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ABSTRACT 
 
The paper explores the role of nonlinear soil–foundation interfaces in the response of an idealized 
reactor building of a nuclear power plant (NPP), aiming to exemplify its importance in the design or re-
evaluation of critical structures, such as NPPs. A detailed finite element (FE) model of the reactor 
building-soil system is created in the Real-ESSI Simulator―a FE software capable of modelling the 
nonlinear dynamic response of soils, structures, and their interaction in the time domain, accounting for 
sliding or uplifting at the soil─structure interface. A 1D ground motion is chosen as seismic excitation, 
and implemented to generate vertically propagating shear waves using the Domain Reduction Method 
(DRM). Firstly, the input parameters of the stress-based nonlinear interface model are investigated and 
verified in order to evaluate their contribution to the reactor building’s response. This is followed by a 
comparison of the nonlinear interface model with a tied interface model (no sliding or uplifting). It is 
shown that when nonlinear interfaces are considered and the rocking motion prevails, the potential 
opening and closing of the soil─structure interface may amplify the dynamic response of critical 
components inside the reactor building in the higher frequency range (above 10Hz). This indicates that 
neglecting the effect of nonlinear interfaces may not be on the safe side, as usually assumed. 
 
INTRODUCTION 
 
Soil─Structure Interaction (SSI) accounting for interface nonlinearity effects (i.e., uplift and sliding) at 
the soil─foundation level has been a keen interest for researchers in the field of earthquake engineering 
for NPP facilities. Several studies (e.g., Nakamura et al., 2010; Kumar et al., 2015) have tried to shed 
light on the complex nonlinear dynamic response of such structures, using state-of-the-art tools of their 
time. It was only until recently, that the advancements in computing technology allowed the 
development of more sophisticated and detailed numerical models that came one step closer to the real 
dynamic response of these critical structures (Bolisetti et al., 2018; Van Nguyen et al., 2020; 
Kanellopoulos et al., 2023). However, there is still room for improvement, as the majority of studies 
are still using simple stick models for the reactor building, and even the ones who attempt more realistic 
3D modelling of the reactor building are limited to the lower vibration modes of the system. High-
frequency vibration modes of critical internal equipment, though, could be susceptible to the high-
frequency excitation induced by uplifting or sliding at the soil─foundation interface.  
 

To further contribute to this research field, this study aims at highlighting the role of interface 
nonlinearity, showcasing its significance especially for the high-frequency response of critical internal 
components inside an idealized NPP reactor building by studying both the vertical and horizontal 
acceleration components. To that end, a detailed 3D FE model of a reactor building is developed. 
Special nonlinear interface elements are introduced at the soil─foundation interface, allowing for 
uplifting and sliding. First, the interface model parameters are verified, and then their influence on the 
response of the reactor building and its internal structures is assessed through comparison with a tied 
interface model in the frequency range of 0─30 Hz.  
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FINITE ELEMENT MODEL 
 
Software 
 
The analysis is performed employing the FE method. Hence, a key element of the study is the selection 
of appropriate interface elements that behave realistically under both shear and axial loading, that may 
result in either sliding or uplifting of the foundation with respect to the soil. In addition, realistic 
modeling of the input seismic wave field is important. To meet these requirements, the Real-ESSI 
Simulator (Jeremic et al., 2022) is selected for the analyses. It offers a variety of special force-based 
and stress-based interface elements, able to capture the complex nonlinear response of the 
soil─foundation interface. Furthermore, Real-ESSI encompasses the Domain Reduction Method (DRM) 
(Bielak et al., 2003; Yoshimura et al., 2003), a powerful tool that allows realistic modelling of all types 
of seismic waves within a local soil domain of interest. Given the demanding computational 
requirements (~250’000 nodes), all simulations were performed on the Euler parallel computing cluster, 
operated by the ETH Zurich (ETHZ) High-Performance Computing group. Finally, regarding the 3D 
FE mesh generation, the open-source mesh generator Gmsh (Geuzaine & Remacle, 2009) is used, while 
the visualization of the results is performed in ParaView (2020). 
 
