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ABSTRACT 
 
The main objective of this study is to explore the relevance and conservatism of the Hybrid Laplace-Time 
FEM-BEM coupling method in nonlinear soil-structure interaction (SSI) studies. This method can be used 
in the seismic design practice and allows for consideration of nonlinear behavior in the bounded domain 
with a particular emphasis on the nonlinearity that is developed along the soil-structure interface 
(foundation uplifting). The FEM-BEM coupling method is compared with the well-known “spring” 
method which is the most widely used method in the seismic design practice and entails a linear 
substructure approach with the earthquake loading typically introduced as a pseudo-static force field after 
an appropriate spectral combination of characteristic maximal modal responses. The validity range and 
pertinence of the FEM-BEM coupling method is examined with respect to some quantities of interest 
characterizing the response, such as the uplift ratio of the foundation and the floor spectra developed in 
representative points within the structure. 
 
INTRODUCTION 
 
A major challenge for the seismic design and dimensioning but also for the seismic re-evaluation 
(especially after the earthquake of Fukushima) of civil engineering structures, in particular industrial 
facilities and energy infrastructure in high seismicity regions, is to develop simple, yet accurate methods 
for evaluating their response, as well as their capacity to meet the performance objectives set out by the 
design norms.  
 

In order to respond to this challenge, numerical simulations of increasing complexity are used for 
the studied physical phenomena; such methods are expected to lead to optimized seismic designs both in 
terms of safety and financial viability. Several recent studies (Pecker et al. 2014) have highlighted the 
major impact of nonlinear soil-structure interaction on the seismic response of structures. It is thus of 
primordial importance that novel numerical methods developed for seismic design and dimensioning are 
able to appropriately quantify such effects (i.e. soil plasticity, foundation uplift, sliding along foundation 
interfaces etc.) 
 

Various approaches have been proposed so far in scientific literature for the modelling of soil-
structure interaction; on the basis of the criterion of representation of the bounded and unbounded 
domains (soil: unbounded domain | superstructure with its foundation: bounded domain), these 
approaches can be classified in three main categories: a) direct methods, b) hybrid methods, and c) 
substructure methods. 
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In direct methods, a modelling based on conventional finite elements is used for both spatial 
domains exhibiting either linear or nonlinear behavior; the dynamic response is obtained through 
integration of dynamic equilibrium equations in time domain. The method can be implemented using 
finite element codes of general application provided that an appropriate method for introducing the 
seismic excitation and boundary conditions can be adopted.  

 
In hybrid methods, the complete soil-structure system is decomposed into two subdomains 

which are independently modelled. The basic principle of hybrid methods is to consider that all nonlinear 
phenomena are developed in the bounded domain whilst the unbounded domain remains linear; thus, the 
linear unbounded domain is represented and solved using the Boundary Element Method (BEM) 
(different variants may be used: Thin Layer Method - Kausel 1994, Scaled Boundary Finite Element 
Method - Dasgupta 1982), which is more conveniently formulated in the frequency domain (real 
frequencies� Fourier domain or complex frequencies� Laplace domain), while the bounded nonlinear 
domain is discretized with the Finite Element Method (FEM), and solved in the time domain. As a result, 
a FEM-BEM coupling method subsequently arises, which in turn allows for adopting the most suitable 
numerical techniques for each subdomain. The implementation of hybrid methods, especially for the 
treatment of unbounded domains, requires the use of appropriate BEM software, such as SASSI2010 
(Deng & Ostadan, 2012) and MISS3D (Clouteau, 2007). 

 
Finally, substructure methods are used for solving the interaction problem for systems with 

linear or limited nonlinear behavior. The bounded domain (structure) is modelled with finite elements and 
the unbounded domain is discretized with boundary elements. The artificial boundary condition which is 
applied on the superstructure domain is usually expressed by a force-displacement relationship defined on 
the soil-structure interface by means of the so-called impedance operator. This motion relationship can be 
expressed in the frequency domain; combinations of time and frequency domain solution methods though 
can be also employed (Dasgupta 1982).  

 
The present work aims at establishing a quantitative comparison between a novel hybrid FEM-

BEM coupling method and the well-known linear “spring” method prescribed by the majority of existing 
seismic design norms (the latter belongs to the substructure methods). These two methods are used to 
study a simplified soil-structure configuration pertaining to a superficial industrial building with basemat, 
which is founded on a homogeneous soil profile; for simplicity, the only nonlinearity taken into account is 
foundation uplifting. The validity range of each method is examined with respect to some quantities of 
interest characterizing the overall dynamic response, such as the basemat uplift ratio and the floor spectra 
in representative points within the structure. 
 
