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Abstract. Implementation of an improved parallel computation algorithm into a coupled 
model based on Finite Element and Boundary Element Methods for analysis of three-
dimensional Soil-Structure Interaction (SSI) problems on High-Performance Computing 
(HPC) platforms is presented. The model and the parallel computation algorithm are 
developed for the linear analysis of large-scale three-dimensional SSI problems. The finite 
element method is used for modeling the finite region and the structure, and the Boundary 
Element Method is used for modeling the soil extending to infinity. The parallelization of the 
model is performed by the calculation of the impedance coefficients on the interaction nodes 
between the near- and the far-fields. The performance of the parallel computation algorithm is 
represented by elapsed timing measurements according to the number of processors. The 
efficiency of the proposed parallel algorithm of the coupled model is validated with one 
numerical example that confirm the consistent accuracy and applicability of the parallel 
algorithm by considerable time saving for large-scale problems.

 
 
1   INTRODUCTION 

In many fields of engineering, Finite Element Method (FEM) and the Boundary Element 
Method (BEM) are frequently applied analysis tools. Each one of these methods has its 
specific areas of applications. The FEM, is especially well suited for the analysis of problems 
involving in-homogeneities or non-linear behavior of solid bodies, [1, 2]. The BEM has 
advantages, if stress singularities on unbounded media are present. BEM has further 
advantages, if incident wave fields need to be considered in dynamic problems, [3-5]. 
Therefore, over the last 25 years, much progress has been made in finite/boundary element 
coupling methods to solve problems involving sub-regions with different characteristics. 
During this coupling, the respective advantages of both methods are used. In structural 
mechanics, these coupling methods are usually used for assessing the dynamic responses of 
stiff, heavy and embedded structures, such as nuclear reactors, gravity dams, tunnels, liquid-
storage tanks and buildings with the soil media surrounding their foundations. Thus, soil-
structure interaction (SSI), when incorporated, allows realistic prediction of the coupled 
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behavior of the soil and structure. An arbitrarily shaped non-homogeneous body subjected to 
dynamic loads requires the use of the FEM and BEM together with unbounded boundary. 
BEM is a semi-analytical method and requires the fundamental solutions pertaining to the 
region, provided that the radiation condition at infinity is satisfied, [6-7]. 

Application of parallel computation to engineering problems is a relatively recent 
development that started approximately 15 years ago. The algorithms are widely used in 
engineering applications for large-scale computationally intensive problems. Widely used 
parallel algorithms are based on partitioning a computational domain and then assigning each 
partitioned domain to a separate computer processor, thus reaching a solution using many 
processors concurrently, [8, 9]. The parallel implementation of BEM codes have been studied 
by many prior researchers [10-14] and are well summarized in Davies[15]. More recent 
studies are found in Cunha and et al.[16], Bird and et al.[17], and Park and Heister[18]. Cunha 
and et al.[16] applied the standard and portable libraries for the parallelization of BEM codes; 
Bird and et al.[17] used a coupled BEM/scaled boundary FEM formulation to analyses linear 
elastic fracture mechanic problems; Park and Heister [18] proposed a parallelization 
procedure for the analysis of unsteady BEM problems. Most of these studies have worked on 
a structural problem or parallel implementation itself. However, in the study of Park and 
Heister[18] the simulation code for the free-surface problem has the unique dynamic grid 
characteristic.  

The SBFEM is an alternative and effective method for modeling systems with finite and 
infinite extension having non-homogeneous material properties, [19-22]. Genes and 
Kocak[23, 24] applied the SBFEM to large-scale systems on high performance computing 
platforms. In this study, the linear equation solver of the system equations obtained from 
BEM for impedance analysis is used as portable library called The Scalable Linear Algebra 
Package (ScaLAPACK1) and the impedance analysis is also parallelized by distributing the 
impedance analysis work according to the number of the interaction nodes between the near- 
and far-field to the slave processors. Hence, the applicability of BEM/FEM coupling 
procedure to the high performance computing platforms for large-scale 3D SSI problems is 
demonstrated. The gained experience and the coded intelligent routines for the parallelization 
of SBFEM [23] are implemented to the parallelization of SBFEM/BEM/FEM [26] coupling 
and BEM/FEM coupling. In the proposed SSI model, where the boundary at the interface 
between the near-field (the structure and surrounding soil medium), and the medium which is 
extending to infinity, is modeled by the BEM. The structure and the surrounding soil medium 
are modeled by FEM. The dynamic stiffness matrix of the boundary is combined with the 
dynamic stiffness matrix of the finite medium by using the substructure method (SM). In this 
coupled model, best attributes of these two methods are combined.  

Layered finite medium can be discretized by using a parametric soil model, where soil is 
composed of sub-layers, represented by some parameters as proposed by Kocak and 
Mengi[27]. However, in this study, to propose a more generic model, layered infinite medium 
is modeled by using 3D BEM formulation for linear elastodynamics[16]. The proposed model 
and parallel algorithm is verified by studying two examples that are analyzed by the coupled 
FEM/BEM and FE/SBFEM models. It is found that, depending on the number of processors 

                                                 
1The ScaLAPACK is a set of library for distributed memory MIMD (Multiple Instruction Multiple Data) parallel 
computers developed by the ScaLAPACK project, [25]. 

206



M.C. Genes. 

