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Abstract 
Soil-structure interaction (SSI) consists of an important step on the evaluation of seismic response of structures and 
equipment of nuclear power plants. In the current engineering practice, strong hypothesis such as vertical incidence plane 
waves with equivalent lateral boundaries and horizontal soil stratification is usually adopted so as to simplify the SSI 
studies. However, in reality, the incident wave field to be applied as an input excitation is more complex. Thus, it is 
necessary to properly model the complete wave propagation problem from the source to the site of interest which could 
be a computationally costly procedure. A good compromise between the accuracy and efficiency from a computational 
point of view is examined in this work.  

For this purpose, a weak coupling approach based on the domain reduction (DRM) introduced by Bielak et al. [1] is used 
in this work. The definition of a 3D complex incident wave is provided through a spectral element method. It is used so 
as to study wave propagation from source to site in a regional scale model. Then, the 3D incident wave field is then 
injected in a finite element code (code_aster) so as to study the response of a reduced domain model in a more accurate 
way. The aim of this paper is to verify the weak coupling methodology implemented in code_aster for some cases related 
with i) the used soil behavior and ii) the mesh conformity between both numerical codes. The case-studies are the ones 
of the PRENOLIN benchmark and the canonical case CAN4. 

For cases of strong ground motion, soil behavior plays a major role, thus, the impact of a nonlinear soil response is 
examined in the finite element framework so as to evaluate the efficiency of the DRM approach treating this kind of 
studies. To represent the structure, the well-known case of Kashiwazaki-Kariwa nuclear power plant is used. In addition, 
a modification of the sedimentary basins’ geometry is proposed so as to study the consequences of surface waves 
propagation in the efficiency of the DRM methodology. 

It is showed that the implemented methodology in code_aster provides a good approximation of the whole system 
response when the DRM approach is used. 

Keywords: nonlinear SSI; domain reduction method; weak coupling SEM - FEM; 
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1. Introduction 
Soil-structure interaction (SSI) consists of an important step on the evaluation of seismic response of structures 
and equipment of nuclear power plants. Two of the major uncertainties could be related with i) soil behavior 
representation, and ii) the definition of the input seismic loading amongst others. Concerning the first point, 
the current engineering practice consists in adopting an equivalent linear elastic constitutive law for the soil 
and a linear elastic behavior for the structural elements, even though several authors considered soil and 
structural nonlinear behavior considering SSI studies ([2]–[6] amongst others). In most of these studies 
different nonlinear constitutive laws are chosen to model soil as well as structure behavior, while in some of 
them mechanical characteristics of the soil media as well as seismic excitations are taken into account in a 
probabilistic framework ([7], [8]).  

The definition of this seismic excitation as an input to the numerical SSI studies is supposed to be a 
plane wave with vertical incidence. However, in reality, the incident wave field to be applied as an input 
excitation is more complex. Thus, it is necessary to properly model the complete wave propagation problem 
from the source to the site of interest which could be a computationally costly procedure. A good compromise 
between the accuracy and efficiency from a computational point of view is the domain reduction method 
(DRM) methodology that was initially introduced by Bielak et al. [1]. It allows to express the complete incident 
wave field in terms of equivalent nodal forces exerted at the boundaries of a reduced domain enclosing the 
structure of interest. In this context and based on the DRM theory, the scope of this work is to verify the 
implementation of a weak coupling between a spectral element (SEM3D [9]) and finite element (code_aster 
[10]) code, so as to ensure the application of a more realistic incident seismic wave field as an input to the 
nonlinear SSI studies. An initial verification of the method without structure and only for soil linear elastic 
behavior is presented at first, by reference to a complete 3D wave propagation with SEM3D. Two case-studies 
are considered in this framework in order to examine different aspects of the weak coupling approach. The 
first case-study is the PRENOLIN benchmark [11] where a simple horizontally-layered soil geometry and 
seismic excitation are taken into consideration. Then a more complex basin geometry and seismic excitation 
are considered for the canonical case CAN4 [12].  

