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ABSTRACT 

In the discussions of structural response to earthquakes, it has been assumed that the foundation medium is 
very stiff and that the seismic motions applied at the structure support points are the same as the free-field 
earthquake motions at those locations; in other words, the effects of soil structure interaction (SSI) have been 
neglected. However, its effects can be significant when the structure supported on a soft soil. Structures on the 
ground are affected by ground motion when there is seismic loading. The inability of the foundation to resist to 
deformation of soil would cause huge damages on the structures. The different codes and boundary conditions 
affect on analysis results of SSI. A comparison of the reactor buildings response as predicted by CLASSI and 
FLUSH shows substantial differences. To absorb, rather than reflect, the outwardly radiated energy, transmitting 
boundary conditions and soil structure interface should be taken into consideration in analysis of SSI. The paper 
discusses influence of several different boundary conditions on analysis of SSI. 
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1. INTRODUCTION 

Soil-Structure interaction has little effect on the seismic response of many structures and foundation systems. 

However, its effects can be significant when the structure supported on a soft soil. Structures on the ground are 

affected by ground motion when there is seismic loading. It also means that ground motion is influenced with the 

structural response of seismic loading. The inability of the foundation to resist to deformation of soil would cause 

huge damages on the structures. 

Nuclear reactor buildings depend on their strong foundations to support their mass and their vertical load 

demands.  Structures are more than what can be seen above the ground. Their foundations continue under the 

ground in different forms including shallow foundations and deeply embedded or buried foundations.  

The nature and amount of this interaction depend not only on the soil stiffness, but also on the stiffness and 

mass properties of the structure. The interaction effect associated with the stiffness of the structure is termed 

kinematic interaction and the corresponding mass-related effect is called inertial interaction. In the analysis of 

soil-structure interaction, generally there are two methods: direct analysis and substructure analysis. If the soil is 
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modeled as a finite element assemblage, as suggested there, a direct analysis may be performed for the combined 

soil-structure systems. In a substructure analysis of SSI the foundation mechanism and the structure are 

represented as two independent mathematical models. 

  In numerical simulation of soil structure interaction, usually only a finite region of the problem domain 

is discretized and analyzed to save computational cost. Two important characteristics that distinguish the dynamic 

soil-structure interaction system from other general dynamic structural systems are the unbounded nature and the 

nonlinearity of the soil medium. Generally, when the numerical dynamic soil-structure interaction models are 

established, radiation of dynamic energy into the unbounded soil, the hysteretic nature of soil damping, separation 

of the soil from the structure, other inherent nonlinearities of the soil and the structure should be taken into 

account.  

If no special boundary treatment is used to prevent outwardly radiating waves from reflecting from the 

boundary of computational region, errors will be introduced into the results. In order to model this problem using 

computational simulation procedures, two main difficulties should be taken into consideration: transmitting 

boundary conditions and soil structure interface.  

The most common analytical soil-structure interaction models are based on the assumptions that the soil 

domain may be represented by an elastic half space and that dashpots may be used to represent the transmitting 

boundary conditions. These boundary conditions are required to model both radiation damping of the foundation 

motion as waves propagate outward into the infinite domain and to prevent reflections back into the foundation 

from any artificially introduced finite domain of the half-space. 

A number of recent researches have provided insights into the seismic response characteristics of structures. 

Application of system identification techniques to measure earthquake response data for structures has indicated 

that structure foundations and the surrounding soil constitute a strongly coupled system. The dynamic behavior of 

the structure foundations and the surrounding soil has a first order influence on the dynamic response of the 

structure. Analysis of measured strong motion response data has also indicated that local nonlinear behavior of 

soil can result in significant nonlinear global behavior of the entire system, even when the structure remains linear. 

However, the different boundary assumption may lead to erroneous results, and the different codes result in 

different analysis results. 

2. ANALYSIS OF NUMERICAL METHODS 

 

Modeling and analysis of dynamic soil structure interaction during earthquakes have gone through various 

stages, but always in two distinct directions, that is, the direct method and the substructure method, depending on 

the modeling method for the soil around the structure. In a direct method, the soil and structure are included 

within the same model and analyzed in a single step. The soil is often discretized with solid finite elements and the 

structure with finite beam elements. Because the assumptions of superposition are not required, true nonlinear 
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analyses are possible. However, results from nonlinear analyses can be quite sensitive to poorly defined 

parameters in the soil constitutive model, and the analyses remain quite expensive from a computational 

standpoint. Hence, direct SSI analyses are more commonly performed using equivalentlinear methods to 

approximate the effects of soil nonlinearity (FLUSH, Lysmer et al., 1975). In a substructure analysis, the SSI 

problem is broken down into three distinct parts, which are combined to formulate the complete solution. The 

superposition inherent to this approach requires an assumption of linear soil and structure behavior. The three 

steps in the analysis are as follows: evaluation of a foundation input motion, determination of the impedance 

function, and dynamic analysis of the structure. 