NPP Reactor Building 
 
Figure 1 shows a cross-sectional view of the developed 3D DRM FE model. The 71.5 m tall NPP 
reactor building is supported by a circular 4.5 m thick reinforced concrete (RC) foundation, founded on 
top of the soil. Its double-wall containment structure consists of secondary (external) containment and 
primary prestressed containment (internal) RC walls with outside radii of 20 m and 16.8 m, respectively. 
Inside the primary containment, there is a 35 m tall Cylindrical RC Wall (CW) of 12.5 m radius with a 
Water Pool (WP) on its top. Right at the center of the foundation stands the 9 m tall Reactor Vessel 
Pedestal (RVP), that supports the 16 m tall Biological Shield Wall (BSW) and the Reactor Vessel (RV), 
which is not explicitly modelled herein. Both structures are made of RC and have a square shape (RVP 
is 2 m thick, while BSW is 0.5 thick). For the sake of simplicity, the abbreviation RV is used to refer to 
both structures (RVP + BSW) as a whole.  
 

 
 

Figure 1. Cross-section of the 3D DRM FE model of the reactor building, showing key geometric and 
material properties. An artificial accelerogram, compatible with a target ground motion response 
spectrum at the free-field surface of a Central European NPP site, defines the seismic excitation. 
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Linear elastic 8-noded brick elements are used for all parts of the reactor building with typical 
RC material properties: Young’s modulus 𝐸𝐸𝑅𝑅𝑅𝑅  = 35 GPa; Poisson’s ratio 𝜈𝜈𝑅𝑅𝑅𝑅  = 0.17; and unit weight 
𝜌𝜌𝑅𝑅𝑅𝑅  = 2.55 Mg/m3 (the unit weight of the foundation and WP is increased to 5 Mg/m3 to account for 
additional loads on these areas). The total mass of the reactor building is approximately 100’000 Mg. 
A typical 7% Rayleigh damping is assigned to all parts of the reactor building, except for the primary 
containment wall, which is assumed prestressed and is therefore assigned a lower (4%) damping. 
 

Figure 2 presents the most relevant translational vibration modes of a fixed-base model of the 
reactor building with their corresponding eigen-frequencies. Of significant interest to this study is the 
fundamental translational vibration mode of the RV with a frequency of 11.9 Hz. As it will be shown 
later, this vibration mode is affected the most by the presence of interface nonlinearities. 
 

 
 

Figure 2. Side (top) and top (bottom) views of fundamental translational eigen-frequencies of the 
fixed-base reactor building, and corresponding deformed shapes (Kanellopoulos et al., 2023). 

 
Soil 
 
The soil profile is based on realistic data obtained from a typical Central-European NPP site (Zimos et 
al., 2022). It consists of 6 layers, the stiffness of which is increasing with depth, modelled with linear 
elastic 8-noded brick elements. The material properties of each layer (shear wave velocity 𝑉𝑉𝑆𝑆; unit 
weight 𝜌𝜌; and Poisson’s ratio 𝜈𝜈) are summarized in Table 1. The element size is selected so as to have 
at least 10 elements per minimum wavelength of interest (assuming that the maximum frequency of 
interest is 20 Hz). Therefore, the selected mesh size is sufficient to propagate the input seismic wave 
field (consisting of vertically propagating shear SH waves), generated by the applied effective DRM 
forces on the DRM elements (Figure 1), up to a frequency of 20 Hz (see Kanellopoulos et al., 2023). 
 

Table 1. Material properties of the layered soil profile (Kanellopoulos et al., 2023). 
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Interfaces 
 
The selection of appropriate interface elements that can realistically capture the mechanisms of sliding 
and detachment at the soil─foundation interface is the core objective of this study. Real-ESSI offers a 
variety of such elements with increasing complexity, in both normal and tangential directions to the 
contact surface (from linear elastic hard contact to nonlinear elastic soft contact in the normal direction, 
and from simple elastic-plastic to nonlinear hardening shear behavior with softening in the tangential 
direction). In this study, a zero-length, stress-based, dry contact element with nonlinear hardening shear 
behavior is used, called StressBasedSoftContact_NonLinHardShear (Sinha, 2017; Jeremić et al., 
2022;). As indicated by its name, this element can be used to model a soft contact behavior in the normal 
direction, by utilizing a nonlinear elastic penalty stiffness function that increases the stiffness 
exponentially with penetration. Upon detachment, though, the stiffness becomes zero. In the tangential 
direction, the element is capable of modeling the nonlinear inelastic shear behavior during sliding, 
following an Armstrong-Frederick nonlinear hardening model. 
 