The nonlinear SSI model is then examined in a finite element framework (FEM) with code_aster. The 
current implementation of the DRM approach in code_aster uses zero-order absorbing paraxial elements [13] 
so as to compute and apply the equivalent nodal forces on the boundary of the reduced domain; which is 
validated for a linear soil behavior [14]. For the case where the nonlinear soil behavior is induced, an important 
contrast on the impedance ratio between the soil and the surface where the forces are imposed may appear. It 
could generate spurious reflections, which are related principally to the absorbing boundary conditions of the 
DRM. Consequently, the efficiency of the current implementation of the DRM approach is evaluated using a 
simplified nonlinear constitutive behavior of the soil (i.e. Iwan’s [15] model). The non-linear SSI analysis is 
performed considering Unit 7 Kashiwasaki-Kariwa Nuclear Power Plant reactor building response during the 
2007 Niigata Chuetsu-Oki earthquake mainshock, which was the object of the former international benchmark 
Karisma [16]. Finally, a modification of the sedimentary basins’ geometry is proposed so as to study the 
consequences of surface waves propagation in the efficiency of the DRM methodology. 

2. Domain Reduction Method 

2.1 Theoretical background 

The Domain Reduction Method (DRM) methodology, initially proposed by Bielak et al. [1], consists of a two-
step dynamic procedure that splits the initial problem (Fig. 1a) in two separate independent problems. The first 
one is an auxiliary domain problem (Fig. 1b), where wave propagation from source to the site is studied in 
order to compute the equivalent nodal forces on the boundary Γ of a reduced domain of interest Ω. In order to 
decrease the computational cost of this first step that can be solved for a large-scale (regional) model, the 
geology of interest, domain Ω, is replaced by a simplified geology Ω# which allows for a larger element size 
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and thus a smaller model in terms of degrees of freedom (dof) and phenomenology involvement. The second 
step consists of the reduced domain problem (Fig. 1c) where only the reduced domain Ω  is taken into 
consideration, while the seismic excitation is now expressed in terms of equivalent nodal forces computed on 
the first step of the dynamic procedure. 

The mathematical expression proposed by Bielak et al. [1] for the computation of the equivalent nodal 
forces 𝐅%& is derived from the Navier’s equation for elastodynamics and is given with Eq. (1) : 

𝐅%& = 	)
𝐅%&*

𝐅%&+

𝐅%&%
, = 	-

0
−𝐌+%

12�̈�%# − 𝐊+%12𝐮%#

𝐌%+
12�̈�+# + 𝐊%+12𝐮+#

7 (1) 

where, 𝐮#, �̈�# are the displacement and acceleration field in the auxiliary problem, 𝐌,𝐊 are the mass and 
stiffness matrices and the indexes 𝑖, 𝑒, 𝑏 stand for the 3 domains: i) interior, ii) exterior, and iii) boundary Γ 
(Fig. 1a). Based on Eq. (1), in order to compute the equivalent nodal forces it suffices to know the displacement 
and acceleration field in the auxiliary problem only in a one element layer of the boundary (Fig. 1c). In the 
initial formulation of the method, the domain	Ω?2 (Fig. 1c) located outside the boundary Γ where the equivalent 
nodal forces are applied, is proposed to be used as an absorbing layer for the scattered waves that arriving on 
the boundary. For more details about the equations and hypothesis of this method, refer to Bielak et al. [1]  
among others.  

An important component of this weak coupling methodology lies in the fact that in his procedure, Bielak 
et al. [1] do not make any hypothesis concerning the constitutive behavior of soil media. Consequently, the 
methodology can also be applied for nonlinear soil behavior as it was also demonstrated in the work of [4], 
[5], [17].  In a similar context as the one described through the DRM procedure, several authors have proposed 
structural zooms and sub-structuring methods in order to split the initial problem and study in a more detailed 
way a specific domain of interest [18]–[20]. 

