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ABSTRACT

A precise and accurate time-domain analysis is essential for the proper calculation of
many sophisticated effects associated with the soil-structure interaction phenomena. The aim of
the present work is to present, verify and insert in simulations a numerical procedure for
correct and reliable modeling and analysis of soil-tunnel systems subjected to transient type
excitations. The numerical procedure applied is a hybrid one in which the finite element
method (FEM) and the boundary element method (BEM) are brought together to form the
BEM-FEM hybrid model. In that model the infinite soil half-space is modeled by BEM in
Laplace domain and the finite size near field zone is treated by FEM in time domain. Further,
convolution quadrature method (CQM) is combined with the direct time integration scheme of
Newmark to perform the final time domain solution of the whole system.

1. Introduction
The soil-structure interaction (SSI) systems are among the most commonly analysed

problems in the computational mechanics and seismic wave propagation area. Despite the
many recent developments of SSI problems, including high-performance models and
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computational tools exposed in numerous scientific journals, their further improvement still
attracts the attention of researchers. The seismic response of buried structures and their
interaction with surrounding soil stratum with the relevant wave propagation is a complex
engineering problem treated by analytical, semi-analytical, numerical or hybrid approaches.
The former techniques are restricted to relatively simple geometry and continuous media which
makes them of rather limited engineering use. The latter ones are widely used with the advance
of the modern computational technologies, the problem is that numerical methods have merits
and drawbacks, which makes them applicable for certain classes of problems and inappropriate
for others. One solution to this paradox is the combined formulation which allows to profit
from the advantages of different approaches avoiding their respective drawbacks. Hybrid
techniques are often based on the use of two mutually complementary numerical methods.

The historical sketch of the SSI models starts with the pioneering work of Winkler [1]
where the supporting soil is replaced by a bed of elastic or nonlinear springs and dashpots
resting on a rigid base. Since then SSI models have been constantly improved and the available
literature that traces their progress is quite voluminous. That’s why in what follows, we will
restrict the discussion to SSI problems which include underground structures embedded in
infinite half-plane treated by hybrid techniques. Undoubtedly, nowadays the finite element
method (FEM) is the most used and powerful approach in handling various classes of problems
in engineering practice. At the same time boundary element method (BEM) is the most
appropriate technique for modelling of infinite and semi-infinite domains. One of the first
BEM-FEM couplings in elasto-statics could be found in the work of Brebbia and Dominguez
[2] and later applied for various SSI problems in elasto-dynamics in Wolf [3, 4]. Here should
be mentioned 3D hybrid computational schemes based on the FEM and BEM developed in
Wang and Schmid [5], Manolis et al. [6], Bode et al. [7], Von Estorff and Hagen [8], Padron et
al. [9], Romero et al. [10], Galvin and Romero [11], Frangois et al. [12]. More recently a
combination between the method of fundamental solutions (MFS) and FEM was developed in
[13] for modelling and dynamic analysis of 2D SSI systems, and hierarchical BEM-FEM
coupling was presented in [14] for 3D SSI problems, all in frequency domain. Scaled boundary
finite element method (SBFEM) with FEM coupling can be found in [15], [16]. An efficient
frequency dependent hybrid approach for modelling of underground structures in layered
geological stratum embedded in an elastic infinite half-plane is given in [17]. A hybrid finite
difference — BEM model was developed to evaluate the seismic wave field within a finite
geological cross section containing an underground structure in [18].

Generally speaking, two categories of hybrid techniques could be distinguished, see
Johnson [19] and Helbig [20]: (a) hybrid approaches based on a two-step procedure; (b) all-in-
one, source—path—site unified computational approach. In the first group of hybrid techniques
the structure and near field soil-profile are treated by one numerical method, while the laterally
homogeneous far field infinite zone is analysed by other numerical technique or analytical
methods. In the first step the infinite half-plane is considered excluding the heterogeneities due
to the presence of a structure in the near soil-profile as well as relief peculiarities. The relative
elastic wave field is computed and then used as input in the second stage where the near soil-
profile with the structure is analysed as a finite region. In this two-step procedure the common
interface boundaries are perfectly permeable to wave moving from the far-field half-space to
the near soil zone. The main disadvantage of the hybrid two-step techniques is that in
subsequent steps past the first, any interaction between the backscattering waves from the local
heterogeneity with the incoming wave fields emanating from the deeper layers of the
geological profile is neglected. Consequence of this impropriety is that waves excited from a
source in the near soil profile (for example explosion on train) cannot be modelled. The
accuracy of the results depends on the size of the near-field zone considered in the second step.
The farther boundaries from the local heterogeneities the more accurate solution, respectively
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the size of the near-field zone must be chosen so that scattered fields are negligibly small at its
contours. Relatively less common are the second type of hybrid techniques considering and
treating simultaneously the whole system: far-field semi-infinite zone, wave path, near-field
region plus existing heterogeneities. The developed here hybrid technique follows in this
group, where a full interaction between far-field and near-field zones is established satisfying
traction equilibrium and displacement compatibility at the common interface. Contrary to the
two-step procedure, where the displacement components and stress fields in the infinite half-
plane are obtained in the first step, here they could be derived after the solution of the near-
field zone. In this case any interaction between the waves scattered and reflected from the local
heterogeneity with the incoming wave fields is taken into account. The disadvantage of all-in-
one hybrid techniques is the demanding of large computational resources when the seismic
source-receiver distances are too large or even inapplicability when these distances exceed tens
of kilometres.