BASIC ASSUMPTIONS FOR THE STUDY 
 
A study of a typical industrial building, simple enough to facilitate extrapolation of conclusions for a 
wider range of civil structures, is herein considered. The structure is a symmetric reinforced concrete 
building composed of continuous external and internal vertical walls, horizontal slabs and roof, and an 
interior substructure modelled as a single-degree-of-freedom oscillator, attached to the basemat. The 
building is founded on a mat shallow foundation, which is allowed to uplift, and lies over a homogenous 
soil, modelled as a linear viscoelastic half space. 
 

Soil is characterized by viscoelastic effective parameters dependent on seismic intensity. The 
determination of effective soil properties is achieved by using a 1D model of the soil stratigraphy 
whereby a deconvolution of the seismic motion is performed from the ground surface down to the deepest 
layer (� + 30m in the present study; the depth of 30m below basemat surface is considered to be 
sufficient for the evolution of phenomena related to soil-structure interaction). The 1D model used in this 
type of calculation corresponds to the idealized horizontal stratigraphy established at the location of the 
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building and characterized by curves for ratio �/���� and corresponding damping ratio � versus shear 
distortion		. 

 
Figure 1: Soil-structure configuration examined in the study 

 
The seismic loading is represented in the horizontal direction by a design response spectrum for 

medium soils typically used in the nuclear industry (cf. document EUR), while the vertical component is 
defined as 2/3 of the horizontal one. In addition, a set of three spectrum-compatible acceleration time 
histories has been defined in order to establish the seismic input to be used in nonlinear analyses. For 
convenience, a planar seismic excitation is considered in parallel to symmetry plane 
� (i.e. horizontal 
component parallel to axis � is zero, cf. Figure 1). 
 

The presented soil-structure configuration is studied for one seismic scenario, in which the 
horizontal spectrum is scaled at 0.25g. The calculations are performed using both the conventional 
“spring” method (denoted LP) and the nonlinear FEM-BEM coupling method (denoted NLT-HLT) 
allowing for a coupling of nonlinearities in the time domain with a BEM formulation of the soil 
impedance matrix in the Laplace domain.  
 
CONVENTIONAL SPRING METHOD  
 
In what regards the implementation of the conventional spring method (LP method), linear behavior is 
postulated everywhere. Hence, following Kausel’s superposition theorem (Kausel et al. 1978), the 
problem is divided into the following three sub-problems: 1) the problem of kinematic interaction, 2) the 
calculation of dynamic impedance, and 3) the resolution of the structural problem considering the solution 
of the second sub-problem as boundary conditions and imposing the result of the first sub-problem as 
excitation. The unbounded soil domain is replaced by three groups of springs coupled with dashpots 
(denoted T1 to T3, cf. Figure 2) aiming at representing the dynamic impedance of the foundation. The 
values attributed to the vertical and horizontal stiffness of the springs in each group are given in Table 1. 
Similar expressions apply for the damping terms. 
 

Table 1 : Stiffness terms for the definition of foundation impedance springs in the LP method 
 Group (T1) Group (T2) Group (T3) 

�� ���� �
K��

��

 ���� � 0 �XX3 � 0 

�� ���� � 0 ���� �
K��

��

 ���� �
��K��

�� �
 

!": number of nodes in mat foundation 

#": area of mat foundation 

$": moment of area of mat foundation 

%��: horizontal impedance of mat foundation (real part) 

%��: vertical impedance of mat foundation (real part) 

%&': rotational impedance of mat foundation around axis y (real part) 
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Figure 2 : Modelling principle – linear spring method (LP) 

 
FEM-BEM COUPLING  
 
As an alternative to the conventional LP method, where the dependency of the foundation impedance on 
the frequency of excitation cannot be taken into account, hybrid method with frequency-time domain 
coupling (NLT-HLT) can allow for an exact determination of soil stiffness and radiation damping in the 
entire frequency range. For the numerical implementation, a FEM model for the bounded substructure is 
coupled with a BEM formulation of the soil impedance matrix that takes into consideration 
simultaneously both inertial and kinematic soil-structure interaction. For the applications herein 
presented, Code_Aster, an open-source finite element modelling code developed and maintained by EDF 
R&D, is used for the bounded domain. The soil impedance matrix and the equivalent seismic loading, 
(imposed along the soil-foundation interface under the assumption of flexible foundation) are computed 
with code MISS3D, a frequency-based boundary element code originally developed in Ecole Centrale 
Paris (Clouteau, 2007). 
 

