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ABSTRACT: Buildings constructed in seismic prone areas must satisfy the limit state design
criteria and inter-storey drift limitations. In recent years, importance of considering soil-struc-
ture interaction in the seismic analysis and design of building frames was addressed by various
researchers. This study aims to investigate the effects of soil-pile-structure interaction on the
behavior of moment resisting frames resting on sand. Numerical analysis was performed on a
10 storey midrise reinforced concrete building using a finite element program PLAXIS3D. The
base shear was distributed to all storeys by using equivalent static method. Denseness of soil
and spacing of piles were considered as parameters for the analysis. The elastic seismic response
of the building in terms of storey displacement and inter-storey drifts was observed. The nor-
malized storey lateral displacement and inter-storey drift values with fixed base structure were
evaluated and presented in this paper. The results indicate that the inter-storey drift and storey
lateral displacement are affected significantly by the considered parameters. Thus it is pertinent
for the designers and practitioners to consider soil-pile-structure interaction for the analysis and
design of building frames.

1 INTRODUCTION

The significance of considering soil-structure interaction (SSI) and soil-pile-structure interaction
(SPSI) for the analysis and design of super structures situated on soft soils is studied by the various
researchers. The soil lateral spreading and liquefaction resulted in settlement and tilting of build-
ings (Dash & Bhattacharya (2012)) and collapse of Hanshin Expressway bridge (Mylonakis et al.
2000). Similarly the failure of piles was primary reason for the collapse of Showa Bridge during
1964 Niigatta earthquake (Kerciku et al. (2008) and Bhattacharya et al. (2008)), building damages
during 1995 Hyogen Nambu earthquake (Tokimatsu et al. (1996)). The response of structure
under seismic excitation is complex in nature. The various factors such as ground motion, material
non-linearity, foundation type, soil characteristics, etc. affect the response of the building struc-
tures. For earthquake analysis, the structures are generally considered to be fixed at the base level
and the effects of soil-structure interaction are generally neglected. But in reality, the response of
the structure is altered by the response of the soil and the response of the soil is affected by the
response of the structure when the building is subjected to seismic forces. Mylonakis and Gazetas
(2000) described the role of soil-structure interaction in the seismic response of structures using
recorded ground motions and theoretical considerations. Gazetas et al. (1993) presented the for-
mulas to obtain dynamic impedances of foundations with large number of piles. Furthermore,
various researchers have studied the effects of SSI and SPSI on structural performance (Kim &
Rosset (2004), Dutta et al. (2004), Bhattacharya et al. (2006), Dutta et al. (2007), Massumi &
Tabatabaiefar (2007), (2008), (2010), Roy & Dutta (2010), Tabatabaiefar et al. (2010), (2013) and
Carbonari et al. (2012)). The reduction in plasticity index of the soil decreases the base shear and
the lateral deflections and inter-storey drifts get enhanced for the flexible base models (Fatahi &
Tabatabaiefar (2014)). It was suggested by Tabatabaiefar & Fatahi (2014) that the dynamic soil
structure interaction is significant for structures built on soft and very soft soils as the structures

5581



performance changes from life safety to near collapse level. Similarly, the importance of SPSI on
the seismic analysis and design of tall buildings supported on pile foundations had been studied
extensively by Yingcai(2002). Chore & Ingle (2008) and Chore et al. (2009) studied the response of
single storey two bay framed building resting on pile foundations. It was concluded that the
number, spacing and diameter of piles affect the super structure response considerably. Carbonari
et al. (2008, 2011), performed linear finite element analysis with the effects of SSI and studied the
performance of coupled wall frame structures founded on pile foundations. The estimated results
show that the importance of SSI analysis is crucial for the accurate estimation of behavior of the
systems. Hokmabadi et al. (2014) and Hokmabadi & Fatahi (2016) studied the performance of
moment resisting frames experimentally and numerically considering material (soil and structure)
non-linearity and geometric (uplifting, gapping and P-delta) non-linearity. Structures supported
on shallow, piled-raft and floating pile foundations were compared with fixed base structure. It
was found that ignoring SPSI effects in the analysis and design may lead to erroneous structural
performance. Nguyen et al. (2017) investigated the effects of type and size of pile foundations rest-
ing on soft soil in high seismic region, on response spectrum, lateral deflection and response of the
entire system. A fully non-linear time history method was adopted to study the dynamic response
of soil, structure and foundation systems. By increasing the pile length, the structure undergoes
maximum lateral deformation which leads to inter storey drift value exceeded to 1.5%, which is
threshold value of life safety level. Understanding the seismic response of pile supported structure
is challenging that involves the interaction among nonlinear behavior of structure, pile founda-
tion, raft and the soil under strong earthquake motion. Experimental works and numerical studies
are limited to plasticity index effects, raft and pile foundation sizes, soil flexibility, liquefaction of
soil, etc. Similarly the major research outcomes are also limited to behavior of soil-pile system
considering super structure as a lumped mass. Thus, due consideration of soil-pile-structure inter-
action during seismic analysis of structures resting on sandy soils is needed to ensure the safety of
super structure. In this study, a finite element program PLAXIS 3D is used to address the effects
of seismic soil-pile-structure interaction on the response of moment resisting reinforced concrete
building frames resting on sand. The effects of spacing of piles and relative density of soil are con-
sidered for the evaluation of structural response.