The BEM applications in elastodynamics are based on either the direct time-domain
formulations or transformed domain approaches in which time dependence is removed by
taking a Fourier, Laplace or other integral transform with respect to the time variable. Time
domain approaches are capable of handling nonlinear behaviour in the medium or contact
interfaces in case of multi-regions, while the frequency domain analysis is applicable only for
linear problems. Both formulations have well known merits and drawbacks, as for example: in
the classical time-domain BEM the spatial and time discretization are not independent from
each other; frequency analysis requires large memory or CPU time in case of high frequencies
compared to transient analysis. The latter statement is true, but could be overturned because
frequency dependent solution for particular frequency is independent from the others while
certain time solution depends on all previous time steps. Contemporary multi-core computers
allow subdivision of frequency interval equal to the number of cores and their simultaneous
calculation, while such procedure is not possible for time-interval. Besides the fact that
frequency dependent fundamental solutions (FS) reduce the hyperbolic partial differential
equation of motion to elliptic one, obviously easier for mathematical modelling, they don’t
have competitor in the areas where time-dependent FS are not available. The problem with
inapplicability of the frequency dependent formulations for nonlinear problems could be
overcome by the procedure proposed by Shanz and Antes [21]. They proposed BEM based on
the Operational Quadrature Methods developed by Lubich [22] where the Riemman
convolution integral is numerically approximated by a quadrature formula whose weights are
determined by the fundamental solution in Laplace transform and this leads directly to time-
dependent solutions obtained by linear multistep method. So, this procedure allows using BEM
based on Laplace variable /frequency dependent fundamental solutions and at the same time
solutions are directly obtained in the time-domain. Namely this procedure is applied in the
current transient solution for far-field zone treated by BEM and one additional reason
supporting such decision is that the authors have verified software based on frequency
dependent FS [23 — 26].

To sum up, the aim of the present work is to reveal the potentials of the hybrid BEM-
FEM computational technique for evaluation of dynamic behaviour and seismic response of
soil-structure systems in time domain. The current analysis includes as a whole the dynamic
interaction of the engineering structure itself together with the semi-infinite soil region in
which the structure is placed and the dynamic excitation with the relevant wave propagation.
The excitation could be natural as earthquake, technically induced like railway or vehicle
traffic, or human made as explosions or foot traffic, which are all of fundamental interest in
soil dynamics and civil engineering. The soil-region could be layered or homogeneous, the
mechanical properties could be isotropic, anisotropic or poro-elastic, the only limitation for the
far field soil zone is to have linear elastic behaviour. Since the present analysis is developed,
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respectively restricted, to 2D plane problems the engineering structure must be the one that
allows modelling in plane-strain state. In engineering practice such structures are tunnels and
pipelines. The proposed here hybrid technique allows nonlinear behaviour of the structural
components, nonlinear soil-structure contact zone or nonlinearities in the near field geological
profile.

The proposed computational scheme is realized in the following steps: 1) the discrete
mechanical BEM formulation of the seismically active geological environment and the seismic
excitation is generated in complex (Laplace or Fourier) domain; 2) by using Lubich’s
Operational Quadrature approach [21, 22] the complex mechanical BEM formulation is
converted in discrete transient FEM formulation to finally obtain the time-dependent stiffness
matrix and load vector for the infinite far field domain; 3) the far filed infinite domain is
coupled with the FEM model of the near field and the structure, and linear multi-step method is
applied for determination of the transient response of the whole soil-structure system.

