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ABSTRACT:

The current paper investigates wave propagation from time-harmonic embed-
ded point source in a semi-infinite anisotropic medium containing underground
structure by applying three different computational techniques. Firstly, direct
BEM for 2D elastodynamics is applied using the fundamental solution derived
by the Radon transform for general anisotropic continua. The second numeri-
cal technique is a computationally efficient two-and-a-half dimensional FEM,
used to calculate the 3D wave field in the soil. At the boundaries of the mesh
perfectly matched layers are instated to prevent spurious wave reflections. The
FEM solutions realized by the built-in options in ANSYS are finally utilized
with two types of absorbing boundary conditions. The results obtained by the
three adopted modelling techniques are properly compared and respective in-
sights regarding their applications are provided.

KEY WORDS: 2.5D elastodynamics; Anisotropic soil-tunnels interaction;
BEM; FEM-PMLs; ANSYS.

1 INTRODUCTION

The main aim of the current study is to investigate the three-dimensional (3D) wave-
field radiated by a thin circular lined tunnel embedded in an anisotropic half-space.
The presence of infrastructures beneath the free surface of the ground lead to am-
plifications of surface motion and dynamic stress concentrations due to the wave
scattering, wave diffraction and wave interference occurring between the stress-free
ground and surfaces of the embedded structures when subjected to seismic waves or
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moving vehicles. The soil generally is anisotropic due to the long-term geological
sedimentation processes in its formation. In the pioneering work of Stoneley [1] it
was observed that the wave propagation in the medium is sensitive to soil anisotropy.
State-of-the-art reviews regarding the wave propagation in anisotropic media are pro-
vided by Bramford & Crampin [2] and Crampin et al. [3]. The dynamic response of
elastic and rigid circular plates embedded in viscoelastic, transversely isotropic (TI),
three-dimensional layered media was presented by Labaki et al. [4]. More recently,
the effects of anisotropic and poroelastic soil properties on the dynamic response of
rigid circular foundations is presented in Keawsawasvong & Senjuntichai [5]. The
current paper deals with the application of different numerical techniques for mod-
eling anisotropic soil-tunnel interaction systems. The methods used in this study are
applicable for general anisotropy, but our focus is on the TI and monoclinic materials
to restrict the number of input parameters.

The main challenge in modeling of soil-structure interaction (SSI) systems is the
infinite nature of the ground beneath the stress-free surface. The boundary element
method (BEM) is a widespread technique for the analysis of wave scattering in elasto-
dynamics because its formulation via boundary integral equations is equivalent to the
original Boundary-Value Problem (BVP), described by partial differential equations.
Its analytically derived fundamental solution ensures a high level of accuracy by sat-
isfying Sommerfeld’s radiation condition for waves traveling towards infinity. The
finite element method (FEM) is currently the most popular and universal technique
for numerical modelling with numerous applications. To circumvent the difficulty
arising due to the semi-infinite nature of the half-space many artificial boundary con-
ditions at the truncated boundary of the finite elastic domain are developed. In the
current study we employ in the numerical modeling the abilities of perfectly matched
layers (PMLs) and infinite finite elements (FE).

The application of BEM for anisotropic SSI problems is associated with the work
of Gazetas [6], who presented a semi-analytical solution for dynamic responses of
a rigid strip footing on an incompressible transversely isotropic soil stratum. The
dynamic response of an arbitrary shaped rigid strip foundation embedded in an or-
thotropic elastic half-plane by indirect BEM was reported in Wang and Rajapakse [7].
A displacement-based BEM for a determination of the dynamic impedance func-
tions of arbitrarily shaped, embedded strip foundations in inhomogeneous soil media
could be found in Chatzistefanou and Manolis [8]. The 3D and two-dimensional
(2D) time-domain elastodynamic fundamental solutions (Green’s functions) for lin-
early elastic anisotropic materials are initially obtained by the Radon transform in
Wang and Achenbach [9]. A comprehensive and extensive application of BEM in
2D elastodynamics for anisotropic media in frequency domain is provided by Garcia-
Sanchez [10]. The scattering and diffraction of plane qP- and qSV-waves by a canyon
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in a multi-layered TI half-space in both frequency and time domains was examined
by Ba et al. [11]. Indirect BEM was used more recently by Ba et al. [12,13] to study
the dynamic impedance of rigid foundations embedded in anisotropic layered half-
plane. Parvanova and Dineva [14] applied the direct BEM to solve a 2D dynamic
problem in frequency and time domains for a flexible foundation of arbitrary geom-
etry resting in an elastic anisotropic half-plane. Elastic wave scattering by cracks at
macro- and nano-scale in anisotropic plane under plane-strain state was studied in
Dineva and Rangelov [15] and Rangelov et al. [16]. Elastic time-harmonic and tran-
sient wave scattering by multiple anisotropic nanoiclusions in an infinite anisotropic
medium under plane strain conditions are considered in Parvanova and Dineva [17].