The input parameters of the interface are summarized in Table 2. In the absence of experimental 
data, these parameters were selected on the basis of engineering judgment and parametric analyses (see 
Verification section). However, it should be noted that in a site-specific project situation, the designer 
should carefully select realistic input parameters. For example, the friction coefficient used in the sliding 
stability analysis should account for the various sliding interfaces, i.e., soil shear failure, concrete to 
soil, waterproofing to soil, concrete basemat to concrete mudmat. 

 
The first three parameters, i.e., the initial normal stiffness 𝑘𝑘𝑛𝑛0, the normal stiffness stiffening 

rate 𝑠𝑠𝑠𝑠, and the maximum normal stiffness 𝑘𝑘𝑛𝑛,𝑚𝑚𝑚𝑚𝑚𝑚, combined with the shear zone thickness ℎ, control 
the response in the normal (here vertical) direction. The selected values resulted in negligible 
penetration of the foundation in the soil, of the order of 1×10-3 mm, without causing convergence issues. 
The response in the tangential (here lateral) direction is controlled by the shear stiffness 𝑘𝑘𝑡𝑡

𝜎𝜎𝑛𝑛0 at 𝜎𝜎𝑛𝑛0 = 
101 kPa normal stress (i.e., the shear stiffness 𝑘𝑘𝑡𝑡 depends on the normal stress, and is equal to 𝑘𝑘𝑡𝑡

𝜎𝜎𝑛𝑛0 
when the normal stress 𝜎𝜎𝑛𝑛 is equal to 𝜎𝜎𝑛𝑛0 = 101 kPa), the residual friction coefficient 𝜇𝜇𝑟𝑟, and again 
the shear zone thickness ℎ. Since rocking is expected to dominate the dynamic response of the reactor 
building rather than sliding, the friction coefficient 𝜇𝜇𝑟𝑟  is assumed 0.6, which is a reasonably high 
value. The shear stiffness 𝑘𝑘𝑡𝑡 and the shear zone thickness ℎ should be carefully selected to assist 
numerical convergence, while avoiding unrealistic “elastic sliding” phenomena, as will be shown in the 
next section. The interface model offers two more parameters, related to the dynamic response of the 
interface elements: the viscous damping 𝑐𝑐𝑛𝑛 and 𝑐𝑐𝑡𝑡 , in the normal and tangential directions, 
respectively. In addition to assisting numerical convergence, their physical contribution is also 
important, as they act as a viscous damping mechanism at the soil─foundation interface that can appear 
due to presence of air or water. An explanation of the procedure for selecting these values is provided 
in the Verification section.  
 

Table 2. Input parameters of the nonlinear interface model (Kanellopoulos et al., 2023). 

 
 
VERIFICATION 
 
This section aims to provide the reasoning behind the selection of the interface model parameters of 
Table 2. For simplicity, the contact between two elastic brick elements, that is supposed to roughly 
represent the soil─foundation interface, is studied first in the normal (Figure 3) and then in the tangential 
direction (Figure 4). Starting with the normal stiffness-related parameters, the upper element is 
subjected to static cyclic axial sinusoidal loading (no dynamic response) resulting in a periodical 
opening and closing of the gap between the two elements. The parametric normal stress─normal 
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displacement (𝜎𝜎𝑛𝑛 − 𝛿𝛿𝑛𝑛) responses of the investigated parameters 𝑘𝑘𝑛𝑛0, 𝑘𝑘𝑛𝑛,𝑚𝑚𝑚𝑚𝑚𝑚, 𝑠𝑠𝑠𝑠, and ℎ are shown 
in Figure 3, with the magenta-colored lines representing the finally selected values. In each diagram, 
all interface parameters are equal to their respective value listed in Table 2, with the parameter under 
investigation being varied to examine its influence. In general, larger values of 𝑘𝑘𝑛𝑛0, 𝑘𝑘𝑛𝑛,𝑚𝑚𝑚𝑚𝑚𝑚, and 𝑠𝑠𝑠𝑠, 
and lower values of ℎ, reduce the penetration upon contact, at the cost of numerical convergence due 
to the higher penalty normal forces at the interface. Thus, parameter selection was based on the objective 
of minimizing penetration, without jeopardizing numerical convergence.  
 