2. Problem formulation

The definition of the current problem has been extensively described in papers [17, 27 —
29]. More specifically a hybrid BEM-FEM approach in frequency domain has been developed
in [17]. Different transformations from frequency to time domain are given in [27] where the
accuracy, reliability, and convergence of the time dependent hybrid algorithms are
demonstrated by comparisons of the results against different numerical models. Finally, an
application of time dependent algorithm for real practical problems is demonstrated in
references [28, 29]. For completeness and consistency of the current paper the problem
formulation will be briefly described in this section.

< ----

X02

Fig. 1. Problem formulation scheme

The domain under consideration is an infinite half-plane containing underground
structure layered geological profile and the excitation is transient seismic source with a
prescribed magnitude f ;, (I = 1, 2). Plane-strain state and respectively in-plane wave motion

in the plane x; =0 of a Cartesian coordinate system Ox;x,x; is assumed, see Fig. 1. This half-

plane is divided into two domains: (a) boundary element domain (BED) describing semi-
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infinite homogeneous far-field geological region, containing flat free surface boundary I ;
(b) finite element domain (FED) comprising N non-parallel layers representing near soil
profile, free surface relief of arbitrary geometry, and finally a lined infinite cylindrical tunnel
with Lame constants, density and material damping A, W, p,, &, correspondingly. The material
properties of the homogeneous far filed zone are A, Wy, pPo, &y, While those for the i-th layer
with interface boundary I'; in the FED are denoted by A;, W, p5, &, [ = 1, 2, 3, ..., N. Both
domains are connected by contact interface denoted L. of arbitrary smooth shape
(discontinuities are not allowed since positive unit normal must be uniquely defined along the
common boundary). The concentrated at point x, seismic body force is

F(x,0)= fo; g(t)S(x, XO), where its time function is g(f) and & is the Dirac delta function.

The dynamic equilibrium equation is

ﬁzul. (xl,xz,t)

b, M

Gij,j(xl’xz’t)zp

where: o :Cg‘jkl (xz)”k,l’ C[.jkl(xz) ( )8 5k1+“(x2)(6:k5ﬂ+5:l5]k) d;; is Kronecker’s

delta symbol and comma subscripts denote partial differentiation with respect to the spatial
coordinates, while the summation convention over repeated indices is implied. The well-known
boundary conditions could be found in [28, 29].

3. Hybrid BEM-FEM algorithm

3.1. BEM formulation in complex (Laplace or Fourier) domain for the far
field semi-infinite zone

The BEM formulation is based on the complex domain approach where time
dependence is removed by taking a Fourier or Laplace transform with respect to the time
variable. In this case the original hyperbolic partial differential equation of motion (1) is
reduced to elliptic one along T'gp,, =T g UT' 5, with respect to the complex variable z:

cquBED) J. U (BED) (x.&, )t(.BED) (&,2) dS(&)-
Usep
I P*(BED) , )MS_BED) (ct,,Z) dS(§)+ (2)
Tgep

10 8(2) U7 (xo%g.2)

Here: z is the circular frequency @ or the Laplace variable s, related with the well-known
relation s =i® <> ®=—is, where i is the imaginary unit; g(z) is the Fourier or Laplace
transform of the time-history function describing the dynamic excitation; o is the jump term
depending on the local geometry at the collocation point x; x and § are the position vectors of

the source-receiver couple; =oyn; are the tractions and n; are the components of the
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outward normal vector; UZ.(BED) is the displacement fundamental solution of the governing

pi(BED)

i is the corresponding traction.

equation in complex domain;

3.2. Conversion of the BEM model of the BED into one macro-finite
element (FE)

Coupling algorithm adopted here is so called FEM hosted, where the BED is converted
into macro-finite element, the nodal forces are expressed through the BED nodal tractions and
the entire BEM formulation is converted to FEM like approach. Initially, reduction of the
degrees of freedom (DOF) of the boundary element model is performed because the contact
zone between both domains is presented by common interfaceI' ;. For the aim of DOF

condensation the BED is divided into 3 parts: 1) left flat free surface, part of the I’y
belonging to the BED; 2) common interface I'jy; 3) right flat free surface, part of the I'f,

which falls into BED, see Fig. 1. Taking into account the zero traction boundary conditions at
contours 1 and 3 the system generated after discretization of boundary integral equations (2) is
transformed to the following expression:

tnvr =Bupyr +P, ®)

that relates traction t;,» and displacement u,,- vectors along I';,- contour. In equation (3)

B is a square matrix of size equal to the number of degrees of freedom of the nodes belonging
to the contact interface. It depends on the BEM influence system matrices Gl.j and H i

(4,j=1, 2 or 3 are associated with contours 1 — 3) along the boundary T'pp, =T e UT ;1

obtained after discretization of Eq. (2). The vector P depends on the same influence matrices
plus a load vector which takes into account the last term in Eq. (2). Detailed mathematical
expressions for the matrix B and the vector P can be found in [28].