The tunnels are structures of infinite length which are invariant in longitudinal
direction. For such structures the solution could be performed for 2D geometry, even
if the dynamic source remains 3D. Such solution is referred as two-and-a-half di-
mensional (2.5D) or quazi-3D approach where the 3D wave field in the soil-tunnel
system is represented through 2D discretization in the wavenumber-frequency do-
main. The solution involves computing a sequence of 2D problems across a range
of spatial wavenumbers. The spatial solution in the direction in which the geometry
does not vary is then obtained by means of inverse Fourier transform. The 3D seismic
response of 2D topographies using full-space Green’s functions for a harmonic point
force moving along a direction parallel to the generatrix of the topography was exam-
ined by Pedersen et al. [18] applying the indirect BEM. The 3D dynamic response of
lined tunnels in a half-space by the BEM was evaluated in Stamos and Beskos [19].
By a coordinate transformation and appropriate integration of the full space dynamic
fundamental solution, the problem was reduced to a 2D one along the direction of the
tunnel axis. 2.5D Green’s functions for 3D elastodynamic problems are presented in
Tadeu and Kausel [20] derived by using integral transform methods and/or boundary
elements. In Jean et al. [21] a 2.5D Green function for a given wave number along
the infinite direction is provided. To investigate the dynamic interaction between
layered soil and longitudinally invariant structures Francois et al. [22] developed a
2.5D coupled finite element-boundary element methodology. A BEM to calculate
displacements in anisotropic layered soil caused by a vibrating load inside a tunnel
was presented in Rieckh et al. [23] considering 2.5D problem. More recently, Liravi
et al. [24] predicted the 3D wave field in longitudinally invariant soil-structure in-
teraction problems by a 2.5D coupled FEM-BEM-Method of Fundamental Solutions
(MFS) methodology. Modelling of 3D wave propagation in a layered TI medium
with the Thin Layer Method (TLM) and complex frequency shifted PMLs could be
found in Li at al. [25]. The authors observed that traditional PMLs applied with TLM
may lead to exponentially increasing backpropagation waves, attributed to material
anisotropy when simulating TI media.
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To cope with the challenge of semi-infinite domains the built-in options in ANSYS
propose infinite FE and PMLs. The PMLs as truncated boundary in the FEM was
originally introduced for absorbing electromagnetic waves by Berenger [26] extended
for structural elastodynamics by Basu and Chopra [27]. Placed next to the elastic fi-
nite domain the PML absorbs nearly perfectly all mechanical waves traveling towards
infinity without any reflections from the contact interface between the elastic region
and the layer. There are some reflected waves from the fixed outer boundary of the
absorbing layer, but it could be made as small as desired (ANSYS [28]). A single
layer of infinite elements can represent an exterior subdomain of infinite regions in
FEM based software ANSYS. This approach is applicable to static and both harmonic
and transient analyses, although in the current ANSYS release it is considered only
the case of elastic isotropic material.

The core numerical technique employed in the current study is a 2.5D FEM-PMLs
formulation proposed originally by Francois et al. [29], derived in a weak form for
an isotropic medium. In order to adjust the 2.5D FE mesh, at first comparisons are
performed with BEM solutions for 2D plane-strain state problems. Then for verifi-
cation purposes, FEM solutions are carried out using the built-in options of ANSYS
for both isotropic and anisotropic mediums. Furthermore, three types of problem
dimensionality are examined: 2D plane-strain case by BEM, 2.5D FE-PMLs which
can be applied for plane-strain state and 3D wave propagation problems, and finally
3D FEM by ANSYS software package. In sum, two numerical methods BEM and
FEM are employed in the present numerical simulations, and three types of infinite
boundaries are applied: global natural infinite boundary by BEM, and two artificial
truncated boundaries by FEM — infinite FE and PMLs. All the obtained results are
properly compared and verified.

The paper is organized as follows: The problem statement together with its re-
formulation via boundary integral equations and via FEM combined with PMLs are
given in Section 2. What follows is the verification of the developed computational
scheme in Section 3 along with the respective numerical results, illustrating the ef-
fects of the soil anisotropy. Finally, the concluding remarks are summarized in Sec-
tion 4.

2 PROBLEM OUTLINE
2.1 BOUNDARY VALUE PROBLEM

The wavefield radiated by an underground tunnel €2, embedded in an anisotropic half-
space s in a Cartesian Coordinate System (CCS) Oxxox3 due to a unit vertical
harmonic point load is the problem under consideration. The tunnel structure is in-
variant of infinite size along Ox4 axis (See Fig. 1a).
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The governing equation of motion in frequency domain is expressed as
(D) 04j(x,w) + puwui(x,w) = foid(x,%0,w),  X(x1,22,73) € Ons, U -

Here o;; are the stress components; x (21, z2, 3) is the position vector of the ob-
server point; p is the mass density; u; (x,w), ¢ = 1,2,3 are displacement compo-
nents, related with the strain tensor ¢;; by the geometry equation €;; = (u; j + ),
i,7 = 1,2, 3. Since the response is time-harmonic, the common multiplayer exp (iwt)
is suppressed. Comma subscripts denote partial differentiation with respect to the
spatial coordinates, while the summation convention over repeated indices is implied.

The general form of the constitutive stress-strain equation is 0;; = Cjjxi€x1, Where
Cijx1 1s the fourth-order stiffness tensor for elastic anisotropic continuum which con-
tains 81 constants. Due to the symmetry of the stress and strain tensors, these con-
stants are reduced to 21 independent parameters in case of general anisotropy. In
what follows the contracted notations of Voigt are used for the stiffness tensor com-
ponents.