Analyses of inertial interaction effects predict the variations of first-mode period and damping ratio between 

the actual “flexible-base” case and a fictional “fixed-base” case. The flexible-base modal parameters can be used 

with a free field response spectrum to evaluate design base shear forces for the structure. The analyses for 

kinematic interaction predict frequency dependent transfer function amplitudes relating foundation and free field 

motions. In the substructure method, the soil structure system is divided into two substructures: a structure that 

may include a portion of nonlinear soil adjacent to it and the unbounded soil. The unbounded soil region is usually 

represented by an impedance matrix, which may be attached to the dynamic stiffness matrix of the structure.  

For a long time, modeling of dynamic soil structure interaction was carried out in the frequency domain, 

which restricted the analysis of the soil structure system to be linear. Nonlinearity of the soil was taken into 

account only in an approximate manner through equivalent linear analysis procedure in which dynamic soil 

parameters were adjusted in accordance with the peak or the average strain during iterative solutions of the system 

in frequency domain, whereas the structure had to be assumed to be linear. To address this problem, the direct 

method went into the time domain, using well-established procedure of structural dynamics. But, at this stage, the 

direct method still could not model the energy radiation effect, whereas the substructure method, which remained 

in the frequency domain, could model this phenomenon very well. In response, there began in the direct method 

the development of “transmitting boundaries”, such as the early “viscous boundary” proposed by Lysmer, J. etc, 

and then the various kinds of “consistent boundaries”. The general purpose of these ”transmitting boundaries” is 

to avoid the reflection of waves emanating from the structure and the adjacent soil. Some more recent 

“transmitting boundaries” are frequency dependent and made the direct method enter the frequency domain again 

and ready to model the hysteretic nature of soil damping. 

On the other side, the substructure method incorporated with the rapid developing Boundary Element 

Method, with which theoretically any type of geometrical boundary conditions can be simulated in both frequency 

domain and time domain by discrete modeling of the soil structure interface. At this stage, the analysis of the 

unbounded soil region was carried out by discretized Green’s Function, whereas the soil adjacent to the structure 

was treated as a part of the structure with finite element modeling. 

More recent researches of dynamic soil structure modeling tend to be concentrated in the time domain, not 
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only because the problem of nonlinearity can be better simulated in the time domain than in the frequency domain, 

but also that the typical structural analyst is not accustomed to working in the frequency domain; its natural 

approach is to consider the sequence of developments from one time to the next—that is to apply the time domain 

concept.  At the same time, the concept of discretizing the soil structure interface has been strengthened. The 

main difference between these two models is that the transmitting boundaries of the direct method should be 

uncoupled both in time and space, which leads to approximate expressions for the boundaries, while in the 

substructure method, the dynamic stiffness matrix of the unbounded regular soil zone can be obtained rigorously 

in the frequency domain using convolution theorem of Fourier Transform. The location of the interaction horizon 

in both methods is very important.  

It should be pointed out that numerical modeling of dynamic soil structure interaction is still in its course of 

development. The various current models are no longer restricted only in the time or the frequency domain alone. 

Techniques used to establish numerical models are not restricted to be finite element method or boundary element 

method. On the contrary, all these are always incorporated with one and another, and some new analysis 

techniques have been introduced into the problem, such as a coupling model of finite elements and scaled 

boundary finite elements, and a coupling model of finite elements, boundary elements, infinite elements and 

infinite boundary elements. 

3.COMPARISION OF THE REACTOR BUILDINGS RESPONSE 

 

Predicting the seismic response of a nuclear reactor complex according to the effects of soil structure 

interaction is generally subjected a number of uncertainties: definition of the free-field ground motion, variability 

of soil and structure properties, idealization of the soil-structure system, as well as the difference in SSI analysis 

techniques. A major source of uncertainty comes from the idealization of the soil-structure system. The reactor 

site is characterized by about 25m of soil overlying bedrock. The soil can generally be classified into three 

separate layers. The top layer, about 7m in thickness, consists of granular deposits of dense, fine to medium sands 

with variable amounts of coarse and gravel. The reactor building foundation is excavated through this material 

and into the second layer. The second layer, 6m thick, is a cohesive, firm to hard, glacial till whereas the bottom 

layer (12m thick), is primarily a cohesionless glacial deposit of dense sands and gravel. 

Modeling of soil-structure system is dependent on the capability and limitation of the code used. In the study, 

two alternative techniques were used for the SSI analysis of reactor buildings. The first technique was a 

substructure approach using the computer program CLASSI (Luco et al, 1980) and the second was a linear direct 

method of analysis using computer program FLUSH (Lysmer et al., 1975). In each case, due to the complexity of 

the reactor structure and the limitation of the code capability, significant simplification in modeling the soil 

structure system is necessary. These simplifications and the inherent differences in two approaches lead to 

significant different prediction of response, especially when multiple structures are included in the model.    
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Using the CLASSI code, we first computed the response of the isolated main reactor building, then the 

response of the multi-structures. The foundation of the main reactor building was idealized by the flat surface 

foundation corrected for embedment and supplemented by the scattering matrix developed for an equivalent 

embedded cylinder. In our analysis, coupling between the foundations was assumed to occur only through the 

underlying soil layers. In the CLASSI methodology, the compliance matrix is computed first and then inverted to 

obtain the impedance matrix.  