The second step in macro-FE generation is conversion of the BEM system into FEM
like system, respectively replacement of the interface tractions t;, with equivalent nodal

1
forces F- . This relation is obtained as Fjy, =Mt , where the matrix M = U J. N'NJd &
e -1
(J is the Jacobian, & is intrinsic coordinate), whose components are numerically derived as a
product of the traction shape functions (N) for the particular boundary element e, see [17].
Substituting Eq. (3) in this relation the following expression is obtained, which is a FEM like
discrete system of equations, necessary for the formulation of the BED as a single macro-finite
element:

F

BED
INT = K )“nvr +R. 4

Here KBEP) = MB is the stiffness matrix in complex domain and R = MP is the generalized
load vector of nodal forces dependent on the traction load vector P after the condensation
procedure, see [17].
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3.3. Derivation of time-dependent stiffness matrix and load vector

The stiffness matrix from equation (4), for the BED model, is firstly obtained in Laplace
domain. Afterwards Lubich’s Convolution Quadrature (LCQ) rules [21, 22] are applied and the
stiffness matrix in time domain is derived. The -th time dependent stiffness matrix, at time

t, = kAt (At is the time step), is K, ()= L' (K(5)) = 0, (Ar)/ At . Here K =K s the
stiffness matrix derived in Laplace domain, while its inverse Laplace transform ! (ﬁ(s)) is

expressed through the matrices @, being the Lubich’s convolution quadrature weights (see
[21,22)).

The nodal-force vector R from equation (4) is firstly obtained in frequency (Fourier)
domain, then by inverse discrete fast Fourier transform the vector is derived in time domain.

The k-th time dependent load vector, at time 7, = kAt ,isR,, (tk ) =r! (R(w)).

3.4. Implementation of the macro-finite element in ANSYS software via the
ANSYS user programmable features (UPFs)

The FED is modelled by 8-noded plane finite elements with 16 DOF for plane strain
state (PLANES82). The BED represented by time dependent stiffness matrix and load vector is
implemented in the numerical model as a single macro-FE. Both the FE and the BE time-
dependent models are coupled by satisfaction of the nodal compatibility and equilibrium
conditions required for all available DOF on the BED-FED contact surface. The final discrete
system of equations of the coupled model in time domain, which is obtained after application
of the convolution theorem, is as follows:

J
];Kkuj_kH =-R;, j=L..N, )

where N is the total number of time steps. The real dynamic stiffness matrices are
K, = K%BED) +K§{FED) , where the subscript designates the discrete time value (7, = kAr) at

which the quantities are calculated. In this system the only unknowns are the components of
the displacement vector u ;at time ¢ T since all the displacement components in the previous

time steps, included in the discrete sum, are previously calculated. This dependence on the
previous time steps and not on the future ones is consequence of the causality of the system.

The stiffness matrices KECBED) and load vectors RJ. are generated with the authors’ code

developed in MATLAB, while K;{F ED) s generated by the ANSY'S software.

One of the major differences between BEM and FEM, which must be pointed here, is
that the latter method leads to sparse symmetric positive definite matrices, while the former
one, based on a collocation technique, leads to full non-symmetric matrices. Specifically for
our approach, when full method of solution in transient FEM analysis is chosen and ANSYS
detects the presence of structure with unsymmetrical and fully populated matrices it
automatically switches to a solver for dealing with the arisen unsymmetrical system of
equations.
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4. Numerical results

The results obtained by the hybrid BEM-FEM algorithm in time domain have been
compared against solutions derived via the conventional BEM authors’ software in references
[27 — 29]. The accuracy of the BEM authors’ code is demonstrated in [24, 26] where the P- and
SV-scattered displacement and stress fields, by a semi-circular canyon or semi-elliptic hill,
sub-surface cavity or alluvial basin, are compared with numerical and analytical solutions of
other authors. The conventional BEM solution in time domain is obtained by inverse discrete
fast Fourier transform of the original results. Although the accuracy of the hybrid technique has
been checked and reported for various problems, we note that detailed verification study is
necessary for every particular solution in order to adjust the parameters of the numerical
models in complex domain. The time dependent BEM system matrices obtained by LCQ rules
from the solution in Laplace domain are sensitive not only to the BEM mesh but also to the
excitation applied. The final Nyquist frequency used in complex domain modelling, which
leads to the acceptable difference of the hybrid approach results with respect to the
conventional BEM solution, depends on the time-history excitation function. That is why the
subject of the following section prior to numerical simulations is again verification of the
hybrid solution, since the parameters of the time-history function applied here are not used
before.

