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ABSTRACT 1 

A surge in the infrastructure development, in populated regions, has compelled the construction of Reinforced 2 

Concrete (RC) buildings to be made over pile foundations when the underlying soil deposit is weak or loose. Individual 3 

piles in the foundation system can exhibit significant inelasticity and contribute to the modification in the inelastic 4 

response and ductility of the building system. Studies investigating the influence of soil-pile foundation structure 5 

interaction (SPFSI) on the inelastic seismic response of RC buildings are scarce. Existing studies on building with pile 6 

foundations consider the inelastic behaviour of the soil without accounting for pile inelasticity. Moreover, studies 7 

assessing the influence of SPFSI on the ductility of RC buildings are scarcely available. This article investigates the 8 

role of the complex phenomenon of SPFSI in modifying the inelastic behaviour and ductility capacity of RC frame 9 

and RC wall-frame systems. The results from this study show that the soil-pile foundation system inevitably 10 

contributes to the lateral load behaviour of RC buildings through inelastic deformations and rocking of the pile groups. 11 

This modifies the inelastic superstructure response in terms of the yield and ultimate drifts which may lead to a 12 

decrease in the ductility capacity of the RC buildings. In the present study the decrease in the ductility capacity was 13 

observed to be as high as 39% for RC wall-frame system and 12% for RC frame systems. The obtained results imply 14 

that, in order to account for the reduction in the ductility capacity of RC buildings under SPFSI effects, the response 15 

reduction factor needs to be suitably modified while carrying out the seismic design. Overall, this study reflects the 16 

importance of considering the complex phenomenon of soil-pile-foundation structure interaction (SPFSI) and its 17 

critical contribution towards the modification in the ductility of RC buildings supported on pile foundations.  18 

KEYWORDS 19 

Soil-pile foundation-structure interaction (SPFSI), RC frame system, RC wall-frame system, ductility, inelastic 20 

behavior, finite element analysis  21 

1. INTRODUCTION 22 

The contemporary era has experienced a surge in the construction of Reinforced Concrete (RC) frame buildings 23 

especially in the populous areas.  In regions of high seismicity these buildings may also possess shear walls for 24 

resisting the lateral loads and are termed as RC wall-frame buildings. Depending on the underlying weak soil it may 25 

become imperative to adopt piles as the supporting foundational system. Under these conditions, the seismic 26 

performance of the structural system can be significantly governed by the mutual interaction of the structure and soil-27 
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pile foundation (SPF) system or in other words soil structure interaction (SSI) effects. Several past and recent studies 28 

have affirmed that the dynamic response of structures could be significantly affected by SSI [1-9]. Veletsos and Meek 29 

[1] conducted analytical studies on structures idealized as single degree freedom systems and demonstrated that their 30 

natural characteristics are modified (i.e., natural period and damping increase) by considering SSI. Similar conclusion 31 

was drawn by Wolf [2] through analytical studies and by Luco et al. [3] through full-scaled forced vibration tests. The 32 

use of average spectral motion curves without proper normalization of period can thus end in unsafe design [4] of the 33 

structure under the influence of SSI. Further, the aspect ratio of the structure (i.e., height to width) along with the 34 

flexibility and embedment of the foundation can also significantly influence the response [1, 11-14]. Specifically, SSI 35 

effects can lead to an increase in the maximum displacement due to the deformation and rocking [15] at the super 36 

structure base [16]. This effect could be significantly greater in the case of sandy soil as for cohesionless soil the effect 37 

of soil nonlinearity is greater and could lead to a compromise in the structural safety [6].  38 

Pile foundations are usually considered to exhibit lesser displacements as they possess sufficient restraint 39 

against rocking when compared to shallow foundations, and therefore fixed base analysis is conventionally adopted 40 

[17]. However, in reality the behaviour of structures on pile foundation cannot be assumed to be the same as that of a 41 

fixed base system, especially when the piles can exhibit inelasticity. The deformation at the base of a super-structure 42 

can result in significant inelastic rotation and nonlinearity. Especially the piles may exhibit inelasticity at the top 43 

regions (pile-pile cap junction) or at the interface of two soil layers with contrasting properties [18] leading to an 44 

increase in the interstorey drifts or lateral deflections [13,17,19-20]. Further, rocking of the pile foundations may also 45 

contribute to the lateral deflection of the structure [21] and cause a change in the structural performance (e.g., from 46 

life safe to collapse) [17,20,22].  47 

Another aspect that determines the seismic performance of RC buildings is the approach using which the 48 

building is designed. Past studies have highlighted many instances wherein the force (or strength) based design [23] 49 

proved to be inadequate due to the inability of the buildings to undergo large inelastic deformations leading to severe 50 

damage or collapse [23]. These observations paved the way for the present-day philosophy of earthquake-resistant 51 

design for RC structures [24-25], according to which the deformation capacity is accounted for through the exhibition 52 

of ductility. While most past studies on the ductility of RC buildings have ignored SSI effects [26-30], studies on 53 

ductility considering SSI effects have focused on buildings supported on shallow foundations [31]. Unlike shallow 54 
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foundations (which act as rigid blocks), the pile foundations, owing to its geometry, may exhibit significant inelastic 55 

response that in turn may modify the inelastic behavior of the superstructure. This modification in the inelastic 56 

behaviour would be instrumental in modifying the ductility of the RC building system under SSI effects. Interestingly, 57 

it has been urged in the past to investigate the inelastic response of structures when supported by pile foundation 58 

(inelastic foundation) and assess the modification in the overall ductility of the structural system [18]. However, this 59 

gap still exists in the literature.  60 

To capture the modifications in the inelastic behaviour and ductility of RC buildings when supported by pile 61 

foundation system, it is essential to adopt a suitable approach for its mathematical modelling and analysis. Analytical 62 

and numerical procedures are commonly used for investigating the influence of SSI on structural systems. The 63 

analytical procedures utilize closed form expressions to obtain the solutions. Although accurate, these solutions 64 

employ the simplification of representing buildings as a Single Degree of Freedom (SDOF) oscillator. This approach 65 

is not appropriate for modeling non-uniform foundation rocking behavior as found in the case of frame and wall-frame 66 

buildings. Further, past investigations based on the analytical approach have mostly been carried out for SDOF 67 

systems on circular / rectangular disc resting on (or embedded in) elastic half space [32]. This is because the analytical 68 

procedure cannot be applied to the cases where the soil-foundation geometry is complex or wherein nonlinear inelastic 69 

behaviour is expected. The numerical procedures, on the other hand, could be utilized for SSI problems with complex 70 

geometries and material nonlinearities but can demand substantial effort in modelling and computation [32]. For this 71 

reason, not many studies exist that investigate nonlinear soil foundation structure interaction in detail, especially 72 

considering pile foundations. The few studies that exist consider single lumped pile foundation [15-22] which may 73 

not be a suitable approach to represent piles existing in a group and where non-uniform rocking is exhibited under the 74 

various vertical members of the building. Also, these studies are limited to a single type of structural system (frame 75 

or wall-frame) and do not consider variation in the soil-pile foundation properties. Further, no study has been carried 76 

out that investigates the inelastic behaviour of soil-pile foundation system and its corresponding influence on the 77 

ductility capacity of RC buildings. 78 

The objective of the current study is to investigate the complex phenomenon of soil-pile foundation structure 79 

interaction (SPFSI) and assess the modification in the (a) inelastic response of the RC buildings, (b) inelastic response 80 

of pile foundation system and (c) ductility of RC buildings. To realize the objectives, a numerical study has been 81 
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undertaken by considering a broad range of configurations of RC frame and RC wall-frame systems supported by pile 82 

foundation embedded in different soil conditions. Detailed finite element modelling has been carried out to capture 83 

the complex interaction of the pile group foundation with the vertical members (columns and shear wall) of the RC 84 

buildings. Nonlinear pushover analysis has been carried out to study the influence of SSI on the inelastic behavior of 85 

the considered systems. Subsequently, the role of foundation rocking and pile inelasticity in modifying the inelastic 86 

response of the super-structural system is examined. Finally, the effect of SPFSI on the ductility capacity of RC frame 87 

and RC wall-frame systems is outlined. 88 

2. NUMERICAL MODELLING 89 

To incorporate SSI effects, direct modelling approach has been adopted wherein the RC frame and RC wall-frame 90 

systems are modelled as a single unit along with the soil-pile foundation system (Figure 1). A finite element software 91 

framework, OpenSees [33], has been used to conduct the entire study and the various aspects of the numerical 92 

modelling are discussed briefly in the following subsections.  93 

  94 
 (a)  (b) 95 

 96 

Figure 1. Illustration showing SSI model for (a) RC frame system and (b) RC wall-frame system. 97 