TI materials are a special case of orthotropic materials which have three material
planes of symmetry. Additionally TI materials have identical properties in horizon-
tal Oz1z2 plane which reduces the independent stiffness tensor parameters to five:
horizontal Young’s modulus Ey, = E; = Ej; vertical Young’s modulus E,, = Fjs;
vertical shear modulus G, = c44 = c55; horizontal Poisson ratio v, = v9; vertical-
horizontal Poisson’s ratio v,;, = 31 = r32. These parameters are related to c11, c13
and cz3 stiffness tensor components by the following expressions [13]:

Ep 2
Ep (1 - ﬁyvh) Ervy
C11 = — ; C13 = —
(2) (I+wvp)o
E, (1 — Vh) _ Ey

For the rest of the nonzero stiffness components in case of TI materials the following
relations are truth: cos = c11, ca3 = ¢13 and ¢12 = ¢11 — 2c¢g6. The horizontal shear
modulus is cgg = Eh/ (2 (1 + Vh)) .

The monoclinic materials are the second category of the anisotropic materials
considered in the current paper. They have one plane of symmetry assumed here
Oz123 normal to the longitudinal tunnel direction. The symmetric stress and strain
components with respect to the plane of symmetry are 011, 022, 033, 013 and €17,
€93, £33, €13 respectively. The anti-symmetric components are 012, 023 and €19, €23.
This results in 13 independent parameters defining the monoclinic material stiffness
tensor.
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The boundary conditions along the free surface are tractions free. For the soil-
tunnel interface the traction equilibrium and displacement compatibility are satisfied.
Finally, the traction free boundary conditions are fulfilled along the internal tunnel
wall interface.

2.2 BEM FORMULATION FOR 2D ANISOTROPIC CONTINUUM

For 2D problems in plane-strain state, a verified authors’ BEM software is used,
based on the frequency-dependent fundamental solution (FS) derived by Radon trans-
form for 2D general anisotropic continua [14]. In this case the TI half-space in the
Oz 1z9z3 CCS becomes half-plane in Ox1x3 plane with zo = 0. The mechanical
model defined in frequency domain via governing Eq. (1) is numerically solved by
the displacement-based BEM. The fundamental solution of the partial differential
equation (1) in conjunction with the dynamic equivalent to Betti’s reciprocity theo-
rem lead to the following expression, see [30]:

3 Cijuj(x,w) = /U;; (x,&,w)t; (§,w)dl (&)

Cq

- / T3 (x,€,0) u; (€,0) dT (€) + foi U (%, x0,)

| 9}

In the above equation, the boundary I'q is the contour of the domain under consider-
ation Sy or €2, Cj; is the jump term depending on the local geometry at the source
(collocation) point x = (z1,x3), §{ = (&1, &3) is the receiver (running) point; Uj; and
TZ’; = cijqU, ;k,ln’f are the displacement and traction fundamental solutions, corre-
spondingly, see Garcia-Sanchez [10]; c;;q is the stiffness tensor, ny, is the outward

pointing unit normal vector to the respective surface.

2.3 REFORMULATION OF THE POSED PROBLEM VIA FEM COMBINED WITH
PMLs

In order to exploit the longitudinal invariance of the model, the wave field can be
expanded into a Fourier series in O x5 direction, reducing the computation to 2D nu-
merical model at the same time calculating 3D response. This allows the soil-tunnel
system to be represented through 2D discretization in the wavenumber-frequency do-
main applying a computationally efficient 2.5D approach. The original 3D problem
is substituted by 2D mesh for each longitudinal wavenumber, k.. The finite element
used is 8-node isoparametric quadratic plane element with 3 nodal degrees of free-
dom, where the first two of them are conventional for plane-strain element. The third
nodal degree of freedom is in longitudinal Ox direction accounting for out-of-plane
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wave transmission. To prevent spurious wave reflection at the boundaries of {25 do-
main, PMLs are installed, see Fig. 2. The strain displacement relation in 2.5D context
is:

4) € = Biu(zg,w) + Baou (z2,w) /0xs.

Here u (x,w) is the nodal displacement vector of size 3. By and By are strain ma-
trices, where the former is composed by operator which contains spatial derivatives
in-plane of the model, the latter is related with out-of-plane spatial derivative, which
is extracted from the differential operator as shown in eq. (4), see [29].

Applying a standard Galerkin procedure for solving partial differential equations
(1) or virtual work principle, followed by a Fourier transform of the longitudinal
coordinate x5 to the longitudinal wavenumber k;, the next system of equations is
reached (See Francois et al. [29]):

(5) (Ko — w™™ — ik, K1 — k2, K2) d (kyy,w) = F (kgy,w).

InEq. ) Ko =>_ ffA A1 AgB{CBldA represents the global stiffness matrix for a
2D in-plane problem, A is the area of the particular finite element; C is the stiffness
material tensor; M = f f A M AgNTNp dA is the mass matrix. Matrices K; =
> [[4 A3 (BICB; — BICBy) dAand Ko = Y [[, AiA3sBJCB2dA are global
stiffness matrices responsible for 3D wave propagation combining both in-plane and
out-of-plane wave motion; d is the global vector of nodal displacements, and F' is the
global load vector. The symbol ) in global stiffness matrices means sum over the
finite elements. Finally, A; and A3 are stretch functions attenuating propagating (p)
and evanescent (e) waves, see Basu & Chopra [27]:

S \m . prO S\ M
(©) M) =1+ 050 (7)1 (7))
In Eq. (6) L is the thickness of the PMLs, s;, ¢ = 1, 3 stands for the direction of the
attenuated wave, oy = wL/Cs is a dimensionless frequency, Cs = /G, /p is the
shear wave velocity. The attenuation coefficients [, and ffl_ o are chosen as proposed
in Papadopoulos et al. [31]:

Csm
™) foo=Fio =20 and  fo=fio=—

= 1,
FEW

where [gg is the size of the FE in the PMLs. The exponent m is set to 2, as recom-
mended in Basu & Chopra [27]. On the interface between the PMLs and the elastic
domain the stretch functions have unit values, i.e. s; = 0,7 = 1, 3, see Fig. 2. We
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note that for the elastic domain the same matrices are composed with A\ = A3 = 1.
Based on the above formulation and constitutive relations in Section 2.1 a MAT-
LAB [32] software code has been developed to handle the anisotropic soil-tunnel
interaction problem.

2.4 APPLICATION OF FEM SOFTWARE ANSYS FOR 3D WAVE PROPAGATION
IN SOIL-TUNNEL INTERACTION SYSTEM

Two types of artificial boundaries are incorporated in ANSYS [28] software package
for modeling of a problem with an infinite open domain. These are structural infi-
nite elements based on the theory of absorbing boundary for dynamic analysis, and
PMLs for truncation of structural open domains. The infinite FE is applicable for
static, time-harmonic and transient analyses but only isotropic material is allowed.
The PMLs are restricted to static and time-harmonic analyses. Placed next to an elas-
tic domain, PML absorbs nearly perfectly all waves traveling towards infinity which
ensures the satisfaction of the Sommerfeld radiation condition. The amplitude of
the reflected 1D wave is mathematically constrained through the following attenu-

L
ation function |Ap| = exp (—2F (L)), where F (L) = [ f (z)dz, x is the spatial
0

dimension of propagation, f (z) = fo (z/L)™, fo is a constant which optimal value
is automatically chosen by the program, the exponent m is set to 2 by default. As
before L is the thickness of the PML. The attenuation decrement is controlled by the
parameter m and the thickness L, their increasing lead to faster attenuation of the
reflected wave. The material of the FE in the PML zone could be anisotropic.

3 NUMERICAL RESULTS AND COMPARISONS

3.1 TEST EXAMPLE 1: A LINED CIRCULAR TUNNEL ENTIRELY EMBEDDED IN
AN ISOTROPIC HALF-SPACE UNDER UNIT POINT LOAD AT THE TUNNEL
INVERT OF MAGNITUDE fo;,7=1,2,3

The wavefield radiated by a thin circular lined tunnel embedded in an elastic isotropic
half-space due to a unit vertical time-harmonic point load at the tunnel invert is the
first numerical example. The center of the tunnel is located beneath the free surface
at a 2 m depth. The external radius of the tunnel is 1 m, the tunnel wall thickness
is 0.1 m, see Fig. 1a. The material properties of the soil are modulus of elasticity
E = 108 MPa, Poisson’s ratio v = 1/3, density p = 1.8 t/m3. The hysteretic mate-
rial damping in the soil medium is 5%. The tunnel wall has been ascribed a Young’s
modulus of 31000 MPa, Poisson’s ratio of 0.2, density of 2.5 t/m>, representing con-
crete, and hysteretic material damping 0.1%.
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Fig. 1. Problem geometry: a) lined tunnel; b) cylindrical inclusion.

Following the solution of Liravi et al. [24] where the buried tunnel with the same
mechanical properties was examined, at first the tunnel structure is replaced by a
cylindrical inclusion. For verification purposes, the mechanical properties of the in-
clusion are identical with those of the surrounding soil reproducing an isotropic half-
space. The problem geometry, the location of the observer points A and B, located
at the stress-free ground surface and in the near field zone respectively, as well as the
location of the force in the inclusion center, are indicated in Fig. 1b.

The current 2.5D FE-PMLs model solved by MATLAB code is shown in Fig. 2a.
The FE mesh comprises 1237 quadratic quadrilateral 8 node FE with 3852 nodes.
Symmetry is exploited to optimize the solution process. Half of the inclusion is
discretized by 52 quadratic FE with 16 elements around the contact soil-inclusion
interface. The PML thickness is equal to the inclusion radius, discretized by 5 FE
in direction normal to the external boundary. The comparisons in the reference pa-
per [24] are performed between displacement Green’s functions for isotropic elastic

1 a) : ©)
i i
X - A
e q
i
.
»

i CEEEse
i T
Siissdshe W
3 i
(3 1 eizitcdiaicee:
lastic domain ! elastic domain it clasticdomain &8
........... Thesssrrssst ERTTRISTETIesassS
il SR
; : 4 P | 1 it d
PML g 1 E PML oy J. 4
S— e
[ S i U e 53w

Fig. 2. FE-PMLs meshes: a) cylindrical inclusion; b,c) lined tunnel.
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half-space, 2.5D BEM-FEM solution and 2.5D FEM-BEM-Method of Fundamental
Solutions (MFS). The present results are compared with the displacement Green’s
functions in wavenumber frequency domain as reported in Liravi et al. [24] and per-
fect agreement with reference solution is observed. Due to a space limitation here
only the last set of comparisons are reported in terms of receptance at both the ob-
server points, presented in dB based on reference 10~ m/kN. Due to the symmetry
of the displacements caused by a unit point load in the wavenumber-frequency do-
main only the positive wavenumbers are considered in the current solution. The
displacement components are transformed from wavenumber k,to space x2 domain
by inverse Fourier transform as follows:

1 [ .
(8) Ui(%Q,W) - / ui(k$27w)eilk12x2dkx27
m™Jo

where 7 = 1, 3 refers to the displacement component. To compute the desired recep-
tance the wavenumber in the longitudinal direction is equally sampled from 0 to 55
rad/m into 257 points. The obtained receptance for both the representative points are
shown in Fig. 3 together with the digitally captured results of Liravi et al. [24]. The
frequency range of the results in the current modelling is 10-250 Hz with a step of
10 Hz.