 
Fig. 1 - Schematic representation of the domain reduction method (adapted from [1]). 

2.2 Implementation in code_aster 

In a finite element framework with code_aster, the computation and application of the equivalent nodal forces 
is performed with the use of paraxial elements, which are located on the boundary of the reduced domain and 
facilitate the solution of the dynamic problem in the transient domain. Dynamic impedances are built locally 
in space and time on the boundary interface of the reduced domain using the zero-order paraxial approximation 
[13] and based on celerity values from the adjoining medium. The satisfaction of the paraxial approximation 
and the compatibility condition on the boundary is ensured by the continuity of the displacement 𝐮+ and the 
stress vector 𝐭+, as it is demonstrated in [13], [21], [22]: 
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A
𝐮+ + 𝐮+B = 0
𝐭+ + 𝐭+B = 0 (2) 

The implemented version of paraxial elements in code_aster is based in the methodology proposed by 
Modaressi [21] and Modaressi and Benzenati [23], where the elements are used in order to apply the dynamic 
excitation as well as to absorb the outgoing reflected waves on the boundary of the finite domain. 

4. Verification of implemented weak coupling  
A numerical code using the spectral element method (SEM) is used in this section in order to study the wave 
propagation problem at a regional scale. SEM was initially introduced by Patera et al. [24] in order to study 
computational fluid dynamics problems, which is a modification of the finite element method by considering 
higher order polynomials as bases functions. The initial formulation of Patera et al. [24] adopts Chebyshev 
polynomials as bases functions, while in a further version Maday and Patera [25] proposed the use of Lagrange 
polynomials in conjunction with the Gauss-Lobatto-Legendre (GLL) quadrature, which leads to a diagonal 
mass matrix of the problem. The efficiency of the method for applications in seismology is presented in [26], 
[27], among others.  

The weak coupling between a spectral element (SEM3D) and a finite element (code_aster) is presented 
here without the presence of the structure. The verification of the methodology is initially provided for the 
simple canonical case of PRENOLIN [11], and then extended to the more complex case-study of CAN4 [12]. 

4.1 Important hypothesis and coupling procedure 

The implemented weak coupling between the SEM3D and code_aster is presented here briefly. As showed 
before, it is based on the exchange of the displacement field 𝐮+ and stress vector 𝐭+ fields so as to assure the 
compatibility and continuity of the incident waves on the surface boundary of the reduced domain (see also 
Eq. (2)). Under this context, a surface boundary of a domain of interest is initially defined inside the SEM3D 
model (red line in SEM3D - Fig. 2). The necessary kinematic fields on a point of interest are exported for all 
the GLL points (blue points in Fig. 2) situated on this boundary. As a first approximation and due to the 
differences between the available traction vector of SEM and FEM, the kinematic fields are also exported on 
the neighboring nodes of a one element layer on the boundary of the reduced domain. These kinematic fields 
are then used in code_aster in order to compute the stress vector at the interface (red line in code_aster - Fig. 
2). The aforementioned procedure is presented schematically in Fig. 2. 

 
Fig. 2 - Schematic representation of the SEM/FEM weak coupling procedure. 

For the studies presented in this work, the hypothesis of the conformity of the mesh between the two 
models is taken into consideration. Consequently, as depicted in Fig. 2, the mesh of the reduced domain in 
code_aster is directly built from the GLL points where the fields are exported from SEM3D. Another important 
hypothesis is that the reduced domain is entirely included inside a homogeneous soil layer and thus no material 
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properties interpolation is necessary between the two numerical codes. Finally, in order to validate the weak 
coupling, the response of the reduced domain is going to be compared to the one obtained from a full SEM3D 
wave propagation analysis. 