2.1. Soil Profile  98 

A cohesionless soil layer having a uniform depth of 30 meters is considered lying over an elastic bedrock. The choice 99 

of the depth of the soil layer is based on standard practice and guidelines for the characterization of soil profile outlined 100 

in seismic codes [34-35].  The basic properties of the different soil conditions considered are shown in Table 1. Namely 101 

four types of soil conditions have been considered representing (a) loose sand (S1), (b) medium sand (S2), (c) medium 102 

dense sand (S3), and (d) dense sand (S4). In cohesionless soil the response depends on the confining pressure 103 

developed at a given depth. For this it is essential to choose a model that is capable of simulating pressure dependent 104 

constitutive behaviour so as to ensure a proper confining action onto the pile foundations. Moreover, pressure 105 
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dependent behaivour is suitable for modelling a realistic shear wave velocity profile across the soil depth. Hence in 106 

the present study, ‘PressureDependMultiYield’ material model [36], that employs the nested yield surfaces [37-39] to 107 

simulate the failure criteria [40], has been utilized to model the soil [41], see Figure 2a. For hysteretic response under 108 

cyclic shear loads, the material model utilizes a purely kinematic deviatoric hardening rule [39, 42] as shown in Figure 109 

2b. The octahedral stress-strain characteristic is represented by linearly approximating each yield surface interval as 110 

shown in Figure 2c. Twenty yield surfaces are employed in the present study for simulating the nonlinear constitutive 111 

behaviour of soil. The variation of the shear wave velocity across the depth of the soil domain is shown in Figure 3. 112 

It is worth mentioning that a soil domain with a nonlinear increase in the shear wave velocity across depth is a more 113 

realistic representation compared to the ones with constant or linearly increasing shear wave velocity. Further, it is to 114 

be noted that the adopted model for soil is an established one and has been used in several past studies [44-46]. The 115 

water table is assumed to lie at the bedrock level and is considered not to pose any influence onto the overlying soil. 116 

Table 1. Basic properties and constitutive parameters of the soil. 117 

Type of soil Condition 
ρ 

 (t/m3) 

φ  

() 
ν 

vs  

(m/s) 

Gr  

(kPa) 
γmax d ΦT () 

Loose (S1) 1.7 29 0.33 193 5.5×104 0.1 0.5 29 

Medium (S2) 1.9 33 0.33 212 7.5×104 0.1 0.5 27 

Medium dense (S3) 2.0 37 0.35 240 1.0×105 0.1 0.5 27 

Dense (S4) 2.1 40 0.35 270 1.3×105 0.1 0.5 27 

Note: ρ is the mass density of the soil, φ is the friction angle, ν is the Poisson’s ratio, is the average shear wave velocity, 

Gr and γ
max

 is the reference low strain shear modulus at and peak shear strain respectively at reference pressure   = 80 kPa, d is 

defined by the relationship , is the instantaneous effective confinement, G is the instantaneous shear modulus 

and ΦT is the phase transformation angle. 

 118 
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 119 

Figure 2. PressureDependentMultiYield material model [43]: (a) yield surface configuration in principle effective 120 

stress space (b) shear stress-shear strain curve and effective stress path, and (c) hyperbolic backbone curve 121 

and its piecewise-linear representation for the octahedral stress-strain response [37, 39]. 122 

 123 

Figure 3. Shear wave velocity distribution across the depth of the soil considered. 124 

2.2. Super-structure and Pile Foundation  125 

Two types of systems, namely, (a) RC frame and (b) RC wall-frame have been considered in the present study. The 126 

storey height, as well as the bay width, are considered to be equal to 3 m. Each of the RC frame and RC wall frame 127 

systems are analyzed for different heights, i.e., (i) 9 m (3 stories), (ii) 18 m (6 stories), (iii) 27 m (9 stories), and (iv) 128 
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36 m (12 stories). Corresponding to a particular height of the system, different structural widths (number of bay) are 129 

considered, i.e., (i) 9 m (3 bays), (ii) 15 m (5 bays), (iii) 27 m (9 bays), and (iv) 45 m (15 bays). To represent the 130 

system type, height, and width of the specimen (in the mentioned order), an alpha-numeric nomenclature is used. For 131 

example, to label an RC frame system possessing 6 storeys and 15 number of bays, the nomenclature F6-15 is used. 132 

Similarly, the label W12-9 indicates an RC wall-frame system possessing 12 storeys and 9 bays. Representative 133 

illustration of the considered RC frame and RC wall-frame specimens is shown in Figure 4. Each of these 134 

configurations are considered to be supported by four different soil types (viz., S1, S2, S3 and S4) for which the 135 

superstructure design remains the same while the pile foundation design is modified as per the supporting soil type. 136 

Additionally, one fixed base condition (FB) for each configuration is also analyzed.  137 

To design the RC frame and RC wall-frame systems relevant Indian Standards have been used. The intended 138 

use of the RC buildings is assumed to be for residential purposes and IS 875 Part 2 [47] has been used to estimate the 139 

gravity load, super-imposed dead load (3 kN/m2), and the live load (3 kN/m2). To represent the weight of unreinforced 140 

brick masonry infill wall, a uniformly distributed load having a magnitude of 5 kN/m is imposed onto the beams of 141 

the frame and wall-frame systems. The provisions of IS 1893 Part 1 [24] have been used to estimate the seismic forces 142 

on the superstructure systems by assuming that they are to be located in Zone V as per the Indian Seismic Zoning 143 

map. Further, IS 456 [48] and IS 13920 [49] have been utilized for designing the frame and shear wall sections 144 

subjected to the estimated gravity and seismic loads. The specification of the designed cross section of the members 145 

(column, beam and shear wall) are varied across the height of the superstructure as per the design requirements. It is 146 

worth mentioning that the difference between the frame and wall-frame system lies in the central bay, wherein a shear 147 

wall is incorporated which is being supported by a pile group system different from that of the columns (see Figures 148 

1a and 1b).  149 
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   150 

Figure 4. Configurations considered in the present study. 151 

After estimating the gravity and seismic loads at the base of the superstructure system, the same have been 152 

utilized for designing the pile foundations as per the provisions of IS 2911 Part 1/Sec 1 [50]. Each column is supported 153 

by a group of 3 piles whereas the shear wall is supported by a group of 6 piles for all the specimens. As per the practice, 154 

the distance between the adjacent piles, in a pile group under the columns, is kept to be three times the diameter of the 155 

individual pile. For the purpose of design, M30 and Fe500 grade have been used for concrete and rebar, respectively, 156 

and the modulus of elasticity is estimated as given in IS 456 [48]. The cross-sectional details of the superstructure 157 

elements (beam, column and shear wall) and pile foundation are provided in Annexure A. 158 

2.3. Idealization for Inelastic Behavior in the Super-structure and Pile Foundations 159 

The superstructure and pile foundation elements have been discretized using beam-column elements, with each node 160 

possessing two translational and one rotational degree of freedom. Moreover, the equivalent frame method [51] has 161 

been adopted for modelling of the shear wall elements. The cross-section of each of the members is modelled into a 162 

number of fibers representing steel rebar and concrete, and the fibers are assigned with their respective uniaxial 163 

constitutive behavior. The constitutive relationship proposed by Menegotto and Pinto [52] and modified by Fillippou 164 

et al. [53] is used for simulating the uniaxial stress-strain characteristics of steel rebars (Figure 5b), and is employed 165 
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using the material model ‘Steel02’ available in OpenSEES. For concrete inside the core of a section, it is essential to 166 

capture the increase in strength and ductility as a result of the confining action imparted by the stirrups under axial 167 

loads.  The cover concrete, on the other hand, can be modeled in an unconfined manner. In the present study, Kent-168 

Park model [54] is used for the modelling the uniaxial stress-strain behaviour of unconfined concrete while modified 169 

Kent-Park model [55] is used for confined concrete (Figure 5a). The confined and unconfined constitutive behavior 170 

is employed in the numerical models with the help of the material model ‘Concrete02’ which is also available in 171 