 
 

Figure 3. Cyclic axial response of the nonlinear interface elements. Normal stress─normal 
displacement (𝜎𝜎𝑛𝑛 − 𝛿𝛿𝑛𝑛) response for different values of: (a) initial normal stiffness 𝑘𝑘𝑛𝑛0;               

(b) maximum normal stiffness 𝑘𝑘𝑛𝑛,𝑚𝑚𝑚𝑚𝑚𝑚; (c) normal stiffness stiffening rate 𝑠𝑠𝑠𝑠; and (d) shear zone 
thickness ℎ. The lines in magenta color correspond to the final selected values. 

 
The two-element example is employed to verify the shear stiffness-related parameters. In this 

case, a vertical load is applied first on the upper element, resulting in 600 kPa normal stress at the 
interface (similar to the stress magnitude at NPPs soil─foundation interface), and then the upper element 
is subjected to static cyclic (sinusoidal) shear loading. The parametric friction coefficient─shear 
displacement (𝜏𝜏/𝜎𝜎𝑛𝑛 − 𝛿𝛿𝑡𝑡) response of the studied parameters 𝑘𝑘𝑡𝑡 and ℎ are shown in Figure 4. Again, 
the final selected values are shown in magenta color. It is important to note that for the selected values, 
sliding occurs after a reasonable amount of plastic shear displacement (approximately 0.3 mm for the 
final selected values). For example, if 𝑘𝑘𝑡𝑡

𝜎𝜎𝑛𝑛0 is assigned to a smaller value (e.g., 10 kPa), the interface 
elements in the tangential direction essentially behave like very soft horizontal “elastic” springs, and 
the reactor building would “elastically slide” on the ground with negligible plastic dissipation at the 
interfaces. This would obviously alter the dynamic response of the reactor building: instead of rocking, 
it would “slide”, as if it was lying on seismic isolators. However, choosing an extremely high or low 
value for 𝑘𝑘𝑡𝑡 and ℎ, respectively, will adversely affect the numerical stability of the solution. Hence, 
as previously noted, a compromise is needed. Note, that both the normal and the shear stiffness related 
parameters are also verified on the system level, but results are not presented here for brevity. 

 
The influence of the normal and shear viscous damping parameters 𝑐𝑐𝑛𝑛 and 𝑐𝑐𝑡𝑡 on the response 

of the main model is analyzed and shown here directly. In general, the application of viscous damping 
reduces the high-frequency modes generated by the huge penalty rebounding forces, as a result of the 
required high values of normal and shear stiffness of the interface elements. Thus, it is always 
numerically practical, and physically reasonable if a viscous damping mechanism is expected at the 
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interface (e.g., caused by the presence of air or water at the interface), to add the appropriate amount of 
viscous damping to stabilize the numerical solution without compromising the accuracy of the results. 
Figure 5 and Figure 6 explain how this proper amount of normal and shear viscous damping, 
respectively, is selected for this study.  
 

 
 

Figure 4. Cyclic shear response of the nonlinear interface elements. Shear stress over normal stress 
ratio─shear displacement (𝜏𝜏/ 𝜎𝜎𝑛𝑛 − 𝛿𝛿𝑡𝑡) response for different values of: (a) shear stiffness 𝑘𝑘𝑡𝑡

𝜎𝜎𝑛𝑛0 at 
𝜎𝜎𝑛𝑛0 = 101 kPa normal stress; and (b) shear zone thickness ℎ. The lines in magenta color correspond 

to the final selected values. 
 
Figure 5 presents the vertical acceleration elastic in-structure response spectra at 5% damping 

of the point at the center of the foundation and the point at the top of the primary containment wall, for 
four different values of 𝑐𝑐𝑛𝑛 . As expected, increasing 𝑐𝑐𝑛𝑛  reduces the vertical spectral accelerations 
(SAv), since the vertical viscous dampers consume more energy during the rocking oscillation of the 
reactor building. With no experimental data to support any selection other than zero viscous damping, 
the selected value is 0.5 kPa*s, which results in almost identical curves as in the zero viscous damping 
case (0.01 kPa*s is assumed to be the zero viscous damping case, since lower values lead to convergence 
issues). Note that the influence of 𝑐𝑐𝑛𝑛 on the horizontal acceleration elastic response spectra was found 
to be insignificant, and therefore it is not presented here.  