4.1. Verification of the results obtained by hybrid technique

The numerical example, subject of the current section, is directly related to the
considered in the next simulation study relatively complex soil-structure system. The
verification model is a semi-circular canyon of radius @ = 7 m located in an elastic, isotropic
and homogeneous half-plane with material parameters: Poisson’s ratio v, =1/3; shear

modulus p, = 7.10° kKN/m? ; density p, =2 t/m> ; and hysteretic damping ratio &, =0% . For

verification purposes the half-plane is divided into finite (FED) and infinite (BED) domains by
fictitious semi-circular interface of radius » = 10a, shown as dashed line in Fig. 2. The

excitation is an embedded line source of magnitude f,, = (O,—l.lO6 kN) located first at point

X, = (O,—ISO) below the flat surface, which falls within the infinite half-plane, then at point
X, = (50,—21) which falls in FED. The transient concentrated force £ (X,t) = foi g(t)S(x, XO)

Qo

in the source is defined by time-history function g(t) =e tsin((oot) , which has continuous

Fourier transform S(®) =0, / (0302+(oc+i03)2 ) The parameters of the function are

Oy = 20rad/s anda.=1.

The reference model is a semi-circular canyon in a half-plane, modelled by authors’
software based on conventional BEM and frequency dependent full space fundamental
solutions. The BE mesh used for discretization of the free surface comprises 144 quadratic
boundary elements, 48 of which located along the canyon contour. The length of the
discretized flat free surface is 280 meters or 40a, measured left and right to the canyon centre.
The Nyquist frequency is 30 Hz and the frequency range is divided into 400 equal steps.
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= 180 x, expion)
Fig. 2. Verification example: a) Geometry; b) Finite element domain
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Fig. 3. Surface displacements in meters for line source located at point x, = (0,-150):
a) Vertical displacements at bottom of the canyon versus time; Displacement components
along the free surface for fixed time: b) = 0.267 sec; c) = 0.433 sec; d) = 0.583 sec

The hybrid BEM-FEM model comprises two domains: infinite homogeneous half plane
(BED) and multi-layered FED as shown in Fig. 2a, b. The same layer outlines are used in the
following simulation study; here, for validation purposes, all layers have material properties
identical with those of the half-plane. Firstly, the infinite half-plane is modelled by BEM in
complex (Laplace) domain then the convolution quadrature rule is applied and time-dependent
stiffness matrix for macro-FE formulation is obtained. We note that the Laplace variables are
obtained based on Nyquist frequency 30 Hz in order to achieve the accuracy reported in the
current study. The FE model comprises of 4618 quadratic FE (ANSYS code PLANE 82) and
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one macro-finite element (MATRIX 50) with 97 nodes, generated as BED and MATLAB
software code. Transient analysis is performed to the FE model, where Lubich’s Convolution
Quadrature algorithm is used along with Newmark’s integration scheme. The unknown
displacement components of the whole BEM-FEM numerical model are derived directly in
time domain.

Comparisons of the results, obtained by both BEM and hybrid BEM-FEM approaches,
for the deep seismic source located at point x, = (0,-150), are presented in Fig. 3a — d. More
specifically Fig. 3a depicts vertical displacement components for bottom of the canyon
(xo=1(0,-7) versus time variable. The plots in Figs. 3b — d are free field displacement
components for fixed time ¢ = 0.2667, 0.4333 and 0.5833 sec, which corresponds to the first
three extreme values of the previous graphic. The percentage differences between both
solutions are marked for vertical displacements at bottom of the canyon in the corresponding
free surface plots.