What follows are comparisons for the buried tunnel structure. Two numerical
models are considered in the present solution with relatively coarse and fine meshes.
The coarse FE mesh comprises 1213 quadratic quadrilateral 8 node FE with 3792

= a b
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Fig. 3. Receptance versus frequency for the cylindrical inclusion model: a,b) point A with
coordinates (5,0,0); ¢,d) point B with coordinates (2,0,-4).
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joints. As before, symmetry is exploited to optimize the solution process. Half of the
tunnel wall is discretized by 20 quadratic quadrilateral FE. The thickness of the PML
strip is equal to the external radius of the tunnel » = 1 m, discretized by 5 FE in di-
rection normal to the external boundary. The fine FE mesh consists of 1866 quadratic
quadrilateral 8 node FE with 5797 joints. Half of the tunnel wall is discretized by 40
FE of the previous type. The unit thickness PML strip is discretized by 6 FE in the
transverse direction. Both the meshes are depicted in Fig. 2b,c.

As before, the comparison is made in terms of receptance, presented in dB based
on reference 10~ m/kN, at the representative points. The wavenumber sampling
in the current simulations is specified in terms of the dimensionless wavenumber
kyy, = kyyCs/w, where Cs = +/p/p is the SV-wave soil velocity, w is the circular
frequency, u is the shear modulus of the soil. The dimensionless wavenumber is
equally sampled from O to 3 into 301 points. The frequency range of the results in
the current modelling is 5-250 Hz with a step of 5 Hz. The obtained receptance by
both the FE meshes is shown in Fig. 4 together with the digitally captured results of
Liravi et al. [24].
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Fig. 4. Receptance versus frequency for the lined tunnel buried in isotropic half-space: a,b)
point A with coordinates (5,0,0); ¢,d) point B with coordinates (2,0,-4).

3.2 TEST EXAMPLE 2: A LINED CIRCULAR TUNNEL ENTIRELY EMBEDDED IN
TI HALF-SPACE UNDER A UNIT POINT LOAD

The difference between the first test example and the current one is only in the char-
acteristics of the half-space. Now it is transversely isotropic with prescribed ratio
of the horizontal to vertical Young’s modulus. In order to ensure positive diagonal
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components of the material stiffness tensor, the denominator of eq. (2) should be
positive:

_ Ey, 5 E, 1-u,
9 =1l—vp—2—-v,; >0 = =< =06
©) v Y S, Ve B, = 22,

which limits the variation of the elastic moduli ratio up to 6. This limitation implies
the range of TI material types listed in Table 1 from E}/E, = 0.1 to Ey/E, = 5.
The vertical shear modulus of all material types is G, = 40500 kN/m? the respective
Poisson’s ratios are vy, = v, = 0.25, the density is p = 1.8 t/m3. The tunnel wall
has the same mechanical properties as that in the first test example. The same is valid
for the hysteretic damping ratio.

Table 1. Material properties

Mat. type Stiffness tensor components, [kN/m?] Elastic moduli, [kN/m?]
c11 c13 33 Ca4 C66 Ep E,

E,/E, =0.1 1984438 6240.37 187211.1 40500 7363.636 18409.09  184090.9
E,/E, =0.25 44373.91 14086.96 169043.48 40500 16200 40500 162000
En/E, =0.5 76090.91 24545.45 147272.73 40500 27000 67500 135000
En/E, =1 121500 40500 121500 40500 40500 101250 101250
E,/E, =2 189000 67500 101250 40500 54000 135000 67500
E,/E, =4 388800 162000 121500 40500 64800 162000 40500
E,/E,=5 742500 337500 202500 40500 67500 168750 33750

The first set of comparisons is between the solutions obtained by BEM and 2.5D
FE approach combined with PMLs. Since the BEM is for 2D elastodynamics we
consider plane strain state in x1x3 plane with zo = 0. In 2.5D FEM this is achieved
by setting zero longitudinal wavenumber. The harmonic waves are radiated by a point
source with coordinates (0,0,-0.8) located in the half-space domain in order to avoid
the coincidence with a nodal point of the BE mesh in the BE model. The comparison
is done for 4 materials with elastic moduli ratio 0.25, 0.5, 2, and 4.