 

 
 

Figure 5. Vertical acceleration response spectra at 5% damping for different values of normal viscous 
damping 𝑐𝑐𝑛𝑛. The lines in magenta color correspond to the final selected values. 
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On the other hand, the reasoning behind the selection of the shear viscous damping value 𝑐𝑐𝑡𝑡 is 
somehow reversed. As rocking prevails over sliding, it is expected that the selection of 𝑐𝑐𝑡𝑡 is of minor 
importance for the studied problem. This is actually true, as long as 𝑐𝑐𝑡𝑡 remains large enough to avoid 
having numerical “sliding” due to very low values of 𝑐𝑐𝑡𝑡. This is exactly shown in Figure 6, which 
presents the vertical acceleration response spectra at the center of the foundation and at the top of the 
secondary containment wall. Obviously, the response converges as 𝑐𝑐𝑡𝑡 increases. Hence, the selected 
value for 𝑐𝑐𝑡𝑡 = 4 kPa*s, which practically gives identical results for 𝑐𝑐𝑡𝑡= 16 kPa*s or 40 kPa*s (not 
shown here). Somewhat surprisingly, the horizontal acceleration response spectra were not found to be 
sensitive to the variation of 𝑐𝑐𝑡𝑡 , even for lower values, which were found to affect the vertical 
acceleration response spectra. Obviously, this numerical “sliding” that takes place for very low values 
of 𝑐𝑐𝑡𝑡  is very small to significantly alter the horizontal accelerations, but on the other hand it is 
perceivable by the lower magnitude vertical accelerations. The above selection procedures for 𝑐𝑐𝑛𝑛 and 
𝑐𝑐𝑡𝑡 values clearly show that without any experimental data to support the selection of these values, the 
selection can only be based on engineering judgment, following a case-by-case approach (e.g., if the 
dynamic response was dominated by sliding over rocking, a different approach should have been 
followed). To gain deeper insights of the interface model employed in this study, the readers are 
encouraged to refer to Sinha (2017). 

 

 
 

Figure 6. Vertical acceleration response spectra at 5% damping for different values of shear viscous 
damping 𝑐𝑐𝑡𝑡. The lines in magenta color correspond to the final selected values. 

 
RESULTS 
 
Having verified the interface model parameters, the influence of the soil─foundation interface on the 
response of the reactor building and its internal components can be examined through comparison to 
the tied interface case. Figure 7 offers such a comparison, presenting the horizontal ah and vertical 
av acceleration time histories at the top of the RV. The time histories are filtered using a bandpass filter 
from 10 to 13 Hz, to expose the fundamental translational vibration mode of the RV shown earlier in 
Figure 2. Clearly, the presence of the nonlinear interfaces significantly increases both the horizontal 
and the vertical acceleration components. This can be also visualized with the help of the embedded 
snapshot that shows the 10─13 Hz filtered displacement contours of the RV. The snapshot is taken right 
after the first opening and closing of the gap at the left edge of the soil─foundation interface (see also 
the uplift time history at 5.5 s—indicated with a white mark). Notice also how this time instant perfectly 
correlates with the time when the increase in acceleration time histories is observed.  
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Figure 7. The effect of nonlinear interface on RV’s response. Comparison with the case of a tied interface: (a) 
filtered (10─13 Hz) horizontal acceleration time histories at the RV’s top; (b) filtered (10─13 Hz) vertical 

acceleration time histories at the RV’s top; (c) time history of uplifting at the left edge of the foundation; and (d) 
snapshot of filtered displacement contours (10─13 Hz) at t = 5.5 s (scale factor 20’000). 

 
Acceleration Response Spectra — Horizontal Component 
 
Figure 8 compares the nonlinear interface to the tied interface by plotting the horizontal acceleration 
response spectra of points of interest on the reactor building. 
 