 3

used, the proposed parallel algorithm can decrease the computation time considerably. The 
obtained results of the model are compared with the results given in the literature and good 
agreements are noted, [28-30]. Comparisons showed that the Parallelized Coupled FEM/BEM 
Model can be used in SSI analyses of large-scale structures efficiently and accurately. The 
results also demonstrate the importance and the advantages of using parallelization for SSI 
problems that are complex in geometry and have non-homogeneous unbounded media. 

2  PHYSICAL MODELS AND NUMERICAL APPROACHES 

2.1 Structural Dynamics with FEM 
In this study, the dynamic response of structures is described by the equation of motion 

resulting from FEM formulation [1] in the time domain as, 

( )tFKUUCUM =++ &&&                (2.1) 

where; M: mass matrix, C: damping matrix denoting inner or structural damping, K: static 
stiffness matrix,  F(t): time dependent dynamic load acting on the structure caused by the 
external harmonic or transient vibrations or seismic excitation, U&& : acceleration vector, U& : 
velocity vector, and U : displacement vector. Equation of motion can be written as below in 
the frequency domain by ignoring the damping matrix and taking into account the structural 
damping, 

ffiz FU M}K{ 2 =−+ ω)21(        (2.2)

where; z: hysteretic damping,  ω: frequency,  i: imaginary number, and f: frequency space. 
In this study, all the formulations are derived in frequency space. For the sake of 

simplicity, the superscript f will be omitted. The term in curly brackets in Eq. (2.2) is referred 
to as the dynamic stiffness matrix and will be represented as S. For the finite region in Figure 
1, Eq. (2.2) can be written in matrix form as, 
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where; subscripts; i: interaction nodes, and s: non-interaction nodes.  

2.2 Formulation of Elastodynamic Problems by Boundary Element Method 
The detailed formulation of boundary element (BE) equation for elastodynamic problems 

in time and frequency domains is presented in the literature, [31-35]. The BE equation can be 
written as in Eq. (2.4) for the elastodynamic analysis of the 3D body shown in Figure 2 in 
Fourier transform domain.  

dVPPAdSPPAdSPPAA
VSS

)(),()(),()(),()( fGuHtGcu ∫∫∫ ++=                     (2.4) 

where; S indicates the surface; V volume of the body.  H and G are the matrices obtained by 
the integration of the first and second fundamental solutions of BEM over the each boundary 
element. The u, t and f are the displacement, traction and volume force vectors, respectively. 
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2.3 BE Formulation for Dynamic Analysis of Soil Medium with Two Layers 
The BE formulation for the dynamic analysis of homogeneous soil medium, can be 

modified for the dynamic analysis of nonhomogeneous soil medium with two layers. The 
detailed formulation is given in the study of Tanrikulu [37].  The resultant system equation of 
the composite body composed of three materials can be obtained as:  

1

1 1 1 1 1 1
2 1

2 2 2 2
2
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     (2.6) 

The Eq. (2.6) can be written as a resultant system equation as in Eq. (2.5). 

3 FEM/BEM COUPLING PROCEDURE FOR THE LAYERED SOIL AND 
PARALLELIZATION  

The FEM/BEM coupling procedure for the layered soil (FE Eq. 2.3 and BE Eqs. 2.5 or 
2.6), is not straightforward as the coupling procedure for the homogeneous soil [38, 26]. 
Therefore, with the help of the substructure method, impedance analysis must to be performed 
for the interaction nodes between the soil and the structure. The resulting impedance matrix is 
combined with the FEM Eq. (2.3). In this study, the impedance analysis is performed on the 
layered soil media by using the BEM. For the BEM analysis, an algorithm presented by 
Tanrikulu[37] for layered soil medium is used in the parallel algorithm proposed in this study. 
The definition of the impedance analysis can be explained on the model given in Figure 4. In 
other words, the impedance matrix is the inverse of the compliance matrix. The compliance 
matrix can be obtained by applying unit load in each degree of freedom of the interaction 
nodes to retrieve the displacements. The impedance matrix ( )S∞  is the contribution to the 
structure of the layered soil medium extending to infinity. The impedance matrix can be 
combined with the FEM equation by using the substructure method. The combined equation 
for the Coupled FEM/BEM model is given as:  

{ } { }S S U F
U FS S S

ss si s s

i iis ii
∞

⎡ ⎤ =⎢ ⎥+⎣ ⎦
               (3.1) 

Impedance analysis for a SSI system with n degrees of freedom of the interaction nodes 
between the structure and the layered soil, needs n times repeated analysis of BEM equation. 
This is very time consuming analysis. Therefore, in this study a parallelization algorithm is 
proposed and applied. The proposed parallel algorithm calculates the impedance matrices for 
small frequency steps of an interval. If the number of nodes between the structure and the 
unbounded soil medium m, the total number of degrees of freedom on the interaction nodes is 
n=3m. This means that, at each frequency step, n number of system of equations obtained by 
BEM on the interaction nodes have to be analyzed. The proposed parallel algorithm performs 
this analysis by partitioning the columns of the impedance matrix to the processors equally for 
the calculation of the impedance matrix (Fig. 5).  
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importance and the advantages of using parallelized coupled models for analyzing complex 
structures and non-homogeneous unbounded media. The proposed model and the developed 
program can be implemented to the non-linear analysis of SSI problems under transient or 
seismic loads. 
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