4.2 Canonical case-study: PRENOLIN 

The canonical case-study inspired from the one of PRENOLIN benchmark [11] is examined at first. The 
dimensions of the soil domain are 700x700x400 𝑚E while the reduced domain, which is entirely included in 
the upper soil layer of the SEM3D model (red domain in Fig. 3) is a 10x10x10 𝑚E box. Dynamic excitation is 
applied in SEM3D as a plane wave in the x direction. Perfectly Matched Layers (PML) [28] are used as 
absorbing boundary conditions at SEM3D in order to avoid spurious reflections on the boundaries. Soil 
stratification and mechanical properties are presented in Fig. 3. 

 Thickness 
[m] 

Vp 
[m/s] 

Vp 
[m/s] 

𝜌[𝑘𝑔/
𝑚E]  

Layer 1 20 700 300 1800 

Layer 2 40 1385 800 2200 

Layer 3 80 1732 1000 2500 

Layer 4 250 3500 2000 2800 
 

 
Fig. 3 - PRENOLIN: mechanical characteristics (left), geometry (right). 

The comparison between the reference’s response and the one obtained from the weak coupling is 
evaluated using Kristekova’s criterion [29], [30]. This criterion compares the goodness-of-fit of the envelope 
between a signal of reference and a computed signal and provides a score in 0 to 10 scale. For a value equal to 
10, a perfect correspondence is observed for the two signals. The mathematical expression of the criteria (Eq. 
(3)) is based on the energy distribution of a signal 𝑊 in the time-frequency plane.  

𝑇𝐹𝐸𝑀(𝑡, 𝑓) = 10expV− W
|𝑊*| − |𝑊Y*|

|𝑊Y*|
WZ (3) 

where 𝑊*,𝑊Y*, are the energy distribution of the computed signal and the reference signal, respectively. The 
Kristekova’s criterion is applied for accelerograms of several points in the surface of the reduced soil domain 
and the isosurface of the score is plotted in Fig. 4 (right). Perfect match is observed between the reference 
signal and the computed one. Equivalently, the comparison of the accelerogram for a point on the surface and 
at the center of the domain (Fig. 4(left)) shows as expected perfect correspondence between the two responses.  

 

 
Fig. 4 - Weak coupling for the PRENOLIN case: accelerogram for a point at the center of the domain (left), 

isosurface of the Kristekova's criterion (right). 
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4.3 Canonical case-study: CAN41 

The second case to be examined is the canonical case-study of CAN4 [12]. It consists of a trapezoidal domain 
presented in Fig. 5(left), where the trapezoidal form of the basin aims to generate surface waves inside the soil 
domain. The dimensions of the model are 22x12x6 𝑘𝑚E, while the dimensions of the reduced domain are 
200x200x100 𝑚E. Dynamic excitation is applied as a double-couple point source, which is situated at the 
center of the domain in an XY plane at 3 𝑘𝑚 depth. As in the previous case, perfectly matched layers are used 
on the boundaries of the SEM3D domain. 

 Thickness 
[m] 

Vp 
[m/s] 

Vs 
[m/s] 

𝜌[𝑘𝑔
/𝑚E] 

Soil 215 4500 650 2600 

Rock 5785 4500 2600 2600 
 

 
Fig. 5 - CAN4: mechanical properties (left) and geometry (right). 

The isosurface of the Kristekova’s criterion is plotted initially for all the points of the reduced domain’s 
surface (Fig. 6). Differently from the previous case, we can now observe regions at the surface of the reduced 
domain where the reduced domain response is not the same as obtained from the auxiliary domain. Based on 
Fig. 6, these points are mainly situated in two symmetric regions with respect to the XZ axis while the worst 
value of the criterion is observed for a point on the middle of the domain. 

 
Fig. 6 - Isosurface of the Kristekova's criterion for the surface of the reduced domain. 

In order to further examine the differences between the two responses, the accelerograms for points SP1, 
and SP2 (Fig. 6) are presented in Fig. 7. For the point SP1, which is located on the center of the domain (worst 
value of Kristekova’s criterion) a difference is observed for the X and Y direction. However, absolute 
acceleration values at X and Y directions are 8 orders lower than Z direction, so the observed differences might 
be related to the numerical noise of the two different resolution methods and not of the coupling methodology. 