OpenSEES. It is worth mentioning that the chosen models have been developed based on rigorous experimental studies 172 

and are widely implemented for simulating the nonlinear stress-strain constitutive behaviour of steel rebar and concrete 173 

[56].  174 

In the superstructural members (beam, column and shear wall), the characteristics for possible inelastic 175 

behaviour are predefined at the two ends of each element by means of plastic hinges. Depending on the cross-sectional 176 

properties, the plastic hinge length in the beams and the columns is determined using the relationship proposed by 177 

Paulay and Priestley [23], as shown in Eq. (1).  178 

0.08 0.022p b yl l d f   (1) 179 

In Eq. (1), l
p
 is the plastic hinge length (in m), l is the distance between the point of the maximum moment to the point 180 

of zero moment (in m), d
b
 is the diameter of longitudinal reinforcing bar (in m), and f

y
 is the yield stress of the 181 

reinforcement (in MPa). Similarly, the plastic hinge length in the shear wall is determined using the relationship 182 

proposed by Kazaz [57], and is expressed as: 183 

' '

/
0.27 1 1

y sh

p w

ww c c

fP M V
L L

LA f f

   
     

     (2) 
184 

where L
p
 is the plastic hinge length of the shear wall, L

w
 is the length of the shear wall (in m), P/A

w
 f

c

′ is the axial force 185 

ratio (ratio of the axial load P to the load resisted by the concrete in the shear wall cross-sectional area, A
w
), ρ

sh
 is the 186 

horizontal reinforcement ratio in the web of the shear wall and M / V is the shear span. For piles, the inelasticity is 187 

distributed over the entire length, since the equation for plastic hinge length in piles is not presently available in the 188 

literature. A perfectly bonded interface (PBI) model has been used for establishing node connectivity between pile 189 

and soil. A schematic representation of the PBI modelling approach is shown in Figure 6. 190 
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 191 
 (a) (b) 192 

Figure 5. Uniaxial stress-strain models for (a) concrete and (b) steel rebar. 193 

 194 

Figure 6. Representative illustration of the PBI approach for pile-soil interface modelling. 195 

2.4. Boundary Condition, Element Discretization and Meshing Criteria 196 

For SSI studies involving dynamic analysis, wherein it is essential to capture wave propagation accurately, radiation 197 

boundaries are utilized (shown in Figure 1) to represent the infinite soil domain extending in the horizontal and 198 

downward direction. The radiation boundaries usually employ viscous dashpots to eliminate artificial reflection of the 199 

seismic waves and ensure proper wave propagation phenomenon. In pushover analysis, however, the focus is on 200 

capturing the nonlinear response of the structural system under gradually increasing loads, rather than simulating 201 

dynamic wave propagation. Further, the viscous boundaries do not develop reactions in the case of static analysis as 202 

their behaviour is velocity dependent. Hence, displacement restrained boundaries are deemed appropriate for the 203 

present study.  The horizontal basal boundary of the soil domain is restrained in the vertical and horizontal directions 204 
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whereas the vertical boundaries are restrained only in the horizontal direction and the vertical deformation of soil is 205 

allowed to simulate proper stresses under gravity loads. It is worth mentioning that utilizing restrained boundaries in 206 

case of nonlinear static analysis would not introduce inaccuracies in simulating realistic SSI behavior as long as the 207 

extent of soil domain considered is sufficient. To assure a minimal influence of the soil boundaries on the 208 

superstructure-substructure system, the prescription outlined by Sharma et al. [58] has been adopted for fixing of the 209 

lateral extent of the soil domain. According to the study, for any building with a particular width there exists an 210 

optimum lateral extent of soil domain beyond which the change in the overall response of the SSI system is 211 

insignificant. It is worth mentioning that the prescriptions were developed based on a dynamic analysis of the SSI 212 

systems. Utilizing these prescriptions for nonlinear static analysis would be more than sufficient as the extent of soil 213 

domain modeled is significantly larger than the influence zone of the soil-foundation system leading to the 214 

minimization of boundary effects. Hence in the present study, the width of the soil domain is determined based on the 215 

width of the frame configuration considered. 216 

In finite element based numerical studies it is essential to ensure that the element discretization and meshing 217 

of the soil domain is appropriate. This ensures accurate results being captured through numerical simulation which is 218 

required to draw rigorous conclusions. The discretization of the soil domain has been carried out using four-noded 219 

bilinear isoparametric quadrilateral elements, possessing four gauss integration points. To arrive at an appropriate size 220 

of the mesh elements, convergence study is carried out by employing uniform sized elements having an aspect ratio 221 

of one. Several cases are examined wherein the mesh is progressively made finer and the change in the displacement 222 

of soil nodes under gravity load is observed. For example, Figure 7a shows the change in the displacement of the soil 223 

node underneath the central bay of the superstructure. It can be observed that as the mesh size is made finer, the change 224 

in the displacement diminishes and no further change is seen for a mesh element size fine than 0.5 m.  Adopting this 225 

size for meshing would although produce accurate results, however, is quite expensive from the aspect of 226 

computational costs. Hence, an optimized structured non-uniform meshing (shown in Figure 7b) is adopted to ensure 227 

accuracy at low computational expenditures. A fine mesh element size of 0.375 m × 0.5 m has been adopted in the 228 

regions near to the structure-pile foundation system, while a coarse mesh element size of 1.5 m × 1.5 m has been 229 

considered in the regions far away from the system. To avoid interpolation error and severe mesh distortion during 230 

computation, it is essential to keep the aspect ratio within a safe limit. In this regard, the maximum aspect ratio of the 231 

elements has been limited to 4 [59]. It may be noted from Figure 7a that the adopted meshing scheme provides 232 
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sufficiently accurate results. It is worth mentioning that several past studies [60-63] on SSI have adopted a similar 233 

approach of employing the nonuniform meshing.  234 

 235 

 (a) (b) 236 

Figure 7. (a) Mesh convergence study and (b) adopted non-uniform optimized meshing. 237 

2.5. Validation of Numerical Modelling 238 

Before proceeding to the detailed analysis, it is essential to verify that the adopted numerical modelling approach is 239 

capable of providing reliable results. In the present study, the modeling of the soil domain is validated by comparing 240 

the numerical estimates of the fundamental period (Ts) of soil domain under elastic condition with the theoretical 241 

values obtained from the expression shown in Eq. 3 [64].   242 

4.48 s
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  (3) 243 

In the above equation, vsD is the shear wave velocity of the soil corresponding to the depth of the soil domain 244 

considered (Ds). It can be observed from Figure 8a that there exists a sound agreement between the estimates form the 245 

two approaches with a maximum difference of less than 8%. Further, the ability of the soil domain to simulate dynamic 246 

response is tested by subjecting it to a sine wavelet and noting the peak total acceleration response across the depth of 247 

a soil column located at the center of the soil domain. A close agreement between the simulated results and those 248 

existing in literature [65] can be observed from Figure 8b. 249 

Apart from the soil domain, it is also essential to ascertain the suitability of the selected material models to 250 

simulate the nonlinear behaviour in the structural members. For this, the nonlinear backbone pushover curve of an 251 

isolated column (3.25 m height) is compared with the results produced by Ko and Phung [66] in Figure 8c. Similarly, 252 
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the simulated nonlinear backbone pushover curve of an isolated shear wall (3.65 m height) is compared with the test 253 

results obtained by Thomsen and Wallace [67] and is shown in Figure 8d. It can be seen that the nonlinear behaviour 254 

of the members is satisfactorily simulated and hence the adopted modelling approach can be used for further analysis. 255 

For the sake of brevity, the member details as well as the loading information has not been reproduced here; they can 256 

be found in the cited references. 257 

  258 
 (a)  (b) 259 

  260 
 (c)  (d) 261 

Figure 8 Comparison of results simulated in the present study for validation with those available in literature for (a) 262 

natural period of free field soil domain corresponding to the considered soil types (b) maximum acceleration 263 

response of soil column located at the center of a free field soil domain  (c) nonlinear backbone pushover 264 

curve of RC column and (d) nonlinear backbone pushover curve of RC shear wall.  265 
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3. METHODOLOGY FOR ASSESSING INELASTIC BEHAVIOUR AND DUCTILITY CAPACITY 266 