0.3 4 a) 0.4 b)
5 —U1-BEM-FEM
0.2 03 g —— U2-BEM-FEM
01 1 0.2 3 ----ul-BEM
0.1 -—--u2-BEM
0 0
2
0.1 01
0.2 - —u2-BEM 02
—+—Uu2 - BEM-FEM
-0.3 — . ul-BEM -0.3
----ul- BEM-FEM 0.4 :
0.4
-10 5 0 s Xa o
d)
0.3 0.2
— U1-BEM-FEM —— U2-BEM-FEM
----u1-BEM -—--U2-BEM
0.2 o1
0.1
0
0
0.1
0.1
0.2 —U1-BEM-FEM —— U2-BEM-FEM -0.2
[ ———-U1-BEM —e--U2-BEM difference 0.29%
0.3 : : — 0.3 : —
-10 5 0 5 /4 g -10 5 0 5 X1Va g

Fig. 4. Surface displacements in meters for line source located at point x, = (50,-21):
a) Vertical displacements at bottom of the canyon versus time; Displacement components
along the free surface for fixed time: b) 7= 0.217 sec; c) £ = 0.383 sec; d) = 0.55 sec

The same sets for comparison are plotted in Fig. 4 but for shallow seismic source
located at point xy = (50,-21), which falls in FED. Here the horizontal displacement at bottom
of the canyon is nonzero and is also plotted in Fig. 4a. Here the time values corresponding to
the first three extreme values in the vertical displacements are ¢ = 0.2167, 0.3833 and 0.55 sec.
The percentage differences between both models for vertical displacements at bottom of the
canyon are marked again at the corresponding site-effect-plots. Such discrepancies cannot be
totally avoided, but they are obtained for the most stringent verification test, namely the
absence of any material damping. We expect that the introduction of material damping in the
soil will reduce the percentage differences. Nevertheless, all presented results demonstrate
satisfactorily numerical accuracy (less than or around 5%) between the present hybrid
methodology and the results obtained by the conventional direct BEM formulation.
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4.2. Numerical simulations

In this section we present important numerical simulations that are closely related to the
engineering practice. The first model considered is the tunnel structure entirely embedded in
nonhomogeneous soil-strata as shown in Fig. 5. The aim of this example is to reveal some of
the important features in the tunnel engineering practice like: 1) influence of the surface relief,
e.g. hills and valleys; 2) influence of the soil layering; 3) stress concentration on the tunnel
contour; 4) influence of the infinite half-space and the assumed seismic wave pattern in it. Here
the tunnel structure is modelled as double deck system in which we have metro lines on the
lower level and two highway lanes in the upper deck, as shown in Fig. 5a. The inner radius of
the structure cross section is a = 7 m, the wall thickness is 0.4 m and all other dimensions are
given in Fig. 5a. The depth of burial is # = 4¢ =28 m measured from the flat free surface. The
material properties of the structure are: Young’s modulus E, =30000 MPa, Poisson’s ratio

v, =0.2, material density p, =2.5 t/m> and damping coefficient & =0% . This structure is

embedded in nonhomogeneous multi-layered near field zone shown in Fig. 5b. This finite
region consists of five soil layers with material properties as follows: p;= 620 MPa, v; = 1/3,
p1= 1.8 t/m*; p, =500 MPa, v, = 0.4, p, = 1.75 t/m’; py = 200 MPa, v; = 0.45, p; = 1.8 t/m’;
ns=70 MPa, v, = 0.46, ps = 1.85 t/m’; s = 10 MPa, vs = 0.48, ps= 1.9 t/m’. The material
properties of all the layers are considered to be purely elastic, i.e. the damping coefficients are
& =& =& = & = & = 0%. The upper boundary of the near field region is the traction free
surface which is entirely flat or with a relief peculiarity in the middle (above the tunnel)
expressed as hill/valley of height/depth # = 14 m and half-width » = 30 m. The near field lower
boundary represents the near to far field contact surface I, chosen here to be with the shape

of semicircle of radius » = 10a = 70 m. In the case of a relief (not flat) the hill/valley lining is
given with the spatial coordinate function x,(x)=xh cos’ (Ttxl / 2b) , where the plus and

minus sign designates hill or valley respectively.

Fig. 5. Soil-Tunnel system: a) tunnel construction; b) geological strata

The nonhomogeneous soil strata are embedded in homogeneous and elastic half-plane
with the following material properties: o = 700 MPa, vy = 1/3, py = 2 t/m’ and material
damping &, = 0%.

The excitation to the system is seismic waves propagating in the plane of the model.
This waves are considered to emanate from a line seismic source with magnitude

Joi = (0,—1.106 kN) , situated in the line x;, = (0,—150) for far field excitation (deep source)
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or the line x;, = (50,—21) for near field excitation (shallow source). The temporal and spatial

variation of the excitation is described with the function Fl.(x,t): J0i&(1)d(x,X,), where

g(t)=e*sin(oyt) with 0, =20rad/s and o.=1.