 
1 http://www.sismowine.org/model/E2VP_Can4.pdf 
 

Rock Soil DRM
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Fig. 7 - Accelerograms on soil surface: point SP1 (left), point SP2 (right). 

A more significant difference is observed for the point SP2, which is situated on the boundary of the 
reduced domain (Fig. 6). The difference is localized after the first arrival of the seismic wave. A possible 
explanation of these discrepancies might be related to an inefficient absorption of outgoing surface waves via 
the paraxial elements in code_aster.  

The validation of a weak coupling between a spectral element and a finite element code was presented 
in this part. The coupling technique was tested for a linear elastic soil behavior and mesh conformity and the 
presented results allow us to validate the implemented procedure. Small differences were identified for the 
CAN4 case-study and a further investigation is necessary so as to pinpoint the source of the observed 
discrepancies. Different configurations of basin’s geometry, as well as the variability of the source (position, 
magnitude, dimension) have to be taken into consideration so as to properly evaluate the DRM approach on 
the implemented coupling methodology. The question of material interpolation is also to be examined in future 
work. 

3. Nonlinear DRM in code_aster  
The 3D seismic definition provided via the SEM/FEM weak coupling that was presented in the previous 
section can now be introduced as an input excitation of a finite-element numerical model for the study of 
nonlinear time-domain soil-structure interaction. However, in this work an evaluation of the DRM approach 
for the nonlinear soil behavior is only presented in a FEM/FEM weak coupling framework, where a simplified 
excitation of a plane wave is used to describe the “source” and the nonlinear case with a more complex 3D 
excitation is to be presented in a future work. 

3.1 Geometry and Mechanical characteristics 

The case-study chosen for this analysis consist of a trapezoidal sedimentary basin enclosed in a rock domain. 
The geometry of the basin is the one of the Ohba valey proposed in [31] and presented in Fig. 8. The trapezoidal 
geometry of the basin is chosen so as to generate surface waves on the surface of the soil domain and thus to 
validate the efficiency of the DRM approach in the presence of such a type of waves. The dimensions of the 
soil domain are 400x400x92 m. The embedded structure that exists in the middle of the basin is the Unit 7 
Reactor Building of the KARISMA benchmark [16]. Mechanical characteristics for the soil stratification as 
well as the structure are presented in Table 1.  
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Fig. 8 - Geometry of the Ohba valley: XY view (top), XZ view (bottom). 

Table 1 - Mechanical characteristics of the model. 

 
Thickness 

 [m] 
Vs 

[m/s] 
Poisson’s 

Coefficient 
𝝆 

[kg/𝑚E] 
Young’s Modulus 

[GPa] 
𝛾Y%^ n 

 Soil 

Layer 1 3.75 150 0.347 1710 𝐸 =
2 × 𝜌 × 𝑉ab

1 + 𝜈
 2.5 × 10fg 0.7 

Layer 2 3.75 200 0.308 1710  2.5 × 10fg 0.7 
Layer 3 9.59 330 0.462 1730  1.× 10fE 1.0 
Layer 4 29.96 490 0.451 1700    
Rock 45 530 0.446 1600    

 Structure 
Concrete   0.2 2500 31.3   

Steel   0.3 7800 205   
Steel   0 0 192   

3.2 Numerical model, boundary conditions and loading 

The numerical study presented in this paper supposes beams and shell finite elements for the modelling of 
structural elements and 3D volumetric elements for soil domain. Structure and soil are supposed to be elastic 
except from the upper layers of the basin (blue color in Fig. 8 – bottom) where Iwan’s nonlinear constitutive 
law [15] is used in order to represent soil behavior. Iwan’s law is an elasto-plastic multimechanism constitutive 
model for the description of deviatoric cyclic behavior of geomaterials, based on linear kinematic hardening. 
The volumetric part of deformations is supposed completely elastic and thus the yield surface is expressed in 
deviatoric stresses as: 