The methodology used for assessing the inelastic behaviour and ductility capacity of the RC frame and RC wall-frame 267 

systems with SSI effects is shown in Figure 9. Based on the modelling approach outlined, the SSI and fixed base (FB) 268 

models are created. These models are first subjected to a stage-wise static gravity analysis [65,68-69] in order to ensure 269 

that a proper static stress state and confining action is developed onto the piles. Next, Eigen analysis is performed to 270 

obtain the fundamental mode shapes of the SSI and FB models. These mode shapes are utilized as the lateral load 271 

distribution profiles while performing the displacement controlled nonlinear static pushover analysis in the subsequent 272 

stage. The outcome of the nonlinear static pushover analysis is obtained as roof drift (Δ, i.e., roof displacement 273 

measured from the base and normalized with respect to the height of the superstructure) versus the shear force 274 

developed at the base of the superstructure (V). The ultimate drifts are obtained by evaluating the performance state 275 

based on the inter-storey drift limits as prescribed in codal guidelines [70-71] and used in past studies [28-29]. Table 276 

2 shows the various interstorey drift limits corresponding to the three different levels of damage states for the different 277 

types of vertical RC elements of the structural systems considered. It is worth mentioning that for buildings, IS 1893 278 

Part 1 [24] prescribes an interstorey drift limit of 0.4% under design lateral load and no prescription is made for the 279 

evaluation of various inelastic performance states.  280 

Table 2. Drift deformation limits as provided by FEMA-356. 281 

Element type 

Performance levels 

Immediate occupancy 

(IO) 

Life safety 

(LS) 

Collapse prevention 

(CP) 

Column frames 1% 2% 4% 

Concrete walls 0.5% 1% 2% 

 282 
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  283 

Figure 9. Methodology adopted for assessing inelastic behaviour and ductility capacity of RC buildings under SPFSI 284 

and FB conditions. 285 

For RC frame systems, the columns act as the primary lateral load resisting elements and their performance is very 286 

much dependent on these elements. Similarly, in RC wall-frame systems, the damage incurred in the structural wall 287 

(which bears a large share in the lateral load resistance) significantly affects the global performance. Hence, for RC 288 

frame and RC wall-frame systems the collapse prevention (CP) limits corresponding to concrete frames and concrete 289 

walls have been respectively utilized for identifying the ultimate state (i.e., Δ
u and V

u
) in the pushover curve. Further, 290 

the identification of the yield state (i.e., Δ
y 

and Vy
) is done by bilinearizing the actual pushover curves using the 291 

Staged gravity load analysis of the numerical models with nonlinear soil constitutive 

behaviour to develop proper confining action onto the pile foundation. 

Development of soil structure interaction (SSI) and fixed base (FB) numerical models in OpenSees. 

Start  

Eigen analysis to obtain the fundamental mode shape profile of the SSI and FB models. 

Identification of ultimate displacement (Δ
u
) through critical storey 

mobilizing interstorey dirft (ISD) levels corresponding to collapse 

prevention (CP) performance state as prescribed in FEMA 356. 

Nonlinear Static Pushover analysis of the numerical models with the fundamental 

mode shape as the lateral load profile to obtain the pushover curves. 

Bilinearization of pushover curves using FEMA 356 

guidelines and identification of yield displacement (Δ
y
). 

End 

Determination of ductility capacity (µc = Δu / Δy) based on the obtained yield and ultimate drifts. 

Comparison of fixed base ductility capacity with that under the influence of SPFSI.  
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guidelines provided in FEMA 356 [71]. According to the guidelines, the initial and post-yield slopes (K
e
 and αK

e
) are 292 

iteratively determined, so that two criteria are simultaneously satisfied, i.e., (i) the area above and below the actual 293 

curve is approximately balanced by the idealized pushover curve, and (ii) the initial stiffness of the idealized curve is 294 

set to match the secant stiffness of the actual pushover curve at 0.6V
y
. The process of bilinearization of the pushover 295 

curve (summarized in Figure 10a) begins by taking an informed guess of the yield values. The degree of satisfaction 296 

of the two criteria is checked with the guess values. Usually, the first set of guess values are chosen to be lower than 297 

the values expected to satisfy the criteria and hence the criteria is rarely satisfied in the first trial. Subsequent guesses 298 

are made by systematically increasing the guess value till both the criteria are satisfied. Figures 8b and 8c show the 299 

bilinear idealization of representative pushover curves having positive and negative post-yield slope respectively. 300 

Once the ultimate and yield drifts are obtained, the global ductility capacity of the structural system is obtained (µ
c
 = 301 

Δ
u
 / Δ

y
) for further analysis. 302 

 303 

(a) 304 

 305 

 306 

Start 

Determine initial stiffness Ke. 

Consider an initial value of shear force 

and assume it to correspond to ‘0.6V
y
’. 

 

Determine V
y
, Δ

y
 and α based on the initial stiffness Ke. 

Determine ‘Error’, i.e., the difference in area under the bilinear 

pushover graph and the actual pushover graph, 

Consider a new value of shear force and 
assume it to correspond to ‘0.6V

y
’. 

 

Consider V
y
, Δ

y
 as the final yield values. 

Stop 

Yes 

No 
Is Error0? 
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(a) 307 

 308 
 (b)  (c)     309 

Figure 10. (a) Bilinear idealization process of pushover curves. (b) Bilinear idealization of representative pushover as 310 

per FEMA 356 for (a) positive post-yield slope, and (b) negative post-yield slope. 311 

4. RESULTS AND DISCUSSION 312 

4.1. Effect of SPFSI on Inelastic Super-Structural Response 313 

4.1.1. Influence on base shear 314 

The fixed base natural period of the different configurations of RC frame and RC wall-frame systems considered is 315 

shown in Figure 11. For a particular configuration, the fixed base natural period of RC wall-frame system is lower 316 

owing to its higher stiffness due to the presence of shear wall. The incorporation of SSI leads to modification in the 317 

natural period and the vibrational mode shape of the buildings. The mode shapes of the RC frame and RC wall-frame 318 

systems under SSI are shown in Figures 12a and 12b respectively. It can be observed that SSI leads to larger 319 

deformability in the building systems especially towards the lower storey levels wherein the effect of soil-pile 320 

foundation flexibility is greater. Also, the effect is much greater for the RC wall-frame systems as they are stiffer in 321 

comparison to RC frame systems.  322 

 323 
Figure 11. Fixed base natural period of the RC frame and RC wall-frame systems considered (x-axis indicates 324 

configuration, i.e., number of storeys and number of bays). 325 
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 326 

 327 
Figure 12. Influence of SPFSI on the fundamental mode shape of (a) RC frame systems and (b) RC wall-frame 328 

systems. 329 

The pushover curves of the RC frame and RC wall-frame systems under the different support conditions are shown in 330 

Figures 13a and 13b respectively. It can be observed that the base shear developed in RC frame system is lower than 331 

that of the RC wall frame systems. Moreover, it can be observed that for RC frame systems the influence of SSI on 332 

the maximum base shear is marginal, and its magnitude for the SSI-incorporated case does not vary significantly from 333 

that of the fixed base (FB) case. The RC wall-frame systems on the other hand exhibited a greater change in the base 334 

shear under SSI effects. This is due to the presence of stiff shear wall which induces larger deformations at the base 335 

of the superstructure. Almost all the RC wall-frame configurations supported by S1 soil have the lowest base shear 336 

capacity, while those with FB condition exhibit the highest magnitudes. This is obvious since for the FB condition, it 337 

is expected that the structural system will attract larger forces as compared to that under the SSI cases. Moreover, the 338 

variation in V
max

 is observed to be the largest for W3-3 (most stiff RC wall-frame system) and least for W12-15 (most 339 

flexible RC wall-frame system). Additionally, for a fixed height of the wall-frame system, V
max

 reduces upon 340 

increasing the width from 3 bays (relatively stiff) to 15 bays (relatively flexible). This indicates that the effect of 341 

incorporating soil-foundation flexibility is more influential for a stiffer system. This is because stiffer systems (like 342 

W3-3) tend to attract greater inertial forces and moments onto the foundation, making them more sensitive to the 343 

flexibility introduced by the soil-pile foundation system. In the case of more flexible systems (like W12-3), this 344 
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tendency to attract high amounts of inertial forces and moments is less which consequently leads to a reduced impact 345 

of soil-pile foundation flexibility on the overall base shear. It is worth highlighting that the implication of such a 346 

change could be significant for the pile foundations. Large deformations induced on the pile foundation by stiff 347 

superstructural systems could increase rocking (discussed in Section 4.2) and inelastic rotations in the piles. 348 

