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ABSTRACT

Adopting the most accurate and realistic modelling technique and computation method for treatment of dynamic soil-structure interaction effects in seismic analysis and design of structures resting on soft soil deposits is one of the most discussed and challenging issues in the field of seismic design and re-qualification of different structures. In this study, a comprehensive critical review has been carried out on available and well-known modelling techniques and computation methods for dynamic soil-structure interaction analysis. Discussing and comparing the advantages and disadvantages of employing each method, in this study, the most precise and reliable modelling technique as well as computation method have been identified and proposed to be employed in studying dynamic soil-structure interaction analysis of structures resting on soft soil deposits.
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1. Introduction

The seismic excitation experienced by structures is a function of the earthquake source, travel path effects, local site effects, and soil-structure interaction (SSI) influences. The result of the first three of these factors is referred to as ‘‘free-field’’ ground motion. Structural response to free-field motion is influenced by SSI (Fatahi et al., 2014). In particular, accelerations within structures are affected by the flexibility of foundation support and variations between foundation and free-field motions. Consequently, an accurate assessment of inertial forces and displacements in structures can require a rational treatment of soil-structure interaction effects (Tabatabaiefar et al., 2012). Seismic analysis of buildings and other engineering structures is often based on the assumption that the foundation corresponds to a rigid half-space, which is subjected to a horizontal, unidirectional acceleration. Such a model constitutes an adequate representation of the physical situation in case of average size structures founded on sound rock. Under such conditions, it has been verified that the free field motion at the rock surface, i.e., the motion that would occur without the building, is barely influenced by building’s presence. The hypothesis loses its validity when the structure is founded on soft soil deposits, since the motion at the soil surface, without the building, may be significantly altered by the presence of the structure (Tabatabaiefar et al., 2013 a,b) . Structure rested on soft soil, has its dynamic characteristics, namely the vibration modes and frequencies modified by the flexibility of the supports (Wolf and Deek, 2004). Based on the experimental and numerical investigations conducted by Tabatabaiefar et al. (2014a), under the influence of soil-structure interaction, lateral deflections and inter-story drifts of building structures resting on soft soil deposits substantially amplify in comparison to the structures resting on competent grounds. As a result of the overall lateral deflection amplifications, performance level of the structures resting on soft soil deposits change from life safe to near collapse level which is very dangerous and safety threatening. Thus, conventional design procedures excluding SSI may not be deemed adequate to guarantee the structural safety of building frames resting on relatively soft soil deposits Tabatabaiefar et al. (2014b).
Adopting the most accurate and realistic modelling technique and computation method for treatment of soil-structure interaction effects in seismic analysis of structures founded on soft soils is one of the most discoursed and challenging issues in the field of seismic design and requalification of different structures (Dutta and Roy, 2002; Tabatabaiefar, 2016). As a result, the current study carries out a comprehensive review on available and well-known modelling techniques and computation methods for soil-structure interaction analysis. Discussing and comparing the advantages and disadvantages of employing each method, the most accurate modelling technique and computation method for seismic analysis of structures resting on soft soil deposits will be proposed in this study. 
2. Modelling Soil Medium for Soil-Structure Interaction Analysis

Modelling the soil medium beneath the structure in soil-structure systems is one of the most important parts of the dynamic soil-structure interaction analysis. If the soil medium is modelled properly using an appropriate modelling methodology, the seismic response resulting from the dynamic soil-structure analysis can be realistically determined (Fatahi et al., 2011; Tabatabaiefar and Clifton, 2016; Far and Flint, 2017). 
Several studies have been conducted in the subject of soil medium modelling and generally the soil medium can be represented using the following methods:

· Winkler model (spring model);

· Lumped parameter on elastic half-space; and

· Numerical methods. 

2.1 Winkler Model (Spring Model)

According to Bowles (1996), Winkler model denotes the soil medium as a system of interchangeable but independent, closely spaced, discrete and linearly elastic springs. According to this method, deformation of the foundation due to the applied loads is limited to the loaded area. In this method, the subsoil is modelled by linear springs. Figure 1 shows the physical representation of the Winkler foundation model. The pressure-deflection relation at any point is given by

[image: image1.wmf]kw

p

=

                                                                                                                                      (1) 
where, p is the pressure, k is the coefficient of sub-grade reaction or sub-grade modulus, and w is the deformation.
Baker (1957), Vesic (1961), Kramrisch and Rogers (1961), Bowles (1996), and Brown (1977) conducted research on the basis of Winkler hypothesis due to its simplicity. Dutta and Roy (2002) realised that the basic limitation of Winkler hypothesis lies in the fact that it considers linear stress–strain behaviour of soil. The most serious demerit of Winkler model is the one pertaining to the independence of the springs. In addition, they pointed out that despite the simplicity and low computational cost of the Winkler idealisation, another fundamental problem is the determination of the stiffness of the associated elastic springs replacing the soil sub-domain. As a coupled problem, the value of the sub-grade reaction is not only dependent on the sub-grade but also on the parameters of the loaded area as well. However, the sub-grade reaction is the only parameter in Winkler idealisation. Therefore, great care should be practiced in determination of the sub-grade parameter (Baker, 1975). 

