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ABSTRACT 
 

It is well known that the foundation failures during earthquake excitation are greatly influenced by the interaction effect 

between soil and foundation. Such interaction effect is one of the important aspects that need to be considered during the 

analysis and design. In this regard, a review survey is carried out on frame structure the foundation of which is in 

contact with soil mass. The concept of dynamic soil–structure interaction is elaborated and the research methods are 

discussed. More focus is made on understanding the complexity and excessive simplification in modelling of the 

foundation-structures system. Here, existing relevant analytical, experimental and numerical approaches are discussed. 

 

1. Introduction 

All building structures consist of some structural elements which has direct contact with the earth surface/soil. 

When external forces like earthquake act on the structures, the structural and the ground displacements are 

dependent on each other. Soil-Structure Interaction (SSI) can be defined as the process wherein the response 

of the soil influences the motion of the structure and vice-versa. Conventionally, SSI is ignored in structural 

design methods which generally lead to unsafe superstructure and foundation design. The total SSI response is 

the combination of two parts, namely kinematic interaction and inertial interaction. Kinematic interaction 

occurs when the seismic wave passes through a soil mass; it vibrates and gets displaced due to distortion and 

dilation of waves. Here, vibration usually occurs only in the supporting soil mass. Whereas during an inertial 

interaction, the wave passes through soil, to the structure; then structure starts vibrating, exerting extra 

dynamic force (or momentum) to the soil mass. It is a function of the inertial force produced by the structure. 

The problem of interaction becomes more complex when soil, foundation, and structure are to be modelled 

with equal rigor. Extensive publications are featured hereafter to understand the current status of research in 

this area. The literatures are summarized including the review domain as analytical, numerical, experiment 

observation. 

 

2. Different approaches 

SSI problems can be solved basically in two ways: Direct approach and Substructure approach. 

2.1. Direct Approach 

In the direct approach, the soil and structure are modelled together in a single step accounting for both inertial 

and kinematic interaction. Inertial interaction develops in structure due to own vibrations giving rise to base 

shear and base moment, which in turn causes displacements of the foundation relative to free field. While, 

kinematic interaction develops due to presence of stiff foundation elements on or inside the soil causing 

foundation motion to deviate from free‐field motions. Figure (1) shows a typical configuration for modelling 

of SSI using direct approach. 

 
Figure 1: Direct method configuration for modelling of SSI system [42] and [43]. 
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 The response of the coupled system can be obtained from Equation (1). 

  𝑀  Ü +  𝐶  Ú +  𝐾  𝑈 = − 𝑀  Ü𝑔  (1) 

; Where,  𝑀 ,  𝐶  and  𝐾  are the mass, damping and stiffness matrices of the integrated system which 

includes the structure and foundation system.  Ü ,  Ú  and  U  are the acceleration, velocity and displacement 

matrices of the system and Ü𝑔  is the ground motion acceleration. 

 

2.2. Substructure Approach  

In the substructure approach, the analysis is divided into several steps. The principal of superposition is used 

to isolate the two primary causes of SSI; the inability of foundation to match the free field deformation and the 

dynamic response effect of structure foundation system on the movement of supporting soil. In conventional 

analysis and design approach, it is assumed that the foundation of structure is fixed to a rigid underlying 

medium [5]. Lately in the last few decades, however, it is recognized that SSI altered the response 

characteristics of a structural system, because of the massive and stiff nature of structure and generally the 

softness of soil. Various studies have appeared in the literature to study the effect of SSI on dynamic response 

of structures such as nuclear power plants, high‐rise structures and elevated highways [31], [24], and [40]. The 

response of the system due to kinematic interaction and inertial interaction can be calculated separately and 

then superimposed as per the theory of superstore method to get the combined system response [37]. 

Equations (2) and (3) represent the kinematic and inertial interaction separately. 

  𝑀𝑠𝑜𝑖𝑙   Ü𝐾𝐼 +  𝐶  Ú𝐾𝐼 +  𝐾∗  𝑈𝐾𝐼 = − 𝑀𝑠𝑜𝑖𝑙   Ü𝑔   (2) 

  𝑀  Ü𝐼𝐼 +  𝐶  Ú𝐼𝐼 +  𝐾∗  𝑈𝐼𝐼 = − 𝑀𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒   Ü𝐾𝐼 + Ü𝑔   (3) 

; Where,  𝑀  =  𝑀𝑠𝑜𝑖𝑙   +  𝑀𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒  , and  𝑀𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒   is the mass matrix assuming soil is massless, [𝐾∗] is 

stiffness of entire system, [𝐶] is damping matrix of entire system, Ü𝑔  is input ground acceleration, {𝑈𝐼𝐼} 

displacement vector due to inertial interaction [29], [32] and [39]. 