The BEM mesh comprises 104 quadratic BE, 72 of which are used for the free
surface of the half-plane discretizing length equal to +/-10a with respect to the co-
ordinate system origin. The cavity contour as well as each of the tunnel contours
is modelled by 32 BE. The coarse FE mesh is exploited shown in Fig. 2b. The
amplitudes of the normalized displacement components along the flat free surface
versus space coordinate x; /7 for two normalized frequencies 2 = wr/Cs = 1 and
Q=wr/Cs =2 (Cs = /G,/p) for the four TI soil mediums are shown in Figs. 5
and 6. The results are in good agreement.
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Fig. 5. Normalized displacements along the flat free surface for dimensionless frequency
2 = 1, obtained by BEM and FE-PMLs for the 2D plane-strain case and different TI material
types: a) horizontal components; b) vertical components.
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Fig. 6. Normalized displacements along the flat free surface for dimensionless frequency
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types: a) horizontal components; b) vertical components.
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The second set of comparisons concerns 2.5D FE-PMLs approach and 3D FEM
solutions performed by ANSYS software. The point force is concentrated in the tun-
nel invert as depicted in Fig. 1a. As in the plane-strain case the coarse FE mesh
is used for the 2.5D FE-PMLs modelling. Now this solution involves computing a
sequence of 2D problems across a range of spatial wavenumbers defined in dimen-
sionless form as k,, = k;,Cs/w. It ranges from 0 to 3, sampled with 301 equidistant
points.

In 3D ANSYS solutions a quarter of the problem is modelled by applying ap-
propriate boundary conditions at the planes of symmetry for better computational
efficiency. In plane (Ox;x3) and longitudinal (z9 direction) size of the elastic do-
main is 10a. For the TI soil types the 3D simulations are restricted to the use of
PMLs as artificial boundaries, since the infinite FE are limited to isotropic materials.
For the isotropic material type both the artificial boundaries are utilized. The volu-
metric finite elements used for the elastic domain discretization are specified as ten
nodes quadratic SOOLID187 in ANSYS software. The respective infinite FE is IN-
FIN257, the FE in the absorbing layer is SOOLID187 PML. Both the 3D FE meshes
are depicted in Fig. 7. The first mesh associated with infinite FE comprises 2165
SOLID187 elements and 26 INFIN257 elements for the tunnel structure, and 67552
SOLID187 elements and 2672 INFIN257 elements for the half-space. The entire
model consists of 105894 nodes with three nodal degrees of freedom (DOFs) which
results in total number of 317682 DOFs (See Fig. 7a). The second FE mesh with
PMLs comprises 2165 SOLID187 elements and 331 SOLID187 PML elements for
the wall of the tunnel, and 67552 SOLID187 elements and 16127 SOLID187 PML
elements for the half-space. Total number of nodes is 122280 with 366840 DOFs,
see Fig. 7b.

The comparisons are performed based on the displacements in spatial coordinates
for fixed frequency and for all material types listed in Table 1. The amplitudes of
the vertical displacement components for the center point of the free surface or point
with coordinates (0, z2,0), and all material types for fixed frequency f = 50 Hz,
are depicted in Fig. 8, as obtained by the 2.5D FE-PMLs approach and 3D ANSYS
solution. The normalized horizontal displacement components along the free surface
for the plane x2 = 0 are presented in Fig. 9, and the vertical amplitudes of the surface
displacements are portrayed in Fig. 10. The results are obtained by 2.5D FE-PMLs
technique and FEM by built-in ANSYS options with PMLs as artificial boundaries
for isotropic and TI soil materials and with infinite FE for isotropic soil mediums.

What follows is a short summary of the computational time required for the three
numerical techniques. The 3D simulations were performed on a PC equipped with In-
tel Core 17-4790 CPU 3.6GHz, 4 cores. The computational time required by ANSYS
software for the 3D model depicted in Fig. 7b with the results reported in Figs. 8-9
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Fig. 8. Amplitudes of normalized vertical displacement components at the center point of
the free surface along x5 axis, for different TI soil types and fixed frequency f = 50 Hz,
as obtained by the 2.5D FE-PMLs approach (black continuous lines) and the 3D ANSYS
solution combined with PMLs (dashed lines). The red crosses plot is attained by 3D ANSYS
solution with infinite FE for local artificial boundary.
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Fig. 9. Amplitudes of normalized horizontal displacement components at the free surface for
xo = 0, for different TI soil types and fixed frequency f = 50 Hz. The red crosses plot is
obtained by 3D ANSYS solution with infinite FE while dashed coloured lines are derived by
3D FEM combined with PMLs.

(element size 0.5 m) is 574 (s) for a single frequency. We note that the mesh depicted
in Fig. 7b is the coarsest possible to recover the results reported in Figs. 8-9 for fixed
frequency equal to 50 Hz. In order to get the same plotting accuracy for 100 Hz it is
necessary to refine the 3D mesh, which we did not manage to achieve due to running
out of RAM capacity of the PC used.

The MATLAB simulations were performed on a PC equipped with Intel(R)
Core(TM) 17-4770 CPU 3.40GHz, 4 Core(s). The computational time required for



420

0.035

Application of Different Modelling Techniques for Soil-Structure ...