Consequently, it would be suitable to design the piles under the influence of SSI with greater amount of reinforcement. 349 

 350 
 (a)  (b) 351 

Figure 13. Influence of SSI on the inelastic behavior shown in the form of pushover curves for (a) RC frame systems 352 

and (b) RC wall-frame systems. 353 

4.1.2. Influence on yield and ultimate drifts 354 

From Figure 13a, it can also be observed that the variation in the yield drift (Δ
y
) and ultimate drift (Δ

u
) is quite 355 

insignificant for RC frame systems. It is however noted that in case of short frames (3 and 6 storey), Δ
u
 for the FB 356 

case is relatively larger compared to that obtained for the SSI cases. For the taller RC frame systems (9 and 12 storey), 357 

the trend is interestingly reversed, wherein Δ
u
 is relatively lesser for FB case. For instance, under FB condition, Δ

u
 for 358 

F3-15 is 2.01, while that for S1 soil condition is 1.92; on the other hand, Δ
u
 for F12-3 under FB condition is observed 359 

to be 2.14 which is correspondingly increased to 2.69 under S1 soil condition. The reason for the foregoing 360 

observations can be understood by studying the interstorey drift (ISD) profiles of the frame systems as shown in Figure 361 

14a. It can be observed that corresponding to most frame systems with small height (3 storeyed and 6 storeyed frames), 362 
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the development of peak ISD is at lowermost storey level. Moreover, for these frames the ISD profiles exhibit lower 363 

values under the influence of SSI (lowest for S1). As SSI introduces flexibility at the superstructure base, the peak 364 

ISD value is achieved at lower Δ
u
 for the frames under the influence of SSI. For taller RC frame systems (9 storeyed 365 

and 12 storeyed frames), peak ISD develops at higher storey levels (L4 for 9 storeyed frames; L4 and L7 for 12 366 

storeyed frames). When compared with the FB condition, the ISD profiles exhibit larger values under the influence of 367 

SSI (highest for S1 soil type). Further, taller systems tend to exhibit rocking under the influence of SSI leading to the 368 

development of larger deformations near superstructure base. The combined effect of soil-pile foundation flexibility 369 

and the resulting rocking motion leads to larger overall deformations and consequently greater Δ
u
 for the SSI case. 370 

For a fixed height of the frame, irrespective of the SPF case, increasing the frame width reduces the ISD values at 371 

storey levels adjacent to the one where collapse is imminent due to the higher redundancy in wider frames and hence 372 

leads to smaller Δ
u
. For few frames (F12-3, F12-5, and F12-15), SSI causes a shift in the location of imminent collapse 373 

developed at a particular storey. Hence, depending on the inherent behaviour and location where collapse criteria are 374 

satisfied, the RC frame system may or may not exhibit larger ISD profile and consequently larger ultimate drifts (Δ
u
) 375 

under the influence of SSI. 376 

For RC wall-frame systems, the variation in the yield drift (Δ
y
) and ultimate drift (Δ

u
) is quite evident for the 377 

shorter configurations (relatively stiffer) and is reduced for the taller wider configurations (relatively flexible), as can 378 

be observed from Figure 13b. Moreover, Δ
u
 is relatively higher for the SSI cases as compared to the FB case. The 379 

rationale behind the observations can be understood with the help of the inter storey drift (ISD) profile for various RC 380 

wall-frame systems shown in Figure 14b. For all the configurations it can be observed that the variation is not 381 

significant towards the higher storey levels. However, due to the presence of soil-pile foundation flexibility and the 382 

resulting tendency of the wall-frame system to deform more towards the base, at L1 the ISD for SSI case is higher  383 

when compared to that of the FB condition (except for 9 storey wall-frame systems). This causes the wall-frame 384 

systems to exhibit higher Δ
u
 under SSI. For 9-storeyed wall-frame systems, the variation in ISD at L1, for various 385 

support conditions (SSI or FB), is observed to be very small due to a similar magnitude of inelasticity developed 386 

within the system under the different SPF conditions. In some exceptional cases, larger ISD is observed for stiffer soil 387 

types (e.g., for W12-9, at L1 level, ISD for S3 soil type is larger than that obtained for S2 soil type). Further, for a 388 

particular height, configurations exhibiting larger ISD values at several storey levels exhibit greater Δ
u
 values (e.g. 389 
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the narrow configurations (3 bays and 5 bays) of 12-storeyed wall-frame systems under all SPF conditions). Thus, the 390 

ultimate drifts exhibited by RC wall-frame systems under SSI are greater than that observed under fixed-base condition 391 

due to significant increase of ISD at the bottom storey level. 392 

 393 
 (a)  (b) 394 

Figure 14. Influence of SSI on the inelastic behavior shown in the form of interstorey drift (ISD) profiles for (a) RC 395 

frame systems and (b) RC wall-frame systems. 396 

4.2. Effect of SPFSI on Inelastic Pile Foundation Response 397 

Foundation rocking is an important parameter that is influenced by the response of the soil-pile foundation system and 398 

at the same time influences the superstructure response. Under gravity loading, the forces transferred onto the columns 399 

of the superstructure and the pile groups are compressive in nature. Whereas under lateral loads half the columns 400 

develop compression while the other half develop tension as shown in Figure 15. The combined effect of gravitational 401 

and lateral loads leads to a variation in the compressive loads in the columns and the pile groups (some of the pile 402 

groups experience a reduction in the compressive forces while others experience an increase). This eventually 403 

influences the magnitude of rocking as well as the inelasticity developed in the piles. For RC frame systems, as shown 404 

in Figure 15, four groups of pile foundation are considered wherein two belong to the exterior most columns (‘Eꞌ’ with 405 

least compression and ‘E’ with the highest compression), and the other two belong to the innermost columns (‘I'’ with 406 

relatively lesser compression and ‘I’ with relatively higher compression). For RC wall-frame systems, instead of the 407 

two groups corresponding to the innermost columns, the pile group supporting the centrally located shear wall is 408 
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considered and is labelled as ‘W’. The rocking of the pile foundation groups embedded under different soil conditions 409 

for the various RC frame and RC wall-frame systems is shown in Figure 16a and 16b respectively. Further for each 410 

of the groups, the inelastic behaviour in the piles having the lowest and highest compression, labelled as ‘eꞌ’ and ‘e’ 411 

respectively (see Figure 15), are examined. The plastic rotation at ultimate state developed in the piles of the critical 412 

groups are shown in Figure 17 for RC frame systems and in Figures 18-19 for RC wall frame systems. Further, the 413 

correlation of three important parameters in the pile groups of the frame and wall-frame systems are shown in Figure 414 

20.  415 

 416 

Figure 15. Schematic illustration showing the different pile groups and piles within a group examined in the study. 417 

4.2.1. Role of compressive loads and soil 418 

Under compressive loads, cohesionless soil develop confining action which affects the rocking of the pile group and 419 

the inelasticity developed in the piles. From Figure 16a, it can be observed that,  pile group Eꞌ, supporting columns 420 

with the least compressive loads, exhibits the largest rocking, while group E, under columns with greatest 421 

compression, shows the least.  Further, pile groups I' and I display intermediate rocking, consistent with the magnitude 422 

of compressive loads they bear.  The observation is due to the fact that greater the compressive loads greater is the 423 

confining action which tends to reduce the rocking in the pile group foundation. Further, the rocking of the pile groups 424 

Iꞌ, I and E is greater for the weaker soil condition S1 due to the lesser confining action under compressive loads 425 

compared to the stiffer soil conditions (S2, S3 and S4). 426 

 

E EI I

e e e e
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 427 
 (a)  (b) 428 

Figure 16. Influence of SPFSI on pile group rocking for (a) RC frame systems and (b) RC wall-frame systems. 429 

 The confining action of the soil not only influences the rocking but also the inelasticity developed in the piles. 430 

It can be seen from Figures 17a and 17b that due to a greater confining action and reduced rocking in pile group E, 431 

the plastic rotation in the piles is also lesser compared to that of group Eꞌ. Additionally, for almost all the 432 

configurations, the piles embedded in S2, S3, and S4 soil exhibit significantly lesser plastic rotations as compared to 433 

that of S1 soil type. This is due to the confinement effect being larger for the stiffer soil types (S2, S3, and S4), thereby 434 

inhibiting the development of plastic rotations. It is worth noting that this effect is prominently visible for pile group 435 