 

3. Damages during earthquakes 
Earthquake damages can be occurred due to incomprehension of SSI effect in design of structure and 

foundation system [35], [38] and [40]. During the 1985 Mexico earthquake, high rise building collapsed due 

to the partial bearing capacity failure of foundation soil. It is reported that this earthquake was particularly 

destructive to the unbraced buildings founded on soft soils, due to the increase in fundamental time period of 

soil from about 1.0 second to nearly 2.0 seconds induced due to the interaction phenomenon. During the 1995 

Kobe earthquake (M=6.9), the interaction effect played a vital role in sudden increase of natural period where 

the collapse and overturning of Hanshin expressway was observed. During the same earthquake, Daikai 

station failed because of poor load transfer mechanisms due to interface effects [21]. During the 2010 Haiti 

earthquake (M=7), collapse of several buildings was observed because of deeper rotation failure due to 

movement of soils [19] and [22]. During the 2001 Bhuj earthquake (M=7.6), extensive damage to life and 

property occurred due to attenuation effect of the wave travelling through the soil layers with a high 

impedance contrast of the supporting soil layers [27]. 

 

4. Factors influencing SSI effects 

Effects of the SSI phenomenon depend on many parameters including soil stratification, soil density, and 

wave propagation frequency. Few related factors are discussed hereafter. 
 

4.1. Impedance contrast 

Impedance contrast is the product of velocity and density of the material. It signifies the variation of the 

ground motion amplitude while travelling to the most heterogeneous media like soil [26]. Seismic waves 

travel faster in hard rocks as compare to softer rocks and sediments [17] and [28]. As the waves passes from 

harder to softer media waves travels slower and in order to maintain the same earthquake energy, the waves 

attains bigger amplitude [7], [6] and [13]. 
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4.2. Resonance 

During an earthquake, resonance occurs when the magnitude of an excitation frequency (Frequency of 

earthquake wave) matches with the fundamental natural frequency of the system. Early researchers showed 

that there is difference in the structural responses for fixed base analysis and for the SSI analysis in frequency 

domain [18], [37] and [23]. 
 

 4.3. Damping in Soil  

When the seismic waves travel through the soil mass, the energy of the wave is dissipated due to scattering of 

waves into infinite domain. The damping action associated in this phenomenon is called as the radiation 

damping. The energy of the input waves can also trigger deformations of the soil mass, causing changes in the 

soil material properties. In such case, the type of damping action is referred as material damping [15]. 

Absorption of energy occurs due to inelastic properties of the medium in which the particle of the medium 

does not react in a perfectly elastic manner. A part of the energy in the waves is lost instead of being 

transferred through different medium after each cycle [14], [26] and [33]. 
 

4.4. Trapping of Waves 

Impedance contrast between adjacent layers of soil mass is one of the important factors which cause the wave 

trapping in the soil mass. The 1995 Hyogo-ken Nanbu earthquake is observed to be the most destructive 

earthquake in Japan, even though it has a moderate magnitude of 6 [2], [14], [16] and [26].  
 

4.5. Lateral discontinuities 

Lateral discontinuities can occur when a softer material lies besides a more rigid one. Damages were observed 

in Bhatwari - Sonar village during the 1999 Chamoli earthquake due to a layer of dumped debris situated 

below the stiff soil [44]. Numerous researches worked on SSI analysis for structures founded on different 

types of shallow and deep foundation configurations. With attempts made on the interaction analysis of 

building founded on piles, researchers observed that much research gap is left [8], [9], [10], and [11].  

 

5. Past studies 

Several researchers carried out experimental research using full scale and scaled down models to understand 

the SSI effects for buildings with different types of foundation [13] and [14]. The behaviour of the structure 

against the dynamic loading is best evaluated by the ambient and forced vibration tests. They have extended 

these experimental models to the geotechnical applications, to study the soil behaviour with the structure 

coupled under dynamic load. 

By carrying out an ambient vibration test on a nineteen story building against the random wind excitation 

considering the first three modes of vibrations, [12] commented that the ambient vibrations test can be used to 

determine some of the lowest frequencies and modes of vibration of full scale structures. The results from the 

ambient test analysis for the building are compared against the analytical calculation and it is concluded that 

the some of the theoretical and experimental values are in good agreement [12], [25], [34] and [36]. 