2 SEISMIC BEHAVIOUR OF FIXED BASE AND PILE SUPPORTED STRUCTURE

2.1 Description of fixed base model

Equivalent static analysis was performed on a ten storey moment resisting reinforced concrete
building frames as per IS1893:2016. SAP2000 V 20 software was used for the analysis and
design of fixed base structure. Three bays ten storeys building of uniform width of 4 m and
height of 3.5 m (Figure. 1) was selected for the analysis. The loading conditions were considered
in accordance with IS 875:1987 (Part 1 and 2). The thickness of slab and wall was considered as
120 mm and 230 mm respectively. Floor finish and live load were considered as 1 kN/m2 and 4
kN/m2 respectively. Seismic parameters such as zone factor 0.36, importance factor 1.5, and
response reduction factor 5 and damping of the building 5% were used for the simulation (IS
1893:2016). Grade of concrete and grade of steel used were M25 and Fe415 respectively. The
fundamental time period of the structure was found to be 0.909 sec. The base shear obtained
from both the equivalent static and response spectrum analysis was 2575 kN. The structural
design was carried out as per IS 456:2000, in such a way that the conditions of limit state of
collapse and serviceability were ensured. The inter storey drift of the fixed base building was
evaluated and ensured that the values are within the permissible limit of 0.4%.

2.2 Description of pile supported structure

The raft and pile foundations were designed as per IS 456:2000 and IS 2911 (Part 1/Section
4):2010. Grade of concrete and steel were considered as same as that of the structure. The
length, breadth and thickness of the raft were 15 m, 15 m and 0.7 m respectively. The length
to diameter ratio of the pile foundation considered as 40. A pile group consisting of 16 piles
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(4x4) with various relative densities of sand (30%, 50% and 70%) and various pile to pile spa-
cing (3D, 5D and 7D) were used for this study. The diameters of the pile foundations designed
as friction type were 550 mm, 500 mm and 450 mm for 30%, 50% and 70% soil relative dens-
ities respectively. The soil properties used for the analysis were considered from the research
work carried out by Park et al. (2016).
A finite element program PLAXIS3D was used for the analysis of structure considering soil-

pile-structure interaction. Mohr-Coulomb constitutive material model was used for modeling of
soil. Elastic material model was used for super structure, raft and pile foundation in PLAXIS-
3D. Poisson’s ratio and interface between soil and pile (Rinter) were considered as 0.35 and 0.70
respectively. The boundaries of the soil were considered as seven times, three times and five
times the width of the structure in x, y and z axis respectively as suggested by Kramer (1996). It
was also indicated by Kumar et al. (2016) that the deformation attributable to vertical loading
extended nearly 3 times from the raft boundary laterally and 1.5 times the pile length vertically.
The pile, raft and super structure frame members were modelled using embedded beam, plate
and beam elements respectively. The base shear obtained from the equivalent static analysis was
converted into storey shear using parabolic distribution as per IS1893:2016 and assigned as
point loads on the corresponding floors. Medium size meshing was used for modelling to save
running time and to avoid convergence problems. The boundary conditions of the model were
used as horizontally fixed in x and y directions and fully fixed in z direction respectively. The
schematic representation of modelled soil-pile supported structure is shown in Figure 1.

3 RESULTS AND DISCUSSION

The behaviour of pile foundations and super structure under lateral loading was studied for
various soil relative densities and spacing of piles. The effects of the considered parameters on
the seismic response of the pile foundations and super structure storey lateral displacement
and inter-storey drifts were discussed.

3.1 Behaviour of pile foundation

The normalized pile displacements (u/D) along lateral direction for varying relative densities
and spacing of piles were plotted. The effect of relative densities of soil on the normalized
horizontal displacement of pile foundation is shown in Figure 2 (a) for the row 1(R1) piles
with the spacing of 3D. Similarly, the effect of spacing of piles on the normalized horizontal

Figure 1. (a) Elevation and (b) Plan view of 4 x 4 Pile foundation arrangement
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displacement of pile foundation for the R1 piles with relative density of 30% is shown in
Figure 2 (b). It was noted from the plots that, the pile head deflection was observed to be max-
imum of 6.5 mm for the R1 piles modelled in loose soil deposit with relative density of 30%
with spacing of 3D whereas the pile foundations modelled in dense soil with relative density of
70% with the same spacing was found to be 4.5 mm. Similary, the spacing of piles also affects
the lateral displacement of pile foundation. It was found that the maximum lateral displace-
ment at pile head was obvserved in pile foundations modelled with the spacing of 3D. The
results clearly indicate that the pile lateral displacements are affected by denseness of soil and
spacing of the piles. Although pile lateral displacements are observed to be less in magnitude,
they affect the structural displacment significanty. The effcets of spacing of piles and soil rela-
tive densities on structural response are explained hereafter.