 
 

Figure 8. Horizontal acceleration response spectra at 5% damping at critical points of interest on the 
reactor building. Comparison between the nonlinear and the tied interface case. 
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Seven points are compared, as indicated in the figure: point 1 at the center of the foundation; point 2 at 
the top of RVP; point 3 at the top of RV; point 4 at the top of WP; point 5 at the primary containment 
wall, at a height where a crane is supposed to be located; point 6 at the top of the primary containment 
wall; and point 7 at the top of the secondary containment wall. As expected, the low-frequency rocking 
vibration mode of the reactor building, that dominates the response, is only marginally affected by the 
introduction of the nonlinear interfaces. The only exception is point 3 (top of the RV), which sees its 
higher frequency vibration modes (at around 12 Hz and 21 Hz) being amplified significantly due to the 
nonlinear interfaces. This showcases how sensitive the higher frequency vibrating 
components/equipment inside the reactor building can be, stressing the importance of realistic 
modelling of nonlinear interfaces.   
 
Acceleration Response Spectra — Vertical Component 
 
The last statement becomes even more evident in Figure 9, where the vertical component of the 
acceleration response spectra is plotted for the same points, as in the previous section. Apart from the 
observation that the tied interface cannot produce any vertical component acceleration for points 1, 6, 
and 7 located on the central line of symmetry under horizontal excitation, it is once again evident that 
the higher frequency vibration response of internal components can be greatly amplified by the high-
frequency excitation generated at the soil─foundation interface, caused by the opening and closing of 
the gap. For the studied cases, SAv is nearly 4 times larger for point 2 (RVP) at 10 Hz, being doubled 
for point 3 (top of RV) at the same frequency, emphasizing once more the importance of realistic 
modelling of soil─foundation interfaces for such critical structures. 
 

 
 

Figure 9. Vertical acceleration response spectra at 5% damping at critical points of interest on the 
reactor building under horizontal excitation. Comparison between nonlinear and tied interfaces. 
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CONCLUSION 
 
The paper serves as a proof-of-concept study, aiming to highlight the importance of nonlinearity at the 
soil–foundation interface of an idealized NPP reactor building. The FE method was employed for the 
analysis, combined with the DRM. An artificial target spectrum-compatible acceleration time history 
at the ground surface was deconvoluted to derive the effective seismic forces in the first DRM step. In 
the second DRM step, these forces were applied on the DRM nodes that surround the “near-field” model 
(see Figure 1) to generate vertically propagating horizontal shear waves (SH), resulting in the requested 
artificial acceleration time history at the ground surface. The input parameters of the interface model 
were explained and verified in detail. Finally, a comparison between tied and nonlinear interface NPP 
models was presented to evaluate the influence of interface nonlinearity on the seismic response of the 
reactor building and its internal components. The main outcomes of the study are summarized below: 
 

• The interface model parameters related to the normal stiffness should be selected so as to 
minimize the penetration at the soil─foundation interface, keeping at the same time the 
rebounding normal forces as low as possible to avoid convergence issues. For the interface 
model parameters that define the shear stiffness of interface elements, it is essential that the 
resulting shear stiffness is high enough so that the residual friction coefficient is reached after 
a realistic amount of plastic shear displacement (e.g., of the order of 1 mm or even less). 
Otherwise, in the case of very low shear stiffness, unrealistic “elastic sliding” can happen at the 
interface. However, very high values of the shear stiffness may lead to numerical convergence 
issues. As for the normal and shear viscous damping parameters, in the absence of experimental 
data, the selection should be primarily based on engineering judgment aiming to ensure 
numerical stability without jeopardizing the credibility of the results. 

 
• The rocking vibration mode of the reactor building, which dominated its response, resulted in 

the uplift of the foundation edge from the ground in the case of nonlinear interfaces. The 
resulting repeated opening and closing of the gap under horizontal excitation introduced high-
frequency vibrations into the foundation, that significantly amplified both the horizontal and 
the vertical acceleration response spectra of the high-frequency vibrating components inside 
the reactor building, such as the reactor vessel (RV). 

 
Overall, the present study showcased the crucial role that interface nonlinearities can play in 

the seismic response of NPPs, and particularly for the high frequency vibration response of its internal 
components. This calls for realistic interface models that should be carefully verified, accounting for 
significant epistemic and aleatory uncertainties (the latter are not considered here), and ideally validated 
with experimental data, so that the numerically obtained model responses are realistic and meaningful.  
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