E wherein the soil develops significant confining action owing to the presence of higher compressive loads.  436 

4.2.2. Role of superstructure response 437 

Under SPFSI effects, the inherent inelastic behaviour of the superstructure influences the foundation response. From 438 

Figure 16a it can be observed that for short RC frame systems (3-storeyed and 6-storeyed), the magnitude of rocking 439 

exhibited in the pile groups is larger corresponding to the wider configurations (9 bay and 15 bay). The is due to the 440 

superstructure meeting the collapse criteria with a relatively high ISD value near to the base causing higher 441 

rotation/rocking within the pile groups (see Figure 14a). For taller RC frame systems (9-storeyed and 12-storeyed), 442 

on increasing the width (from 3 bay to 15 bay), the magnitude of rocking for pile group E' reduces, whereas it increases 443 

for the other groups (E, Iꞌ, and I). The explanation for this complex phenomenon is twofold. Firstly, for wider 444 

configurations, large ISD values tend to get concentrated at the level of imminent collapse which induces the frame 445 
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to achieve ultimate state at lower values of roof drifts thereby reducing the rocking of group Eꞌ. Secondly, the lower 446 

roof drifts resulting into a reduced compressive load and a limited spread in nonlinearity leads to an increase in transfer 447 

of lateral load at the base, hence, the combined effect causes an increase in the rocking of the other pile groups (Iꞌ, I 448 

and E). 449 

 450 

  451 
 (a)  (b) 452 

Figure 17. Influence of SPFSI on the inelastic rotation of piles belonging to group (a) Eꞌ and (b) E, for the various 453 

configurations of RC frame systems. 454 

The rocking of pile groups is also influenced by the type of member supported by them. In the case of RC 455 

wall-frame systems (Figure 16b), it is observed that the pile group under the shear wall (W) exhibit significantly higher 456 

magnitude of rocking compared to that of the pile group under the columns (Eꞌ and E). This is because compared to 457 

the columns, the shear wall is a stiffer member and attracts larger forces and moments leading to a higher magnitude 458 

of rocking. Moreover, it can be observed that the magnitude of rocking is largest for the 3-storeyed wall-frame systems, 459 

and reduces as the height of the wall-frame system is increased. This is because the short wall-frame systems, being 460 

stiffer, attract greater base shear (Figure 13b). Further, upon increasing the width of the frame with a particular height, 461 

the magnitude of base shear developed by the wall-frame system is reduced. However, the magnitude of rocking of 462 

pile group W is approximately similar for the different widths of the wall-frame systems (e.g., 3-storeyed and 6-463 

storeyed frames). Such an observation can be understood by relating the rocking with the similar magnitude of ISD 464 

developed at L1 (Figure 14b) corresponding to the different widths of the wall-frame systems. In the case of 9-storeyed 465 
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and 12-storeyed configurations, the reduced magnitude of rocking in group W under S4 soil can also be related to the 466 

lesser magnitude of ISD developed in the wall-frame systems at storey L1 (Figure 14b).  467 

 468 
 469 

Figure 18. Influence of SPFSI on the inelastic rotation of piles belonging to group W for the various configurations 470 

of RC wall-frame systems. 471 

The inelastic rotation developed in the piles can also be associated with the superstructure response. For e.g., 472 

in Figures 18 and 19, it can be seen that, similar to the observation made for rocking, the plastic rotation is also 473 

observed to be the highest for the piles corresponding to W3-3 due to the magnitude of base shear being highest for 474 

the system. On the other hand, the plastic rotation in the piles is least for W12-15 for which the magnitude of base 475 

shear is also the lowest. Similarly, for a particular soil type and height of the RC wall-frame system, the plastic rotation 476 

in the piles is reduced on increasing the width owing to the reduced magnitude of base shear. 477 

4.2.3 Role of pile geometry  478 

The geometry of the pile also influences the rocking and inelasticity in the pile group. For a number of cases 479 

corresponding to RC frame and RC wall-frame systems, the rocking exhibited by pile group Eꞌ under weaker soil (S1) 480 

is lower than that for the other relatively stiffer soil conditions (e.g., see F12-3 in Figure 16a and W9-9 in Figure 16b). 481 

This is because the piles are larger in length under softer soil conditions leading to higher embedment stiffness which 482 

may reduce the rocking tendency. Moreover, the piles embedded in stiffer soil possess smaller lengths and cross-483 

sectional area which may lead to reduced stiffness and hence increased rocking. Under these circumstances, the piles 484 
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embedded in the stiffer soil exhibit larger plastic rotation near the top of the pile. Corresponding to pile group E larger 485 

rocking is observed if the piles exhibit significant plastic rotation along the length. For example, in the frame F9-15 486 

under S1 (Figure 17b) the piles develop significant plastic rotation that is distributed over the length, thereby exhibiting 487 

a larger magnitude of rocking (Figure 16a) when compared with that of the frame F9-3. This observation is not 488 

noticeable for piles embedded in S2, S3, and S4 soil types owing to the larger confining action leading to a lesser 489 

rocking of the respective pile groups. 490 

 491 

 492 
 (a)  (b) 493 

Figure 19. Influence of SPFSI on the inelastic rotation of piles belonging to group (a) Eꞌ and (b) E, for the various 494 

configurations of RC wall-frame systems. 495 

4.2.4 Correlation between key parameters 496 

Pearson correlation between the three key parameters, i.e. change in force (FR) due to lateral loads, rocking (RO) of 497 

the pile group and inelastic rotation (IR) developed in the piles is determined for RC frame and RC wall fame systems 498 

as shown in Figures 20a-20e. From Figure 20a, it can be observed that for RC frame systems, pile group Eꞌ showed 499 

positive correlation among these three parameters. This implies that pile groups on experiencing a reduction in the 500 

compressive forces experience an increase in rocking and inelastic rotations. Pile group E on the other hand showed 501 

no correlation between FR and RO and a low negative correlation between FR and IR. This is because pile group E 502 

experiences an increase in the compressive forces under which pile groups experience less rocking. At the same time, 503 
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an increase in compressive forces on the pile group causes the soil strength to increase thereby imparting a confinement 504 

effect on the piles and eventually reducing the inelastic rotation. 505 

For pile group Eꞌ in the wall frame systems, while the correlation between FR and RO is positive, it is slightly 506 

negative between FR and IR. This is because, except for the 3 storey cases, in all others cases the pile groups 507 

experienced tensile forces. Piles groups experiencing tensile forces exhibit pull-out action onto the piles due to which 508 

the inelastic rotation is reduced. Moreover, due to the development of tensile forces, the inelastic rotation (IR) is fairly 509 

uncorrelated with rocking (RO). Pile groups E, in the wall-frame systems showed a slight negative FR-RO and FR-IR 510 

correlation due to an increase in the compressive loads. In the case of pile group W, as it is located centrally, the FR-511 

RO and FR-IR correlation lies between that of pile group Eꞌ and E. The correlation between RO-IR in all the cases is 512 

positive except when tensile forces are encountered and the inelastic rotation is uncorrelated with rocking. 513 

 514 
 (a)  (b) 515 

 516 
 (c)  (d)  (e) 517 

Figure 20: Pearson correlation coefficient and heat map for pile group (a) Eꞌ and (b) E of RC frame system; (c) Eꞌ, (d) 518 

E and (e) W of RC wallframe system. 519 

4.3. Influence of SPFSI on Ductility Capacity 520 

As observed in the foregoing sections, the presence of soil-pile foundation system causes the plastic behavior of the 521 

superstructure systems to be different from its fixed-base behavior modifying the yield and ultimate drifts. As already 522 
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observed for RC frame systems the modification in yield drift (Δ
y
) under the influence of SPFSI has been pretty 523 

insignificant while that for RC wall-frame systems has been observable. From Figures 21a-21d, it can be observed 524 

that the modification in the ultimate drifts (Δ
u
) for RC frame system under SPFSI has been relatively less in 3, 6 and 525 

9 storeyed frame systems as compared to the 12-storey frame system. Also, for shorter RC frame systems (3-storeyed 526 

and 6-storeyed frames), Δ
u
 under SSI is lower than that observed for the FB case, however, for taller RC frame systems 527 