In this framework, the FEM-BEM coupling method is formulated via the introduction of a modal 
basis (a sub-structuring method of the eigen-modes with projection on a Ritz basis) where force and 
displacement fields are projected on. For the computation of soil-structure interaction, MISS3D needs a 
modal basis comprising a set of structural eigen-modes (that can be zero on the soil-structure interface) 
combined with non-zero modes on the same interface. For the first set of eigen-modes, we use the 
structural eigen-modes obtained by blocking displacements on the interface; for the second, we use the set 
of static eigen-modes (also known as “constrained” eigen-modes), recursively obtained by imposing a 
unit displacement at every degree of freedom (dof) of the nodes located on the interface (foundation).  
 

It should be noted that the currently available computing resources (the possible number of 
interface nodes is restricted to 10,000 because of the direct MISS3D solver) render the modelling of the 
soil-structure interaction effects including the complete set of constrained static modes, extremely time 
consuming; this limitation raises the question of reducing the size of the discretized system (the total 
number of dofs) by replacing the complete set of constrained static modes with a small number of 
foundation eigen-modes, calculated through the use of spectral properties of the dynamic operator, 
condensed to the interface and selected on the basis of an appropriately established criterion, which is the 
so-called Balmes criterion (Balmes 1996). This purely algebraic method can be decomposed as follows: 

• projection of mass and stiffness matrices on the basis of static interface modes, 
• calculation of the associated modes, 
• re-projection of these modes on a physical basis. 
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In the case of nonlinear behavior, the hybrid method (NLT-HLT) is employed. In this approach, 

all nonlinearities are confined in the bounded FEM domain that includes not only the superstructure but 
also a possibly nonlinear domain of surrounding soil (near-field soil domain). On the contrary, the far-
field soil domain is assumed to be linear and hence, it can be resolved by means of a BEM formulation. 
The nonlinear problem must be formulated in the time domain, and for stability issues, it has been shown 
(Nieto Ferro et al. 2014, Nieto Ferro 2013) that the soil impedance matrix delivers more reliable results if 
it is initially computed in the Laplace domain and then it is converted into the time domain. The study of 
foundation uplift, a geometric nonlinearity that can be modelled in Code_Aster applying different 
strategies, is the only nonlinear mechanism considered in the present study.  
 

The nonlinearity is represented in the model by joint elements with an elastoplastic behavior 
exhibiting Signorini-type contact conditions in the normal direction and obeying the elastoplastic Mohr 
Coulomb criterion in the tangential direction. This element type is characterized by four parameters: 
normal rigidity () � 10+MPa/m, tangential rigidity (, � 2 . 10+MPa/m, adhesion / � 0.001MPa 
(which is related to the tensile strength 1, � //23 and the coefficient of Coulomb friction 2 � 1. In 
addition, an isotropic parameter of work hardening	( � 10+MPa/m, which regularizes the tangential 
slope in the phase of slip is introduced. It has to be noted that the considered joint elements are 8-noded 
finite elements with zero/negligible thickness (degenerate volume elements). The basemat-soil interface 
exhibits an infinite friction resistance (rough interface) and a negligible adhesion. All nonlinear seismic 
analyses are performed after gravity initialization, in which permanent and variable loads in the building 
are considered.  

 
Figure 3 : Modelling principle - FEM-BEM Coupling (NLT-HLT) 

 
RESULTS  
 
The results of this work focus on two specific aspects of dynamic response, namely: a) maximum uplift 
ratio developed during loading, and b) floor response spectra in positions of interest within the building. 
Uplift ratio is calculated as the ratio of the area of uplifted zone over the total basemat area. In particular, 
for the linear method, uplift ratio is calculated based on the number of rigid links (defined along the soil-
mat foundation interface) which are in tension, and for the nonlinear method, based on the joint elements 
that are “open” (i.e. they exhibit negligible tensile normal force and the development of a gap).  
 

Floor response spectra are calculated in five positions in the horizontal and/or vertical direction. 
The positions selected for calculation of these quantities are presented on Figure 3b. 

(b) 
(a) 
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Maximal Uplift ratio 
 
Figure 4 presents, for the LP method, the obtained cartography of the normal stresses developed on the 
underside of the mat foundation as well as the cartography of the anticipated uplifted zone for the most 
conservative seismic combination (G + EX + 0.4EZ: seismic vertical acceleration acting upwards).  

