amplification ratio for three different
scenarios. First, the previous case of a homogeneous layer over an infinitely rigid bedrock
is considered. Then, two profiles in which the soil Young’s modulus linearly increases
with depth (Gibson soil) are assumed. These profiles are determined by the value of the
Young’s modulus at the free-surface level (either 0.5F; or 0.25F), and are defined in order
to present the same average E,/FE; ratio along the layer thickness as the homogeneous
medium:

{ 0.25E, : E,(z) = [0.25 + 1.75(z/L)] (E,/250) ()

05E, : Ey(z) =[0.5+1.5(z/L)] (E,/250)

The shear wave velocity used to compute the dimensionless frequency is the one that
corresponds to the average value of £, = E,/250. The other soil parameters (ps, v, ) are
kept the same for the whole profile. Note that the vertical dashed lines in Fig. [[4]indicate
the natural frequencies of the homogeneous layer, which do not coincide with the natural
frequencies of the variable profiles. Indeed, a small shift towards lower frequencies can be
seen in the minimum value of A, due to the reduction of the second natural frequency
of the variable soil layer compared to an uniform layer with the same average stiffness
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[49]. Despite this small shift and the fact that the frequency dependence of the average
amplification ratio increases for the two variable profiles, the same trend is observed as
in the case of the homogeneous layer.
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Figure 14: Case E. Average amplification ratio. Influence of the profile of the soil layer.

5.7 Case F. Influence of the pile barrier configuration

Finally, in order to check if the previous results can be extrapolated to other pile barrier
configurations, the pile dispositions presented in Fig. [[5 are considered. The same barrier
width is kept for all configurations to preserve the same observation surface. Thus, the
pile separation is changed by introducing or removing some piles. Also, two configurations
formed by a double pile barrier are included. In those configurations, labelled as double,
the s/d ratio represents the distance between the projections over the y axis of two
consecutive piles, and a fixed separation between the two rows s,/d = 2 is assumed.
The average amplification ratios for the half space and bedrock profiles for these five
configurations are presented in Fig. [I6l As expected, the smaller the spacing between
the piles, the larger the reduction produced by the barrier. This increase in the barrier
performance is found from medium-high frequencies (ay > 0.05) for the half space profile,
and above the fundamental frequency of the soil layer for the bedrock site. For the latter
soil type, the importance of the pile separation is the same regardless of the pile aspect
ratio, while for the half space domain the magnitude of the influence of the s/d ratio is
significantly higher for slender piles. The results for the configurations with double pile
rows coincide with the ones of the line configurations with the same s/d for ay < 0.05.
For higher frequencies, different results are found depending on the problem. For the half
space profile, larger reductions are obtained if the piles are distributed into two rows for
the configurations s/d = 2, but the opposite effect is seen for the s/d = 4 barriers. For
the bedrock profile, on the other hand, the effectiveness of a barrier composed of aligned
piles is always higher than for configurations with two rows. Despite these differences, it
can be seen that the main trends of the average amplification ratios for the half space and
bedrock profile remain the same for all of the studied pile configurations.
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Figure 16: Case F. Average amplification ratio. Influence of the pile separation and pile
disposition.

6 Conclusions

In this work, the performance of a pile barrier as ground vibration mitigation measure is
analysed through a simplified integral model. In the proposed formulation, the soil be-
haviour is obtained making use of the reciprocity theorem in elastodynamics and Green’s
functions for the layered half space. The piles are modelled as unidimensional Timo-
shenko beam elements, are treated as load lines acting within the layered soil domain.
The range of validity of the integral model is determined by benchmarking against a
Boundary Element formulation. From this validation, some conclusions can be drawn:

e The integral model accurately reproduces the response obtained by the BE model
for dimensionless frequencies below a limit value. In this frequency range, the wave-
length in the soil is large compared to the dimensions of the barrier, so that diffrac-
tion effects are small. At higher frequencies, the results of the integral model still
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follow similar trends as the ones of the BE model.

This limit frequency value is strongly influenced by the distance between the piles
in the barrier, with a larger spacing between the piles leading to an increased range
of validity of the integral model.

The accuracy and high computational performance of the integral model makes it
a suitable tool for preliminary designs or the optimization of pile barriers.

The integral model is subsequently used in order to study how the performance of the
pile barrier, measured in terms of the average amplification ratio, changes depending on
the considered soil profile. For this purpose, the results for the half space are compared
to the ones of a single layer over a rigid bedrock profile. The main conclusions obtained
from the analyses are:

Appreciable differences are found between the half space and bedrock profiles only
if the piles reach the rigid stratum. Otherwise, the results obtained for the bedrock
site oscillate around those for the half space domain. For the configurations in
which the piles reach the rigid bedrock, the influence of the pile-bedrock interface
condition is almost negligible.

The highest reduction due to the presence of the barrier in the bedrock profile
is produced at frequencies around the second natural frequency of the soil layer

(H = 3)\,/4).

For higher frequencies, a decrement in the barrier efficiency is produced due to
the shifts of the soil displacement fields with and without the barrier produced by
the interference of the different waves. In this situation, a high dependence of the
performance of the barrier on the position of the receiver point is found.

The performance of the pile barrier in the half space is highly reduced if the exci-
tation load is placed at a dimensionless distance rs/As > 1 from the pile barrier.
On the contrary, the average amplitude reduction produced by the barrier in the
bedrock profile oscillates around the same mean value regardless of the position of
the source.

The effect of the presence of the infinitely rigid bedrock is smaller when the finite
stiffness of the underlying stiffer half space is considered. However, the trend in the
barrier performance remains similar for the flexible bedrock profiles. Considering a
continuous variation with depth of the properties of the upper layer does not alter
the main effects produced by the presence of the rigid bedrock.

Pile barrier configurations with closer piles produce, as expected, larger attenuations
of the vertical ground motion. The influence of the pile spacing is higher for the
bedrock profile or for configurations with slender piles embedded in a half space
domain. A better performance of the pile barrier in the bedrock profile is found
when the piles are distributed along one single row.
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