When a full scale experimental study for Hollywood storage building is carried out by [39], the SSI 

interaction problem became too complex to summarize the dependent parameter. In order to simplify the 

problem, few data needed to be neglected. The rocking effect of the wave propagation is neglected and the 

response of the building is estimated depending up on the ground motion transfer function for different ground 

motions. Few researches is carried out for estimating the significance of the SSI effects studied for both 

embedded and shallow foundation, where it is revealed that the fundamental time period due to SSI is 

lengthen to 12% and 74% for the braced and unbraced structures respectively [30], [41] and [1]. 

The Nuclear Power Engineering Corporation (NUPEC, 1998) had conducted extensive experimental studies 

on the SSI of the nuclear power plants. A series of tests is conducted to verify the SSI provisions by seismic 

analysis codes [41]. The SSI for rigid structures is studied with dynamic loading, considering parameters 

including base mat size, dynamic soil stiffness, radiation damping and soil pressure distributions [20]. Similar 

study is carried out to understand the uplift phenomenon including interaction effect for shallow raft without 

soil modelling. It is found that the uplift pressure developed during SSI analysis [3] and [4]. The response 

behaviour of multi-storey structures with isolated or raft foundations, resting on a shallow soil stratum of 
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homogeneous or layered soil, subjected to earthquake induced ground motions, dynamic SSI effects are to be 

considered for a safe design. An experimental study is carried out with the aid of a container box with 

structure embedded into the soil, accelerometers are placed in soil and the building model for measuring the 

response to impact with impulse hammer. The study concluded that the incorporation of soil flexibility in the 

analysis of low rise buildings is required for the realistic estimate of structural seismic response especially for 

single storey structures resting on very soft soil. Seismic base shear is found to decrease for the medium rise 

buildings, with raft foundation resting on soil as compared to fixed base due to longer natural period. It shows 

that the effect of SSI is advantageous to medium rise buildings on raft foundation. The investigations for low 

rise buildings with isolated footings resting on a shallow soil stratum, on rock, under transient loading, 

revealed that the effect of SSI is to increase the seismic response of low rise buildings, up to three stories [41]. 

Almost all structures are in contact with soil. Thus, it is essentially important to understand the effect of 

supporting strata on the superstructure. The SSI problem is very complex as it involves the combined effect of 

several factors like soil nonlinearity, interface behaviour, soil impedance, wave propagation effect, structural 

inertia, viscous boundary, etc. To understand the SSI problem clearly and to accurately model the system, a 

versatile tool is need to be adopted. The finite element method is one of the numerical techniques which give 

the flexibility to model the essential complexities of SSI problem [41]. 

A macro model element for SSI analyses of piles in liquefiable soils is tested where results were found to be 

in agreeable range when compared to the physical model [49] and [41]. A 3-D nonlinear numerical analysis 

on the friction pile including the soil pile interaction for different ground motions revealed that the base shear 

will be more in friction piles as compared to the shallow foundations. It is also found that, frames supported 

with the frictions piles achieves a better life safety limit as compared to other type of foundations [1]. Figure 2 

shows the difference in base shear for structure modelled with; fixed-base, shallow foundation, and structure 

supported by floating (frictional) pile foundation for Northridge, Kobe, El Centro and Hachinohe earthquakes. 

 
Figure 2: Base shear model structure for: fixed-base; shallow foundation; and structure supported by floating 

(frictional) pile foundation for few famous earthquakes [1]. 

 

6. Conclusions 

Based on the extensive review made on SSI, the following important points can be identified for a good 

understanding on the SSI phenomenon. 

1) The effect of SSI should essentially be considered while performing analysis and design under both static 

and dynamic loading. 

2) Finite element is found to be a very useful tool for studying the SSI. 

3) The base shear which is the stability measure for the superstructure will be more in friction piles as 

compared to the shallow foundations. Frames supported with the frictions piles achieve a better life safety 

limit as compared to the other type of foundations. 

4) The seismic lateral vulnerability of structures is reflected by the seismic base shear and is considered to be 

one of the main parameter in seismic design. 

5) To solve the problem of SSI successfully, non linear analysis of both soil and structure must be considered. 
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6) The fundamental natural period of the building vary inversely with stiffness of the soil. There is a change in 

fundamental natural period with the change in the soil property. 

7) The frames supported with the frictions piles achieve a better life safety limit as compared to other type of 

foundations. 
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