In the FLUSH models, the isolated main reactor building and the multi-structures system were analyzed in 

the study. To model the structures’ foundations, it was necessary to idealize their stiffness and geometry. In all of 

our analyses the foundations were assumed to behave rigidly. This is because direct approach has the major 

deficiency that the bounded soil model does not allow vibration energy in the structure and soil to propagate away, 

and thus it ignores an effective damping mechanism. If the soil is modeled as a finite-element assemblage, a direct 

analysis may be performed for the combined soil structure system. To absorb, rather than reflect the radiated 

energy, “softer beam elements” are introduced into soil structure interface in the models. In general, the structural 

models used in a direct method of analysis represent only the overall dynamic behavior of the structure, and a 

second-stage structured analysis is usually performed using the results of the SSI analysis as excitation. The 

simplified structural models for our analysis were developed using a modal equivalence principle. The complexity 

of the FLUSH models increased from the isolated reactor building to the isolated reactor complex.  

The results show very little difference between the isolated and coupled foundations. The only significant 

difference occurs in the frequency range of 8 to 12 Hz. The main reactor building has a small effect on the 

response of the reactor complex. Peak acceleration of the main reactor building foundations increases in by 20 to 

35%. In the multiple structure system predicted by CLASSI and FLUSH, peak acceleration on the foundation and 

at points in the structure varied on the average by 40%, with the FLUSH results less than those of CLASSI. On the 

foundation for the CLASSI spectral peaks for N-S translation are from 40 to over 90% higher than those from 

FLUSH. Vertical response on the foundation appears to agree fairly well. At the top of the main reactor building, 

spectral accelerations for N-S translation reflect the differences seen in the foundation N-S translation. Here the 

CLASSI spectral peak is about 145% higher than the FLUSH value.  

A comparison of the reactor buildings response as predicted by CLASSI and FLUSH shows substantial 

differences - 150% or more in some cases. Modeling the reactor complex in this cross section was difficult. The 

resulting model represented the state of stress in the soil properly but underestimated the total mass and the 

stiffness of the structure foundation system. The reactor building mass in the FLUSH model was twice that of the 

complex, and consequent y, reactor building response was not significantly changed from the isolated case, 

reactor complex response changed significantly. Modeling three-dimensional configuration with equivalent 

two-dimensional models is an issue, which requires careful consideration. 
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4. ANALYSIS AND DISCUSSION 

 

In CLASSI and FLUSH analysis, the influence of boundary condition becomes more significant. To resolve 

the inherent difficulty to evaluate equivalent two-dimensional models, a concept of boundary layer is introduced 

to implement the continuously distributed viscous damping forces along the moving computational boundary. 

Applying different boundary conditions is conducted on three-dimensional model. SASSI 2000 is commonly used 

to assess SSI effects in nuclear-related structures. SASSI 2000 employs sub-structuring techniques to partition the 

SSI problem into smaller, simpler problems. The total soil-structure system is divided into three substructure 

systems: the free-field site, the excavated soil volume, and the structure. The basic methods of analysis adopted by 

the computer program are called the flexible volume and the recently developed subtraction methods. These 

methods are formulated in the frequency domain using the complex response method and the finite element 

technique. However, SASSI requires one to one correspondence between each substructure system. Depending on 

the problem size, this requirement can cause difficulties when creating the analytical model for each system. 

Through the use of the GT STRUDL tool, the free-field site system soil layers are introduced into the SASSI 

model to determine seismic demands on the structure. The SSI analysis capabilities of SASSI 2000 would be 

useful. The analysis results show that peak acceleration on the main reactor building appears to agree quite well 

with FLUSH. 

At the same time, the infinite element type from ABAQUS library has been investigate as a transmitting 

boundary condition in place of the traditional dashpots for 3-D finite element models. Unlike a dashpot element, 

an Infinite Element does not require calculations of coefficients, which require knowledge of detailed soil 

properties and mesh geometry. The infinite element offers a slight improvement in the regularity of the wave 

absorbing characteristics computed in the idealized cases examined, and infinite elements radiation damping 

performance is reliable. 

Using the contact surface such as the Master-Slave of ABAQUS, soil structure interface can be modeled. In 

this technique, the model is divided into two submodels one called the Master and the other called the Slave. The 

two sub-models interact along a user-defined contact surface. By virtue of this surface, it can trap wave scattering 

energy, because the energy dissipation associated with the structure is included with the structural elements, and 

that associated with the soil is included with the soil elements. In addition, it can successfully capture the most 

important local nonlinear behaviors at the soil-structure interface. Using this code, the analysis results show that 

peak acceleration on the main reactor building also appears to agree fairly well with FLUSH. However, the 

respective spectral distribution graph is different. 

 

5. CONCLUSIONS 
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Dynamic soil structure interaction is an important part that should be included in the seismic analysis when 

the structures are stiff and the soil is soft. The different codes and boundary conditions affect on analysis results. 

Infinite elements can be used efficiently as transmitting boundary conditions instead of dashpot ones. Contact 

surface technique is well fitted to handle the soil structure Interaction problem. It can successfully capture the 

most important local nonlinear behaviors at the soil structure interface.  
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