FEM (ANSYS) mesh

BED
Eo, Vo, po, &

BEM mesh

Xo(Xo1,X02)

—b| F(x0) = £,2(03(x.%,)

|
|
!
! Xo1
|
|

Fig. 6. Discretization of the hybrid BEM-FEM model

The boundary element model for the far-field region (the macro element) consists of
144 quadratic boundary elements, 48 of which comprise the contact surface I';y-. The length

of discretization of the flat free surface is 2800 meters or 400a (40 times the radius of I'jy)

left and right of the contact boundary, refer to Fig. 6. The Nyquist frequency is 30 Hz, leading
to a time step size of Az =1/60 sec.

The finite element mesh that represents the numerical model of the finite element
domain with flat/hill/valley surface consists of 8005/8731/7511 quadratic finite elements
(ANSYS PLANES2) and one macro-finite element (ANSYS MATRIX50) of 97 nodes. Both
meshes for the far-field region and for the near-field region are depicted in Fig. 6.

The aim of this simulation example is to reveal the influence of the surface relief to the
dynamic behavior of the whole soil-tunnel system. More specifically the given plots depict the
differences in the wave propagation pattern at the surface of the system.

Here, additional verification has been developed by comparing two different numerical
models: 1) The soil-tunnel system is modelled with hybrid BEM-FEM technique, as proposed
in this paper and 2) The entire system is modeled with FEM in the numerical environment of
ANSYS. In the latter FEM model the far field zone has been elongated to a large distances
from the source location, the free surface and the tunnel construction in order to prevent back-
reflection of the waves on the artificial boundaries. For that purpose the semi-infinite far field
domain is modeled as a semicircular area with radius of 2250 m which is equal to 15d.,
where dge, = 150 m is the depth of the deep source. We note that in this FEM model we do not
have solutions in Fourier or Laplace domain followed by transformations for macro FE
formulation. Here only transient analysis has been performed and the seismic source is
modeled as concentrated force in the node of the model, which additionally verifies the hybrid
algorithm. The finite element mesh in the extended FEM model comprises of
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19503/18306/18806 quadratic finite elements (ANSYS PLANES2), respectively for
flat/hill/valley surface relief. This means models whose meshes are 2 — 2.5 times larger than
those used in the hybrid models.
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Fig. 7. Vertical displacements at top of the hill, bottom of the canyon, and x = (0,0) for
the flat surface versus time for the deep source
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Fig. 8. Vertical displacements at top of the hill, bottom of the canyon, and x = (0,0) for
the flat surface versus time for the shallow source

Comparison of the vertical displacement components at top of the hill x = (0,14),
bottom of the canyon x = (0,-14), and the middle for the flat surface x = (0,0) versus time is
presented in Figs. 7 and 8, for the deep x = (0,-150) and shallow x = (50,-21) sources
respectively. As expected better coincidence between hybrid and pure FEM models is observed
in case of the shallow source (Fig. 8), since the influence of the backscattering waves from the
artificial external boundary is minimized. In order to achieve better accuracy in case of the
deep seismic source (see Fig. 7) the size of the far-field zone should be extended although the
observed plotting accuracy is satisfactorily.
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Fig. 9. Vertical displacement components at the free surface for #=0.2667 s in case of deep source
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Fig. 10. Displacement components at the free surface for = 0.2667 s in case of shallow source:
a) horizontal displacements; b) vertical displacements

Similar sets of comparison for the site effects at the free surface are illustrated in Figs. 9

and 10 for the deep and shallow sources respectively. The plots are for time ¢ = 0.2667 s which
corresponds to the first peaks observed in the graphics from Figs. 7 and 8.
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Figures 11 and 12 show the vertical displacement components for a point of the free
surface with coordinates (-40,0) for the cases of deep and shallow seismic sources respectively.
Since the point is relatively far away from the relief peculiarities, at the beginning all curves
are similar and the influence of the surface inhomogeneity is missing. Comparing figures 7&8
with 11&12 we observe that in the former plots the incoming waves reach first bottom of the
canyon followed by flat free surface and finally top of the hill, while in the latter plots
incoming waves reach the point at the same time. Then shifting of all plots is watched since the
influence of scattered and reflected waves takes place. Comparing results for center points of
the relief peculiarities (Figs. 7&8) it seems that considerable deamplification is observed at
bottom of the canyon while amplitudes of the displacements in case of flat free surface and hill
are commensurable. Contrary, for points of the free surface, out of the peculiarities, the largest
amplification is observed in case of canyon for the deep source and in the case of hill for the
shallow source.
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Fig. 11. Vertical displacement at x = (-40,0) versus time for the deep source
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2