𝑓h = 𝑞h − 𝑌h (4) 
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where 	𝑌h  is a constant providing the yielding limit for the n mechanism and 𝑞h  is the deviatoric stress 
associated with the same mechanism. Yielding limits 𝑌h and kinematic hardening parameters are computed 
through the degradation of the shear modulus 𝐺 with the evolution of the shear deformation	𝛾. This progressive 
degradation is obtained through the hyperbolic Eq. (5): 

𝐺 =
𝐺mno

p1 − 𝛾
𝛾Y%^

q
h (5) 

where 𝐺mno is the initial shear modulus,	𝛾Y%^ is the shear deformation that generates 𝐺 = 𝐺mno/2 and 𝑛 is the 
exponential of the hyperbolic law. The calibration of model parameters, 𝛾Y%^ and 𝑛, is based on the the 𝐺 − 𝛾 
curves proposed by Seed and Idriss in 1971 [32] and the final values are presented in Table 1. A complete 
description of the model is presented in [15]. 

The dynamic loading for the initial problem is a vertical incident plane wave (SH, SV, P) applied at the 
base of the soil domain, where we apply all the three components of the acceleration simultaneously. The 
accelerograms that were used are the ones of the 2007 Niigata Chuetsu-Oki earthquake mainshock presented 
in [14]. Paraxial absorbing boundaries are used in the four lateral faces as well as the base of the model so as 
to avoid spurious reflections of the outgoing waves. 

3.3 DRM procedure and numerical results 

The DRM approach followed in this work is schematically presented in Fig. 9. The considered reference model 
is the auxiliary model used to compute the equivalent nodal forces on the boundary of the reduced domain. 
Therefore, the equivalent nodal forces 𝐅𝒆𝒒 are the solution at the boundaries of the reduced domain and the 
soil and structure’s response is expected to be the same on the reference and reduced domain. 

 

Fig. 9 - Schematic representation of the DRM approach. 

Fig. 10 presents the comparison between the reference model and the reduced model for a point at the 
top of the structure. As expected, very good correspondence is observed between the two responses.  
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Fig. 10 - Comparison for the response of the structure (point at the top): accelerogram (left), response spectra 
(right) 

In order to examine soil’s response, the response spectra for different points at the surface of soil is 
presented in Fig. 11. The 3 points are taken at the soil surface and next to the structure on the Y axis (SP1), 
XY axis (SP2), and X axis (SP3). Again, good correspondence is observed between the reference solution and 
the reduced domain result. 

 

Fig. 11 - Response spectra for different points (next to the structure) at the surface of the soil. 

5. Conclusions and Perspectives 
The application of the domain reduction method (DRM) for a more accurate definition of the seismic input 
motion on soil-structure interaction studies is examined in this work. A SEM/FEM weak coupling between 
SEM3D and code_aster is implemented in this work. The coupling was tested for a homogeneous reduced 
domain, boundary conform meshes and constant elastic properties at each soil layer. Two case studies with an 
increased complexity in terms of basin’s geometry and seismic excitation are analyzed. For the given case-
studies, the coupling procedure can be deemed successful. At a further step, the aspects of fields and material 
interpolation have to be examined in a high-performance computing framework, where the finite element 
model is going to be solved at a kilometric scale in order to also account for site effects. 

For the second part of this work, the weak coupling in a finite-element framework is examined for the 
case study of the Karisma benchmark. The basin’s form is modified so as to generate surface waves and 
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evaluate their impact in the efficiency of the method. The nonlinear Iwan’s constitutive law is used to describe 
soil behavior. A good correspondence is observed between the reference domain and the reduced domain. 
However, the solution proposed in this work considers an auxiliary model that is same as the model of 
reference. An auxiliary model without the presence of the structure is going to be examined in future work in 
order to evaluate the efficiency of the DRM, on a SEM/FEM coupling framework. 
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