3.2 Behaviour of super structure

3.2.1 Effect of denseness of soil
Various relative densities of 30%, 50% and 70% were used for the parametric study. Storey
lateral displacements were calculated from the seismic analysis by subtracting the foundation
displacement in all stories. As expected, storey lateral displacements were amplified for loose
soil with the value of 293 mm whereas for fixed base structure 108 mm was observed.
Similarly displacements of pile supported structure in x direction were normalized with dis-

placements of fixed base structure. The results of normalized displacements for various rela-
tive densities of soil are shown in Figure 3 (a). It is observed that the normalized
displacements are found to be maximum in 30% relative density with the value of 3.21.
The maximum inter-storey drift ratio (IDR) values were also obtained for varying soil rela-

tive densities. It was found that the maximum IDR value was observed to be 0.011 for 30%
relative density of soil. The SPSI amplifies the IDR values more than the permissible value for
which the building was designed. The normalized IDR values (IDRSPSI/IDRF) are presented
in Figure 4 (a). The maximum value of 3.21 is observed for 30% relative density in lower

Figure 2. Normalized lateral pile displacement for varying (a) Relative densities and (b) Pile spacing
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Figure 3. Normalized storey displacements for varying (a) Relative densities and (b) Pile spacing
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Figure 4. Normalized inter-storey drifts for varying (a) Relative densities and (b) Pile spacing
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stories. The decrease in lateral deflection and drift values is due to lateral resistance offered by
the soil thus reducing the lateral movement of pile foundations (Figure 2 (a)). It is clear from
the Figure 3 (a) and 4 (a) that the denseness of soil influences the structural performance. As
the soil relative density increases, the structural drift and lateral displacement reduces.

3.2.2 Effect of spacing of pile
The pile to pile spacing is the predominant factor controlling the behavior of pile groups.
Since increase in pile spacing increases the group efficiency of pile foundation, it is pertinent
to investigate its influence on seismic response of super structure. Various pile to pile spacing
of 3D, 5D and 7D were used for this study. The response of the structure in terms of storey
lateral displacement and inter-storey drift of pile supported structures are compared with
fixed base structural response. Figure 3 (b) clearly illustrates that the super structure modelled
with pile to pile spacing of 3D experiences maximum storey lateral displacement in all types of
soils. Pile supported structure with spacing of 3D amplifies storey displacement to the value of
293 mm. The normalized displacement value of 3.21 in lower stories and 2.76 in upper stories
are obtained. It is also noted from Figure 3 (a) that the structure designed for 7D spacing pro-
vides almost same response in all types of soil.
The maximum inter-storey drift ratios were plotted in Figure 4(b) for varying spacing of

piles. The maximum IDR value recorded for the pile supported structure is 0.011 for the pile
to pile spacing of 3D. The maximum normalized IDR values (IDRSPSI/IDRF) observed is 3.21
for 3D spacing and less value is 3.03 for 7D spacing in lower stories. The resistance offered by
the soil between the larger spacing piles increases the group efficiency (Figure 2 (b)) is the pri-
mary reason for the reduction in movement of pile foundations when it is subjected to lateral
loads. This resulted in reduced structural lateral displacement and inter-storey drift values.
Therefore, spacing of piles significantly affects the structural performance.

4 CONCLUSIONS

To investigate the effects of soil-pile-structure interaction, denseness of soil and spacing of
piles on the response of super structure, a 10 storey moment resisting reinforced concrete
building frame was simulated in PLAXIS3D software and equivalent static analysis was per-
formed. The results of normalized storey lateral displacements and inter-storey drifts were
evaluated and discussed. The following conclusions are drawn from the parametric study.

– The soil-pile-structure interaction amplifies the structural lateral displacement and thus
increases the inter-storey drift values.

– The soil denseness and spacing of piles play an important role in seismic behavior of super
structure. By increasing the relative density of soil and spacing of piles, the resistance to
lateral movement of pile foundations is increased which results into reduction in storey lat-
eral displacement and inter storey drift values.

– The normalized lateral displacement and IDR results indicate that the pile supported struc-
ture lateral displacement and IDR values increased by 3 times the fixed base structure
values. Therefore, proper care must be taken while designing the super structure for service-
ability requirements.
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