0.035
J=50 Hz, £,=0 E/E= =50 Hz, x,=0 E/E=
0.03 + 0.1 0.03 —
©0025 | 2.5D FE-PMLs —8§5 00,028 25D FEPMLsy —2
§ 0.02 — § 0.02
< ~--01 S
0oL ANSYS< == 0.25 goos ¢
- : -==05 = 2
0.01 _ 1 0.01 |
0.005 | e 0.005 :
F
0 o
0

xu/r
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xo = 0, for different TI soil types and fixed frequency f = 50 Hz. The red crosses plot is
obtained by 3D ANSYS solution with infinite FE while dashed coloured lines are derived by
3D FEM combined with PMLs.
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Fig. 11. Real part of the vertical displacement at the free surface due to a unit vertical point
load at the tunnel invert at a frequency of 50 Hz.

the 2.5D FE-PMLs model depicted in Fig. 2b with the results reported in Figs. 5-6
and Figs. 8-9 (the coarse mesh with element size 0.2 m) is 7.8201 (s) for a fixed
frequency and one wavenumber. The computational time for the BEM model with
the results reported in Figs. 5-6 is 906.66 (s) for a single frequency (no wavenum-
ber as the solution is 2D). The huge computational time of the BEM models is at-
tributed to the fact that displacement fundamental solution for general anisotropic
media requires not only standard integration over the line boundary element but also
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the evaluation of a line integral over a unit circumference [10]. This double inte-
gration considerably slows down the solution process compared to the isotropic soil
case.

The real part of the vertical displacement at the free surface due to a unit vertical
point load at the tunnel invert and fixed frequency of 50 Hz are illustrated in Fig. 11
for all material types. Waves generated at the tunnel invert propagate through the
TI soil and result in Rayleigh waves at the free surface. The influence of transverse
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Fig. 12. Receptance versus frequency for point A and various TI material types: a,b) hori-
zontal component; ¢,d) vertical component.
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isotropy is clearly visible when compare with isotropic soil type. The dynamic in-
teraction between the soil and the tunnel results in non-cylindrical wavefronts on the
free surface.

Furthermore, the receptance of both the representative points A and B (See Fig. 1a)
are now obtained for all the TT material types listed in Table 1. As before the recep-
tance is presented in dB based on reference 10~? m/kN. Amplitudes of horizontal
and vertical displacements versus frequency at point A with coordinates (5,0,0) and at
point B with coordinates (2,0,-4) for different material types are depicted in Figs. 12
and 13 respectively.

3.3 TEST EXAMPLE 3: A LINED CIRCULAR TUNNEL ENTIRELY EMBEDDED IN
A MONOCLINIC HALF-SPACE UNDER A UNIT POINT LOAD

The last numerical example is the same lined tunnel described in Section 3.1 now
embedded in a monoclinic half-space. Such materials have one plane of symmetry,
assumed here parallel to Oxjx3 or normal to the longitudinal direction Oxy. The
constitutive stress-strain relation is adopted as follows:

o11 184300 48300 23800 0 0 —20007 ( €11
022 48300 178400 21700 0 0 3900 €22
(10) o33 | _ 23800 21700 59100 0 0 1200 €33
012 0 0 0 72400 500 0 2e12
023 0 0 0 500 16000 0 2e93
031 L —2000 3900 1200 0 0 17600 | | 2e31)

The material stiffness matrix in Eq. (10) is derived from Bass (1995) for Muscovite.
We note that stiffness matrix components in Eq. (10) have units kN/m? and they are
1000 smaller than those listed in Bass (1995) in order to have shear wave velocity
similar to that in the first two examples. The density is assumed p = 1.8 t/m3.
Since the material is not symmetric with respect to the Oxsx3 plane, the plane-strain
response of the soil-tunnel system is also non symmetric. Therefore, the whole in-
plane model must be discretized or the meshes depicted in Fig. 2b, Fig. 2c, and
Fig. 7 are not applicable for the current example. In that respect the 2.5D FE mesh
comprises 2359 quadratic quadrilateral 8 node FE with 2484 joints. The tunnel wall
is discretized by 40 quadratic quadrilateral FE. The PML thickness is equal to the
external radius of the tunnel (1 m), discretized by 5 FE in direction normal to the
external boundary.

As before, the first set of comparisons is between the 2D plane-strain solutions
obtained by BEM and 2.5D FE approach combined with PMLs for zero longitudinal
wavenumber. The harmonic waves are radiated by a point source with coordinates
(0,0,-0.8) located in the half-space domain. The BE mesh is the same as that utilized



S. Parvanova, G. Vasilev, A. Pashov

423

a) b)
-5
6 L x10
[ [-BEM — | iy |-BEM
14 ——1|-BEM & =] u3|-BEM
g —o—|1y | -2.5D FE-PMLs 0.8 % —=—|1|-2.5D FE-PMLs

12 Y s
_ # N, |u]2.5D FE-PMLs _ +,*/ \4\ u;|-2.5D FE-PMLs
g ! *, g os 3 M,
— -, = b
e 08 m“"‘? _— gt h‘“"«.
= 06 T T 04 et B,
= = ra o,

+F +‘+
0.4 e 5
02z ¥
02
o 0
-4 2 0 2 4 ” E
xXu/F 4 : ¢ P

Fig. 14. Amplitudes of normalized displacement components along the free surface of a
monoclinic soil medium for fixed normalized frequency Q = wr/+/cs5/p: a) Q = 1.52; b)
Q = 3.03.

in the second numerical example (Section 3.2). The amplitudes of the normalized
displacement components along the flat free surface, as obtained by BEM and 2.5D
FE-PMLs, for fixed normalized frequency Q = wr/+/cs5/p (cs5 = 17600 kN/m?)
are depicted in Fig. 14. More specifically, in Fig. 14a Q@ = 1.52 and in Fig. 14b
Q) = 3.03. The results obtained by both numerical methods are nonsymmetric and
almost identical.