(9-storeyed and 12 storeyed) the vice-versa is observed. Similarly, from Figure 22a-22d it can be observed that for all 528 

the RC wall-frame configurations considered, the SSI cases exhibit larger Δ
u
 compared to that obtained under the FB 529 

case (except for W9-3, W9-5, and W9-9 for which Δ
u
 under the SPFSI and FB cases are similar). Moreover, the 530 

increase in Δ
u
 under the influence of SPFSI is the largest for 3-storeyed wall-frame systems and least for 9-storeyed 531 

wall-frame systems. The modifications in the yield and ultimate drifts can be categorized in the following four 532 

scenarios, viz., (I) reduction in Δ
u
 with an insignificant change in Δ

y
, (II) increase in Δ

u
 with an insignificant change 533 

in Δ
y
, (III) increase in Δ

y
 with an insignificant or significant change in Δ

u
. Scenarios (I) and (III) lead to a reduction in 534 

the ductility capacity (µ
c
 = Δ

u
 / Δ

y
) while scenario (II) leads to an increase. The modification in the ductility capacity 535 

of RC frame and RC wall-frame systems is discussed with respect to these scenarios in the following sections. 536 

 537 

 538 
 (a)  (b) (c)  (d) 539 

Figure 21. Influence of SPFSI on ultimate drift of RC frame systems of different width and height of (a) 3 storey, (b) 540 

6 storey, (c) 9 storey and (d) 12 storey. 541 
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542 

 543 
 (a)  (b) (c)  (d) 544 

Figure 22. Influence of SPFSI on ultimate drift of RC wall-frame systems of different width and height of (a) 3 storey, 545 

(b) 6 storey, (c) 9 storey and (d) 12 storey. 546 

4.3.1. RC Frame System 547 

The ductility capacities of RC frame systems are estimated under the different SPF conditions, and its variation with 548 

respect to the FB condition is shown in Figure 23a to 23d. It can be observed that for shorter RC frames (3-storeyed 549 

and 6-storeyed), corresponding to almost all the cases, SSI reduces the ductility capacity of the systems due to the 550 

attainment of scenario (I). In general, due to the larger magnitude of reduction in Δ
u
, the reduction in ductility capacity 551 

is observed to be higher for loose soil types (S1 and S2) as compared to the denser soil types (S3 and S4). For instance, 552 

corresponding to 6-storeyed frame systems, the largest reduction (12%) in ductility capacity is observed for F6-15 on 553 

S1 soil type. Such beahviour can be linked to the large rocking and inelastic pile rotations which lead to peak ISD 554 

developing at bottom storey levels; and a simultaneous attainment of lower ISD values at higher storey levels leading 555 

to a greater reduction in Δ
u
 for loose soil types. 556 
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 (c)  (d)   560 

Figure 23. Variation in ductility capacity under SPFSI for RC frame systems with (a) 3 storeys, (b) 6 storeys,(c) 9 561 

storeys and (d) 12 storeys. 562 

For taller RC frames (9-storeyed and 12-storeyed), barring a few exceptions, SPFSI increases the ductility 563 

capacity of the systems due to the attainment of scenario (II). The largest increase in the ductility capacity is observed 564 

for F9-5 (19%) and F12-5 (37%) as corresponding to these frames, the increase in the ultimate drift under the SSI 565 

cases is observed to be the highest (see Figures 21c and 21d). It should be noted that the increase in ultimate drift is 566 

highest for the loose soil (S1 and S2) due to the greater rocking and energy dissipation (in the form of inelastic rotation) 567 

exhibited by the pile foundation system, see Figures 16a and 17a), however, the increase in the ductility capacity is 568 

not always the highest.  Rather, for some frames, the increase in ductility capacity is higher for dense soil types (S3 569 

and S4), for e.g., F9-3 and F12-5. This is because, for these frames, the ultimate drift exhibited in different soil types 570 

is of similar order, however, the yield drift in denser soil is relatively lesser, thereby exhibiting a larger increase in the 571 

ductility capacity. Corresponding to some of the 12-storeyed frames (F12-3 under S2, S3 and S4 soil; F12-9 under S4 572 

soil), a decrease in ductility capacity is observed due to the attainment of scenario III. 573 

4.3.2 RC Wall-frame System 574 

The variations in the ductility capacity of the considered RC wall-frame configurations with respect to the FB 575 

condition are shown in Figures 24a to 24d. For all the 3-storeyed and 6-storeyed wall-frame systems and most of the 576 

9-storeyed and 12-storeyed systems, ductility capacity reduces under SSI effects due to the attainment of scenario 577 

(III). It can be observed for several cases that the magnitude of reduction is observed to increase upon increasing the 578 

stiffness of the soil from that of S1 to S3 soil. However, on further increasing the stiffness corresponding to that of S4 579 

soil, the reduction in the ductility capacity is observed to be slightly lesser. This is because the increase in the stiffness 580 

of the soil from that of S3 to that of S4 causes a slightly greater increase in ultimate drift, thereby exhibiting a relatively 581 

lesser reduction in ductility capacity. 582 
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 (a)  (b)   584 

 585 
 (c)  (d)   586 

Figure 24. Variation in ductility capacities under the influence of SSI for RC wall-frame systems with (a) 3 storeys, 587 

(b) 6 storeys, (c) 9 storeys and (d) 12 storeys. 588 

The largest reduction in ductility capacity for 3-storeyed system was 39% (W3-5 supported by S3 soil); for 589 

6-storeyed system was about 22% (W6-3 supported by S3 soil); for 9-storeyed systems was about 26% (W9-3 590 

supported by S3 soil); and for 12-storeyed system was about 18% (W12-3 supported by S2 soil). For a few wider 591 

configurations corresponding to 9-storeyed and 12-storeyed wall-frame systems, an increase in the ductility capacity 592 

was observed (e.g., W9-15 supported by S1 and S4 soil; W12-9 supported by S1 and S4 soil; W12-15 supported by 593 

S1, S2, and S3 soil) due to the attainment of scenario II. The maximum increase in the ductility capacity was observed 594 

for W12-9 supported by S1 soil type and was about 8%. It is worth noting that in several cases, RC wall-frame systems 595 

supported on relatively stiffer soil conditions (S3) exhibit greatest reduction in ductility as a result of Δ
u
 being lower. 596 

This is due to the low magnitude of rocking (Figure 16b) resulting from the combined effect of piles (of group ‘W’) 597 

extending to relatively larger lengths in a relatively stiffer soil condition. Also, for the same configurations, the wall-598 

frame systems resting on S4 soil exhibited lesser reduction in ductility capacity, so much so that in some cases it is 599 

equal or even lesser than that for S1 soil. This is due to the cross-section as well as the length of plies in group ‘W’ 600 

being the smallest for S4 soil leading to large magnitudes of rocking and pile inelastic rotation (and hence higher Δ
u
). 601 

The design implications of the observations imply that the reduction in the ductility capacity of wall frame systems 602 

can be controlled to some extent by proportioning of the pile geometry (length and cross-section). Further, to account 603 

for the reduction in the overall ductility capacity of the systems, suitable modifications in the response reduction 604 

factors needs to be adopted at the time of design of RC buildings under SPFSI effects. 605 

5. SUMMARY AND CONCLUSION 606 

In the present study, the influence of soil-pile foundation structure interaction (SPFSI) on the inelastic behaviour and 607 

its subsequent effect on the ductility capacity of RC buildings is studied. Numerical models corresponding to a broad 608 
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range of configurations of RC frame and RC wall-frame systems supported by pile foundations under different soil 609 

conditions have been analysed in OpenSees by conducting nonlinear static pushover analysis. The main conclusions 610 

from the present study are as follows: 611 

1. The soil-pile foundation (SPF) system inevitably contributes in the lateral load behaviour of RC buildings 612 

and, thus, modifies the inter-storey drift (ISD) profiles (or in other words the inelastic response) of the super 613 

structure under the influence of soil pile foundation structure interaction (SPFSI). The exhibited modification 614 

eventually governs the increase or decrease in the yield and ultimate drifts exhibited and the extent of this 615 

modification is governed by the superstructure and soil-pile-foundation (SPF) characteristics. In general, the 616 

effect of SPFSI on the modification of the inelastic behaviour, yield drift and ultimate drifts is considerably 617 

greater for RC wall-frame system (compared to RC frame systems) which is further pronounced when 618 

supported over loose soil conditions.  619 

2. The modification in the inelastic response of the superstructure due to the presence of soil-pile foundation 620 

(SPF) system determines the magnitude of rocking in the pile foundation group. Larger inelasticity within 621 

the superstructure reduces the magnitude of rocking in the pile foundation group, and vice versa.  622 