The mathematically and computationally attractive but physically inadequate Winkler hypothesis has attracted several attempts over time to develop modified models to overcome its shortcomings. Amongst many are Filonenko-borodich foundation model (Filonenko, 1940), Hetenyi’s foundation model (Hetenyi, 1946), Kerr foundation model (Kerr, 1965), and Beam-column analogy model (Horvath, 1993) in order to make it mathematically simpler and physically more realistic. New enhanced methods (e.g. Ter-Martirosyan, 1992; Hashiguchi and Okayasu, 2000) represent the rheological properties of the soil skeleton by combination of elastic, viscous, and plastic elements to consider nonlinear behaviour of the springs. Dutta and Roy (2002) recommended that Winkler hypothesis, despite its obvious limitations, yields reasonable performance and it is very easy to exercise. Thus, for practical purposes, this idealisation should, at least, be employed instead of carrying out an analysis with fixed base idealisation of structures. 
2.2 Lumped Parameter on Elastic Half-Space

In this method, three translational and three rotational springs are attached along three reciprocally perpendicular axes and three rotational degrees of freedom about the same axes below each of the foundations of the structure.  In addition, dashpots are added to the system in order to consider soil damping of the system (Figure 2). In this method, the spring's stiffness is dependent on the frequency of the forcing function, especially when the foundation is long and resting on saturated clay. In fact, the inertia force exerted by a time varying force imparts a frequency dependent behaviour, which seems to be more conveniently incorporated in stiffness in the equivalent sense. Thus, the dependence of the spring stiffness, denoting the deformable behaviour of soil, is due to the incorporation of the influence that frequency exerts on the inertia, though original stiffness properties are frequency independent. For the first time, the stiffness values of these springs for arbitrary shaped footings resting on homogeneous elastic half-space were suggested by Lysmer (1965). The stiffness parameters for horizontal, rocking and torsional degrees of freedom were developed later by Gazetas (1991). 

The damping coefficients which are proportional to the wave velocity in the soil and the foundation area were proposed by Wolf (1994) as follows:
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where, c is the damping coefficient taking into account the radiation damping of the soil and foundation, ρ is the soil density, ν is the wave velocity of the soil, and A0 is the foundation area.
Wolf (1994) developed a series of cone model parameters, which have been widely used in practical applications. Foundation stiffness coefficients of the proposed cone model are similar to the stiffness parameters proposed by Gazetas (1991). Bowles (1996) describes that, in the Lumped Parameter method, the effect of frequency dependent soil-flexibility on the behaviour of overall structural system is higher than what is obtained from the frequency independent behaviour determined by Winkler model. The additional damping effect imparted by the soil to the overall system may also be conveniently accounted for in this method of analysis. However, he concluded that the accuracy of this method is not adequate for complex problems. 

Dutta and Roy (2002) elucidated that the effects of soil-structure interaction on the dynamic behaviour of structures may conveniently be analysed using the Lumped Parameter approach. However, resorting to the numerical modelling may be required for important structures where more rigorous analyses are necessary. Jahromi (2009) concluded that this method cannot deal accurately with geometric and material nonlinearity, hence modelling the nonlinear response of both soil and structure becomes complex for which more sophisticated modelling approaches would be required. In addition, he mentioned that with the increasing availability of powerful computers and the wider applicability of numerical methods compared to analytical approaches, the use of the numerical methods has become a common means for modelling such complex interactive behaviour.
2.3 Numerical Methods