215



The last set of results concerns stresses at the soil-tunnel interface from the tunnel side.
Figure 13a depicts the hoop stress distribution, for fixed time ¢ = 0.2667 s, versus the polar
angle for the deep seismic source, for the three cases of surface relief: flat free surface, hill and
canyon. Similar plots for the case of shallow source are shown in Fig. 13b. As expected, in the
latter case stresses are considerably larger compared to the former stress distribution, due to the
nearness of the source. In both cases decrease in hoop stresses is observed for the canyon
peculiarity, while for the flat free surface and hill values are commensurable.
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Fig. 13. Polar distribution of the hoop stresses in [KN/m’] at ¢ =0.2667 s in the case of:
a) deep source; b) shallow source

5. Conclusions

A hybrid BEM-FEM numerical algorithm in time domain has been presented in the
current paper for 2D in-plane problems associated with the seismic response of buried tunnels
in a layered half-plane containing a line transient seismic source. The numerical model of the
far field soil region is modeled by BEM ising the full space elastodynamic fundamental
solutions in complex domain (Laplace and Fourier) followed by transformation based on
Lubich Operational Quadrature in order to obtain time-dependent stiffness matrix and load
vector of the seismically active infinite half-plane. The structure, along with the surrounding
near field soil-profile, is treated by FEM and ANSY'S software package. In this procedure both
domains work together and the full interaction between incident and scattered waves is taken
into account.

The numerical algorithm proposed here could be easily extended further for treating of
both geometrical and material type of nonlinearities. At first nonlinear contact soil-tunnel could
be established in order to precisely capture the stresses along the tunnel interface, then different
nonlinear processes associated with near soil behavior could be involved in the models
developed here.
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ETHO INIPHJIO’KEHUE HA MI'E-MKE XUBPHUJIEH AJI'OPUTHM
3A 3AJIAYH OT B3AUMOJIEUCTBHUE ITOYBA-KOHCTPYKIUA
BbB BPEMEBATA OBJIACT YPE3 ANSYS

C. IIbpBanora', I'. Bacuuien®

Knrwuoeu oymu: memoo na epanuunume eiemenmu, XUOpUOHU MOOenu, panpocmpa-
nenue na evauu, ANSYS

PE3IOME

TOYHUAT U Npelu3eH AMHAMUYEH aHallM3 BbB BPEMETO € OT ChILECTBEHO 3HAYCHHUE 32
KOPEKTHOTO M3UYHCIIABaHE HA MHOXKECTBO CIIOKHU €()eKTH, CBBP3aHU C SBJICHHUA OT 00JIacTTa Ha
B3aUMOJICHCTBIE MO0YBa—KOHCTpyKuus. Llenta Ha HacTtosmara pabora e xa pa3pabory, Ipo-
BEpPH U MPUIIOKU B YUCIECHH CUMYJAIMM alrOPUTHM 3a TOYHOTO M HAJEKIHO MOJEIUpPAHE U
aHaJIM3 Ha 3a7]a4M OT 00JIacTTa M04YBa—KOHCTPYKIIHS, [T0/UI0KECHU HA IPOMEHJINBU BbB BPEMETO
BB3ACHCTBUS. XHOpUAHATa TEXHUKA € peajM3upaHa 4Ype3 METOoAa Ha TPaHUYHHUTE EJIIEMEHTH
(MI'E) u merona na kpaiinure enementd (MKE). C mbpBust 4ucieH METOJ € MOZAEIMPAHO
0e3KpaifHOTO TMOYBEHO MOJY-TIIPOCTPAHCTBO B obOyacT Ha Jlaruiac, a kpaliHata 00NacT OKOJIO
KOHCTPYKIHATA € MojerpaHa BB BpemeBu nHTepBan upe3 MKE m ANSYS. Brocnencrsue
METOABT Ha OTIEPALMOHHNTE KBaZpaTypt € KOMOMHHUPAH C AUPEKHO HHTETPUPAHE BB BPEMETO
o merona Ha Newmark, 3a 7ja ce OIydd OKHYATEIHOTO PEIICHHE Ha II71aTa CHCTEMA.
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