 
Figure 4 - Pressure diagram and maximal uplift ratio – LP 

 
Figure 5 presents, for the NLT-HLT method, the obtained cartography of the normal stresses 

exerted on the underside of the mat foundation as well as the cartography of the uplifted zone for the 
moment of the maximal uplift, which corresponds at the time of 10.955s. 

 
Figure 5 - Pressure diagram and maximal uplift ratio – NLT-HLT 

 
The difference between the two methods is important (maximal uplift ratio for LP�0.31 and 

maximal uplift ratio for NLT-HLT �0.46). In the LP method, the stress distribution below the raft is 
approximately linear and this is because of the introduction of soil springs with uniform stiffness. The 
method does not rigorously allow for an exact calculation of the uplifted zone but only for the zone in 
which the springs are in tension. As such, the estimation of the extent of the uplifted zone with the LP 
method can be considered acceptable only for slight seismic loads. In all cases, the overturning moment in 
the LP method is taken by a symmetric triangular diagram of tensional and compressive stresses in the 
springs, which implies that any uplift ratio calculated with the LP method cannot exceed 50%. 

 
The NLT-HLT method, on the contrary, allows obtaining the exact stress profile at the soil-

foundation interface. In the compressive zone, stresses are higher in the foundation edges as it should be 
expected for the normal stresses below a rigid footing resting on an elastic soil. The two stress peaks 
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observed at the interior of the compressive zone correspond to the positions of internal walls. In the 
uplifted zone, normal stresses are rigorously equal to the introduced tensile strength (approximately zero). 
It is noticeable that within the NLT-HLT method, uplift ratios as high as 100% can be obtained (situation, 
which would correspond to overturning). In the current studied case, a maximal uplift ratio equal to 46% 
is obtained. The building starts to rock towards the end of shaking (after 10sec), with its characteristic 
frequency, which is around 1.5Hz (cf. Figure 6).   
 
Floor response spectra 
 

Figure 6 presents the obtained 5% damping floor response spectra for the LP method and the 
NLT-HLT method in both horizontal and vertical directions. It has to be noted that transferred response 
spectrum calculation in the LP method is performed using code FSG (Igusa and Der Kiureghian, 1995) 
directly based on modal characteristics of the structure. 

 
Figure 6- Floor response spectra  

 
As for the introduction of damping in the NLT-HLT method, the matrix of the global damping of 

the superstructure is calculated using the Rayleigh formulation. The definition of the parameters is based 
on the criterion that the critical damping between 1Hz and 10Hz is approximately equal to 7% (attributed 
value of damping in the superstructure). Soil damping is introduced by the macro-element which 
represents the exact impedance of the unbounded domain (rigidity but also radiation and hysteretic 
damping).  
 

These figures highlight that in the first mode, both methods give the same results, which is 
expected because damping in the LP springs and Rayleigh damping in the NLT-HLT method are 
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calibrated for this mode. However, for the mat foundation mode, the LP method is underdamped as 
radiation damping is not taken into consideration. For the mode of the internal structure, the NLT-HLT 
method gives a slight amplification which may be a consequence of Rayleigh damping (which is smaller 
than hysteretic damping within the calibration interval). 
 
CONCLUSIONS 
 
The paper has presented an implementation of the innovative hybrid Laplace-Time FEM-BEM coupling 
method for a nonlinear soil-structure interaction study. In order to assess the outcome of this 
implementation, a simplified method is considered and used as a reference. After discussing the basic 
theoretical principles for the two methods, a typical configuration of an industrial building was subjected 
to a moderate seismic excitation with a particular emphasis on the nonlinear mechanism of foundation 
uplift. Several aspects of the overall structural response have been studied, such as calculated uplift ratio 
and floor response spectra at several representative sections within the structural system. At this stage of 
the study, only the raw results have been presented so as to identify the subtleties and fully comprehend 
the implementation of the NLT-HLT method. To the best of our knowledge, this the first ever 
implementation of the NLT-HLT method for calculation of foundation uplifting in seismic studies.  
 

Moreover, this study can be pursued by parameterizing different soil-structure configurations for 
varying seismic intensities and scenarios so that the outcome of the conclusions may cover a larger scope 
in the realm of seismic design of civil structures, as in Chatzigogos et al. (2014) 
 

Finally, the ultimate perspective of the work consists in formulating guidelines for the design 
norms that identify the most adapted hierarchy of analysis methods for design cases with increasing levels 
of shaking and accordingly, more pronounced effects of nonlinear soil-structure interaction. 
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