The advent of powerful computers has significantly changed computational aspects. As the scope of numerical methods has been wider than analytical methods, the use of methods such as finite element method (FEM) and finite difference method (FDM) has become more popular for studying complex and complicated interactive behaviour. Both methods produce a set of algebraic equations which may be identical for the two methods to be solved. 
According to Cundall (1976), it is pointless to argue about the relative merits of finite element or finite difference approaches as the resulting equations are the same. Finite element programs often combine the element matrices into a large global stiffness matrix, while this is not usually done with finite difference because it is relatively more efficient to regenerate the finite difference equations at each step. Most of the numerical methods (e.g. FDM and FEM) include extended form of matrix analysis based on variational approach, where the whole perpetual is divided into a finite number of elements connected at different nodal points. The general principles and use of finite element method and finite difference method is well documented and explained by Desai and Abel (1987). Another well-known numerical method is boundary element method (BEM) which is based on boundary integral equations which presents an attractive computational framework especially for problems involving singularity and unbounded domains. A detailed literature on the formulation of the method and its applications in different fields is addressed in the book by Brebbia et al. (1984). The basic idea of this method is to formulate the equation of motion of the unbounded domain in the form of an integral equation instead of a differential equation. Finally, this integral equation is solved numerically. Katsikadelis (2002) indicated that boundary element method has been applied in various areas of engineering and science. However, for many complex problems boundary element method is significantly less efficient than finite element and finite difference methods.
2.1 Comparison and Discussions
Employing numerical methods, researchers are able to model complicated geometries and conditions of soil medium with a high degree of accuracy using two or three dimensional elements (Figure 3). Chopra and Gutierres (1978) pointed out that numerical methods are most appropriate and accurate methods for soil-structure interaction analysis. Dutta and Roy (2002) after conducting a comprehensive critical review on idealisation and modelling of the soil medium for dynamic soil-structure interaction problems concluded that modelling the system through discretisation into a number of elements and assembling the same using the concept of numerical methods have proved to be very useful method, which is recommended to be employed for studying the effect of soil-structure interaction.
According to Bowles (1996) and Dutta and Roy (2002), numerical techniques can incorporate the effects of material nonlinearity (nonlinear stress-strain behaviour), heterogeneous material conditions, stress anisotropy, material damping and radiation damping as well as changes in geometry of the supporting soil medium in the dynamic soil-structure interaction analysis, due to the case specific nature of any particular problem. Thus, considering the mentioned merits of using numerical methods over the other approaches, and in order to attain rigorous and realistic results, employing numerical methods for dynamic analysis of soil-structure systems is highly recommended.
3. Numerical Approaches for Quantifying Soil-Structure Interaction 
In general, in order to quantify soil-structure interaction effects using numerical methods, the following two approaches can be utilised:
3.1 Substructure Method 
In substructure method, the SSI problem is decomposed into three distinct steps which are combined to formulate the complete solution. As reported by (Kramer, 1996), the superposition inherent to this approach requires an assumption of linear soil and structure behaviour. Varun (2010) described the three mentioned steps in the analysis as follows:

· Step 1:  Evaluation of a Foundation Input Motion (FIM), which is the motion that would occur on the base-slab if the structure and foundation had no mass. 

· Step 2: Determination of the impedance function. The impedance function describes the stiffness and damping characteristics of foundation-soil system. 
· Step 3: Dynamic analysis of the structure supported on a compliant base represented by the impedance function and subjected to a base excitation consisting of the FIM.