The next set of comparisons is related to the results derived by 2.5D FE-PMLs and
3D ANSYS solutions. The unit point load is now concentrated at the tunnel invert.
Half of the problem is modelled in 3D ANSYS solution by applying appropriate
boundary conditions at the vertical plane of symmetry Oxx3 with x5 = 0 for better
computational efficiency. The size of the discretized elastic domain is from -5a to
+5a in x direction, from 0 to 10 in longitudinal x5 direction and from O to -10a
in vertical x3 direction. At the outer boundaries PMLs are installed. The FE mesh
comprises 5579 SOLID187 elements and 745 SOLID187 PML elements for the wall
of the tunnel, and 85929 SOLID187 elements and 20895 SOLID187 PML elements
for the half-space. This results in total number of 162051 nodes with 486153 DOFs.
The amplitudes of the vertical displacement components for the center point of the
free surface or point with coordinates (0, x2,0), for two fixed frequencies f = 20
Hz and f = 40 Hz, are depicted in Figs. 15a and 15c, respectively. The normalized
horizontal displacement components along the free surface for the plane x5 = 0 and
the same normalized frequencies are portrayed in Figs. 15b and 15d, as obtained by
the 2.5D FE-PMLs approach and 3D ANSYS solution. The wavenumber sampling
in the current 2.5D FE-PMLs simulation is specified in terms of the dimensionless
wavenumber Ey = kyCs/w, where Cy = \/ce6/ p is related to the horizontal Ox ;o
plane with cgg = 72400 kN/m?. As before, the dimensionless wavenumber is equally
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Fig. 15. Amplitudes of normalized displacement components of a monoclinic half-space for
fixed frequency f and: a),c) center point of the free surface with coordinates (0,22,0) along
x9 axis, b),d) free surface for x5 = 0.

sampled from O to 3 into 301 points.

The good agreement between both sets of results observed in Figs. 14 and 15
proves that the 2.5 FE-PMLs methodology is not restricted only to TI or orthotropic
mediums but is also applicable for more general case of monoclinic soils. We note
that in the case of monoclinic material the response in longitudinal direction is still
symmetric despite the lack of symmetry in the plane of the model. This allows us
to consider only the positive wavenumbers like the previous examples. The discrep-
ancies between both FE solutions observed in Fig. 15 are attributed to the relatively
coarse FE mesh used in 3D ANSYS model, which cannot be refined due to running
out of RAM capacity of the PC used.

4 CONCLUSIONS

A mechanical model for 3D elastic wave propagation in an anisotropic half-space
containing lined tunnel and a point source of excitation is developed in this paper.
The core numerical technique used for the numerical simulations is computationally
efficient 2.5D FEM combined with PMLs accounting for the 3D wave propagation in
general anisotropic continuum. The obtained results are first compared with existing
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solutions in case of isotropic soil-tunnel system, then the outcomes for anisotropic
media are confirmed by other numerical techniques. More specifically, the BEM is
used to confirm the results in the case of 2D elastodynamics in plane-strain state. The
good match between both sets of results proves the reliability of the 2.5D FE-PMLs
technique in treatment of anisotropic domains since the BEM is considered as a semi-
analytical approach. The 3D wave propagation in soil-tunnel system synthesized by
applying 2.5D FE-PMLs methodology is verified by built-up options of commercial
FE software ANSYS. In the latter method 3D models are considered and two types
of artificial boundaries are employed: infinite FE in case of isotropic soil medium
and PMLs for anisotropic material. The achieved good agreement between different
sets of results proves that the solutions obtained by 2.5D FEM combined with PMLs
are stable and accurate for a wide range of TI materials considered in the current
study, since the elastic moduli ratio Ej/E, varies between 0.1 and 5. To expand
the versatility of the 2.5D FE-PMLs approach beyond the simplification of TI soil
medium, a comparison for tunnel structure embedded in a monoclinic half-space is
performed. The respective results are non-symmetrical and in good agreement with
the BEM solutions as well as with those derived by ANSYS software.

In sum, for 3D elastodynamics in anisotropic mediums the present 2.5 FEM-
PMLs approach and built-in options of ANSYS with PMLs are applicable. The
present 2.5D technique is more efficient in treatment of longitudinally invariant struc-
tures due to the reducing storage requirements with respect to the classical 3D solu-
tions. Since 3D ANSYS solution is time-harmonic, the treatment of moving loads
would be more complicated and requires longer discretization length in longitudinal
direction which considerably increases the computational time and memory require-
ments. Contrary, the moving loads may be easily implemented in the soil-tunnel
system in which the 3D wave field is obtained by 2D discretization in wavenumber-
frequency domain in the framework of the 2.5D FEM.

The accuracy and potential of the 2.5 FEM-PMLs methodology has been success-
fully proven and verified by comparisons of the results published in the literature and
by application of two different numerical methods, namely BEM and FEM. Further-
more, the versatility of this technique in modelling of different problem dimensional-
ity is demonstrated. It represents 2D plane-strain case by setting zero wavenumber or
3D wave field can be synthesized by computing the problem across a range of spatial
wavenumbers. Last but not least, the results obtained for the presented mechanical
model and the wide range of TI materials as well as for the monoclinic soil medium,
could serve as a benchmark example in the case of more complex models or applica-
tion of other numerical techniques. To the best of authors’ knowledge there is a lack
of results considering the dynamic soil-tunnel interaction accounting for the material
anisotropy and the current results contribute to fill this gap.
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