3. The magnitude of plastic rotation in the piles can be correlated with the magnitude of rocking experienced 623 

by the pile group. In general, the RC frame and RC wall-frame systems on loose soils exhibit larger 624 

inelasticity in the pile foundations. Moreover, low magnitude of compressive loads, stiff superstructure 625 

element supported by the pile foundation, and smaller pile geometry leads to greater inelasticity in the piles 626 

and greater rocking of the pile group.   627 

4. The incorporation of soil-pile foundation (SPF) system leads to a modification in the ductility capacity of the 628 

RC frame and RC wall-frame systems. Stiffer configurations (shorter RC frames and most RC wall-frames) 629 

tend to exhibit an overall decrease, while the relatively flexible systems (tall RC frames and RC wall-frame 630 

systems) tend to exhibit an overall increase in the ductility capacity. In the present study a maximum decrease 631 

in ductility capacity was observed to be 12% and 39% for RC frame and RC wall-frame systems respectively. 632 

Whereas the maximum increase in the ductility capacity was found to be about 37% and 8% for RC frame 633 

and RC wall-frame systems respectively.  634 

5. Design engineers can adopt suitable modifications in the response reduction factors during the design stage 635 

to account for the change in the ductility capacity of RC buildings under SPFSI effects. Although the present 636 
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study highlights the potential impact of SPFSI on ductility, future research is crucial to develop specific 637 

design guidelines and incorporate modifications to response reduction factors that effectively account for 638 

SPFSI effects in seismic design of RC buildings on pile foundations. 639 

Overall, this study reflects the importance of considering the complex phenomenon of soil-pile foundation structure 640 

interaction (SPFSI) in assessing the inelastic seismic behaviour of RC buildings and the conclusions from the present 641 

study dispels the prevalent notion of “Soil-structure interaction is beneficial in the seismic response”. It is worth 642 

mentioning that this study has been carried out considering the RC frame and RC wall-frame systems that have been 643 

designed and conform to the relevant standard codes prescribed by BIS (Bureau of Indian Standards). Further, the 644 

study considers soil material model that most accurately represents cohesionless behaviour of soil. Hence, the 645 

conclusion drawn from the study may not be fully applicable to those structures which do not conform to the codal 646 

provisions or where the soil cannot be idealized as cohesionless. In such cases complete independent analyses may be 647 

required. Future research in the domain of SPFSI of RC buildings can be oriented towards the validation of the findings 648 

through static and dynamic experimental studies. Further, design provision to account for the reduction in the ductility 649 

of RC buildings under soil-pile-foundation structure-interaction (SPFSI) effects should be developed as the current 650 

provisions assume fixed base conditions for the response reduction factors.  651 
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ANNEXURE A 655 

Table A1. Details of RC frame members. 656 

No. of stories in 

building frame 

Storey 

level 

Column Beam 

Size 

(mm×mm) 

Main reinf. Shear reinf. 
Size 

(mm×mm) 

Main reinf. Shear reinf. 

ϕ 

(mm) 
no. 

ϕ 

(mm) 

sv
 

(mm) 

ϕ 

(mm) 
no. 

ϕ 

(mm) 

sv
 

(mm) 

3 Upto 3 300×300 12 4+4 
8  

8 

75 

170 
200×280 

20† 

20* 

2 

2 
8 100 

6 

Upto 3 350×350 16  4+4 
8  

8 

75 

170 
200×350 

20† 

12* 

3 

3 
8 100 

3 to 6 350×350 
16 

12 

4 

4 

8  

8 

75 

170 
200×350 

20† 

12* 

3 

3 
8 100 

9 

Upto 3 450×450 16 4+4 
8 

8 

75 

170 
250×400 

20† 

12* 

4 

3 
8 100 

3 to 6 400×400 
16 

12 

4 

4 

8 

8 

75 

200 
250×400 

20† 

12 

4 

3 
8 100 

6 to 9 350×350 
16 

12 

4 

4 

8 

8 

75 

220 
250×350 

20† 

12* 

3 

3 
8 100 
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12 

Upto 3 500×500 
20 

16 

4 

4 

8 

8 

75 

170 
250×450 

25 

16* 

3 

2 
8 90 

3 to 6 450×450 16 4+4 
8 

8 

75 

200 
250×450 

25† 

16* 

3 

2 
8 90 

6 to 9 400×400 16 4+4 
8 

8 

75 

220 
250×400 

20† 

12* 

4 

3 
8 100 

9 to 12 400×400 
16 

12 

4 

4 

8 

8 

75 

250 
200×350 

20† 

12* 

3 

3 
8 100 

Note: ϕ is rebar diameter, † indicates tensile reinf., ⁎ indicates compressive reinf. and reinf. is the abbreviation for 

reinforcement 

 657 

Table A2. Details of RC shear walls. 658 

No. of Stories Storey level 

Shear wall details Boundary element details 

tw 

(mm) 

Vertical reinf. Horizontal reinf. 
Size 

(mm×mm) 

Main reinf. Shear reinf. 

ϕ (mm) no. ϕ (mm) 
sv

 

(mm) 
ϕ (mm) no. ϕ (mm) 

sv
 

(mm) 

3 

Upto 1 200 12 10* 12 280 500×500 
25 

20 

4 

4 
8 100 

1 to 3 200 12 10 12 280 300×300 
12 

12 

4 

4 
8 100 

6 

Upto 1 200 12  10* 12  280 500×500 
25 

20 

4 

4 
8 100 

1 to 3 200 12 10 12 280 350×350 
16 

16 

4 

4 
8 100 

3 to 6 150 12 10 12 300 350×350 
16 

12 

4 

4 
8 100 

9 

Upto 1 200 12 10* 12 260 500×500 
25 

20 

4 

4 
8 100 

1 to 3 150 12 10 12 260 450×450 
16 

16 

4 

4 
8 100 

3 to 6 150 12 10 12 300 400×400 
16 

12 

4 

4 
8 100 

6 to 9 150 12 10 12 300 350×350 
16 

12 

4 

4 
8 100 

12 

Upto 1 200 12 10* 12 230 500×500 
25 

20 

4 

4 
8 100 

1 to 3 150 12 10 12 230 500×500 
20 

16 

4 

4 
8 100 

3 to 6 150 12 10 12 300 450×450 
16 

16 

4 

4 
8 100 

6 to 9 150 12 10 12 300 400×400 
16 

16 

4 

4 
8 100 

9 to 12 150 12 10 12 300 400×400 
16 

12 

4 

4 
8 100 

Note: ϕ is rebar diameter, † indicates tensile reinf., ⁎ indicates compressive reinf. and reinf. is the abbreviation for 

reinforcement 

 659 

Table A3. Details of pile groups supporting frame members. 660 

No. of 

Stories 

Loose Soil 

S1 

Medium soil 

S2 

Med. dense soil 

S3 

Dense soil 

S4 

Pile length 

(m) 

Pile dia. 

(mm) 

Pile length 

(m) 

Pile dia. 

(mm) 

Pile length 

(m) 

Pile dia. 

(mm) 

Pile length 

(m) 

Pile dia. 

(mm) 

3 11.0 300 7.0 300 6.5 250 3.5 250 

6 12.5 400 7.5 400 5.5 350 4.5 300 

9 15.5 450 10.0 450 6.0 400 5.0 350 

12 16.5 500 10.5 500 6.5 450 5.0 400 

 661 
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Table A4. Details of pile groups supporting RC shear walls. 662 

No. of 

Stories 

Loose Sand 

S1 

Medium sand 

S2 

Med. dense sand 

S3 

Dense sand 

S4 

Pile length 

(m) 

Pile dia. 

(mm) 

Pile length 

(m) 

Pile dia. 

(mm) 

Pile length 

(m) 

Pile dia. 

(mm) 

Pile length 

(m) 

Pile dia. 

(mm) 

3 11.0 250 7.0 250 7.5 200 3.5 200 

6 12.5 350 8.5 350 6.5 300 6.5 250 

9 17.0 400 11.5 400 8.0 350 7.0 300 

12 16.5 500 13.5 450 9.5 400 7.0 350 

 663 
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