Numerous numerical studies (e.g. Kutan and Elmas, 2001; Yang et al., 2008; Carbonari et al., 2012) have been carried out adopting substructure method in assessing the seismic response of structural systems considering soil-structure interaction. 
3.2 Direct Method 
In direct method, the soil and structure are simultaneously accounted for in the mathematical model and analysed in a single step. Typically, the soil is discretised with solid finite elements and the structure with finite beam elements. Several researchers (e.g. Desai et al., 1982; Massumi and Tabatabaiefar, 2007; Mirhashemian et al., 2009; Gouasmia1 and Djeghaba, 2010; Samali et al., 2011; Tabatabaiefar and Fatahi, 2014; Tabatabaiefar and Mansoury, 2016) have studied dynamic response of soil-structure systems adopting direct method for modelling soil-structure interaction to achieve accurate and realistic analysis outcomes. 
The soil-structure system simulated using direct method, composed of structure, common nodes, soil foundation system and earthquake induced acceleration at the level of the bedrock, is shown in Figure 4.
The dynamic equation of motion of the soil and structure system can be written as:
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the nodal displacements, velocities and accelerations with respect to the underlying soil foundation, respectively. [M], [C][image: image12.png][m],
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 are the mass, damping, and stiffness matrices of the structure, respectively. It is more appropriate to use the incremental form of Equation (3) when plasticity is included, and then the matrix [K][image: image18.png][K]
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 is the earthquake induced acceleration at the level of the bedrock. An incremental equation is a form of equation that requires satisfaction of equilibrium at the end of the iteration. Further details about the form and application of incremental equation have been provided by Wolf (1998). For example, if only the horizontal acceleration is considered, then {m} = [1,0,1,0,....1,0]T. {Fv} is the force vector corresponding to the viscous boundaries. It is nonzero only when there is difference between the motion on the near side of the artificial boundary and the motion in the free field (Wolf, 1998).
3.1 Comparison and Discussions
Chopra and Gutierres (1978) reported that the principal advantage of the substructure approach is its flexibility. As each step is independent of the others, the analyst can focus resources on the most significant aspects of the problem. However, according to Wolf (1998), as the method is based on the superposition principle, which is exact only for linear soil and structure behaviour, approximations of the soil nonlinearity by means of iterative wave propagation analyses, allow the superposition to be applied for moderately-nonlinear systems. Therefore, taking into account the exact nonlinearity of the subsoil in the dynamic analysis may not be easily achievable using this technique. Kutan and Elmas (2001) noted that much has to be done in investigating the performance of the model and the numerical procedures of substructure method as well as the various influence factors on the response of a soil-structure system. Moreover, the material damping of foundation media in the time domain needs to be improved.
Carr (2008) believes that the advantage of this method in fact is its versatility to deal with complex geometries and material properties. Borja et al. (1992) concluded that since assumptions of superposition are not required, true and accurate nonlinear analyses are possible in this case. Therefore, direct method, which is more capable in modelling the complex nature of the soil-structure interaction in dynamic analysis, can be considered the most accurate method for dynamic analysis of soil-structure systems.
4. Computation Methods for Numerical Analysis of Soil-Structure Interaction 

Several efforts have been made in recent years in the development of numerical methods for assessing the response of structures and supporting soil media under seismic loading conditions. Successful application of these methods for determining ground seismic response is vitally dependent on the incorporation of the soil properties in the analyses. As a result, substantial effort has also been made toward the determination of soil attributes for using in these analytical procedures. There are two main numerical procedures for computation of seismic response of structures under the influence soil-structure interaction; (i) equivalent linear method, and (ii) fully nonlinear method. The traditional standard practice for dynamic analysis of soil-structure systems has been based on equivalent linear method. Various analytical studies have been carried out to compute the seismic response of structures adopting equivalent linear dynamic analysis for soil-structure interaction (e.g. Stewart et al., 1999; Dutta et al., 2004; Tabatabaiefar and Massumi, 2010; Maheshwari and Sarkar, 2011) due to its simplicity and adoptability to the most structural software around the globe. However, without using fully nonlinear dynamic analysis method, effects of soil nonlinearity of the supporting soil on the seismic response of structures have not been fully taken into account. The fully nonlinear analysis has not been applied as often in practical design due to its complexity and requirement to advanced computer programmes. However, practical applications of fully nonlinear analysis have increased in the last decade, as more emphasis is placed on reliable predictions in dynamic analysis of complex soil-structure systems (Byrne et al., 2006). 

4.1 Equivalent Linear Method
Equivalent linear method has been in use for many years to compute the seismic response of the structures at sites subjected to seismic excitation. In equivalent linear method, a linear analysis is carried out with some assumed initial values for damping and shear modulus ratios of the model which are often referred to as equivalent linear material parameters. Then, the maximum cyclic shear strain is recorded for each element and used to determine the new values for damping and modulus, utilising the backbone curves relating damping ratio and secant modulus to the amplitude of the shear strain. The new values of damping ratio and shear modulus are then used in the next stage of the numerical analysis. The whole process is repeated several times, until there is no further change in the properties and the structural response. At this stage, “strain-compatible” values of damping and modulus are recorded, and the simulation using these values is deemed to be the best possible prediction of the real behaviour. Rayleigh damping may be used in this method to simulate energy losses in the soil-structure system when subjected to a dynamic loading. Seed and Idriss (1969) described that equivalent linear method employs linear properties for each element, which remain constant under the influence of seismic excitations. Those values, as explained, are estimated from the mean level of dynamic motion.
4.2 Fully Nonlinear Method
Fully nonlinear method is capable to model nonlinearity in dynamic analysis of soil-structure systems precisely and to follow any prescribed nonlinear constitutive relation. In addition, structural geometric nonlinearities (large displacements) can be accommodated precisely in this method. During the solution process, structural materials could behave as isotropic, linearly elastic materials with no failure limit for elastic analysis, or as elasto-plastic materials with specified limiting plastic moment for inelastic structural analysis to simulate elastic-perfectly plastic behaviour. For the dynamic analysis, the damping of the system in the numerical simulation should be reproduced in magnitude and form, simulating the energy losses in the natural system subjected to the dynamic loading. In soil and rock, natural damping is mainly hysteretic (Gemant and Jackson, 1937). Hysteretic damping algorithm which is incorporated in this solution method enables the strain-dependent modulus and damping functions to be incorporated directly into the numerical simulation. 
4.3 Comparison and Discussions
Byrne et al. (2006) and Beaty and Byrne (2001) reviewed and compared the above mentioned methods and discussed the benefits of the fully nonlinear numerical method over the equivalent linear method for different practical applications. The equivalent linear method does not directly capture any nonlinearity effects due to linear solution process. In addition, strain-dependent modulus and damping functions are only taken into account in an average sense, in order to approximate some effects of nonlinearity, while fully nonlinear method correctly represents the physics associated with the problem and follows any stress-strain relation in a realistic way. In this method, small strain shear modulus and damping degradation of soil with strain level can be captured precisely in the modelling. Byrne et al. (2006) concluded that the most appropriate method for dynamic analysis of soil-structure system is fully nonlinear method. 
Fatahi and Tabatabaiefar (2014) studied the accuracy of fully nonlinear method against equivalent linear method for seismic analysis of building frames founded on soft soils under the influence of soil-structure interaction. The main goal of the study was to pinpoint whether the simplified equivalent linear method of analysis is adequately accurate to determine reliable seismic response for building frames or it is necessary to employ fully nonlinear method in order to attain rigorous and reliable results. In order to examine the accuracy of the equivalent linear method versus fully nonlinear method, Tabatabaiefar et al. (2015) compared the lateral deflections and inter-storey drifts of a structural model, predicted by both numerical procedures, with the measured experimental shaking table test results using a complex series of shaking table tests on a soil-structure model (Figure 5). According to the numerical results and experimental measurements (Figure 6), they observed that the numerical predictions of lateral deformations and inter-storey drifts adopting the fully nonlinear method are in a good agreement Therefore, the numerical soil-structure model using fully nonlinear method can replicate the behaviour of the real soil-structure system with acceptable accuracy. However, the numerical predictions adopting equivalent linear analysis approach are almost 30% less than the experimental values.  Thus, adopting the equivalent linear method results in under-prediction of the lateral deflections of mid-rise building frames resting on soft soils. This lack of accuracy may potentially underestimate the performance level of the building frames. As a result, extremely dangerous and safety threatening effects of the soil-structure interaction could be overlooked and misinterpreted employing the equivalent linear method in seismic design of mid-rise building frames resting on soft soils. It can be concluded that, while adopting performance base design, the equivalent linear method of dynamic analysis may not be an accurate and qualified method for seismic design and cannot adequately guarantee the structural safety of the mid-rise building frames resting on soft soil deposits. In the end, Fatahi and Tabatabaiefar (2014) and Tabatabaiefar et al. (2015a,b) concluded that the equivalent linear method of dynamic analysis is not an accurate and qualified method for seismic design and cannot adequately guarantee the structural safety of building frames resting on soft soil deposits. Therefore, employing fully nonlinear computation method for SSI analysis of building frames resting on soft soil deposits is highly recommendable.
5. Conclusions 
The critical review of the current modelling techniques and computation methods for soil-structure interaction analysis of structures founded on soft soil deposits leads to the following broad conclusions.
· Unlike other reviewed soil-structure interaction modelling techniques in this study, numerical techniques (e.g. FEM and FDM) are capable of incorporating effects of material nonlinearity, heterogeneous material conditions, stress anisotropy, material damping and radiation damping as well as changes in geometry of the supporting soil medium in dynamic soil-structure interaction analysis. As a result, in order to attain rigorous and true results, employing numerical methods for dynamic soil-structure interaction analysis of structures resting on soft soil deposits is highly recommended.
· The most accurate numerical approach for soil-structure interaction analysis of structures on soft soils is direct method due to its adaptability and versatility to deal with complex geometries and material properties. In addition, as assumptions of superposition are not required in direct method, exact and rigorous nonlinear analyses are possible in this case. 
· Fully nonlinear computation method is the most accurate and realistic method for dynamic soil-structure interaction analysis of structures on soft soils. Equivalent linear method of dynamic analysis is not a valid and qualified method for soil-structure interaction analysis and cannot sufficiently assure safety and structural integrity of structures resting on soft soil deposits. 
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