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Abstract Reinforced Concrete (RC) frame buildings constitute a large fraction of
the urban building stock in India. During past earthquakes, a number of these build-
ings have been observed to suffer extensive damages. Although conventional code-
prescribed seismic design methodology does not account for consideration of soil–
structure interaction, the presence of soil can cause a significant change in the seismic
behaviour of the buildings. The present article investigates the seismic behaviour of
an RC building frame under the influence of nonlinear Soil–Structure Interaction
(SSI). Finite element analysis of a five-storeyed building frame is carried out under
applied ground motions to simulate the possible effects of earthquake shaking. Anal-
ysis of various response entities reveals themechanisms bywhich the influence of SSI
affects the structural behaviour. Moreover, the analysis demonstrates crucial aspects
of the nonlinear behaviour and energy dissipation characteristics of the building
frame under the influence of SSI. The study shows that seismic soil–structure inter-
action cannot be ignored, contrary to the present state of practice and guidelines of
the design codes of various countries.
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1 Introduction

Effect of seismic soil–structure interaction on the behaviour of the structure has been
in debate for decades and the present state of practice is to ignore the effect of SSI
for the seismic analysis and design of building structures. However, for a flexible
foundation soil system, it is imperative that the interaction mechanism would play a
role in the behaviour of the structure in the event of an earthquake. Also, very few past
studies have simultaneously considered coupling of structural and soil nonlinearities
in SSI problems. Therefore, behaviour of the structure considering nonlinear soil–
structure interaction has not been investigated in detail. The present article attempts
to investigate and understand the non-linear behaviour of the structure considering
SSI effects by modelling the soil as a continuum along with the structure in the finite
element based software framework, OpenSEES [1]. The structure chosen ismodelled
with various soil conditions and subjected to earthquake excitation using a ground
motion record. The present article aims to understand how the non-linear behaviour
of an RC building frame is modified with the inclusion of SSI effects.

2 Modelling

Two-dimensional modelling of the structure, foundation-soil system has been carried
out in OpenSEES. The modelled SSI system along with the adopted mesh is shown
in Fig. 1, and the modelling aspects are discussed in the following subsections.

Fig. 1 SSI system and meshing adopted
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Table 1 Details of reinforced
concrete frame sections

Member Size (mm2) Main r/f Shear r/f

Beam 250 × 400 4@20 mm ϕ

(+)
2 legged 8 mm@
100a

4@20 mm ϕ

(−)

Column 400 × 400 8@16 mm ϕ 3 legged 8 mm@
75*; @ 200**Uniformly

distributed

aUniform spacing of stirrup in millimeter (mm); *Spacing
of stirrup near ends of the member in mm; **Spacing of
stirrup elsewhere in member in millimeter (mm); (+) Tension
reinforcement; (−) Compression reinforcement; ϕ = dia

2.1 Structural System

The structural system considered in the present study is a five-storied RC building
frame with five bays. The uniform storey height and bay width are considered as
3 m, respectively. The structure is located on a soft soil site in Seismic Zone V as
per the Indian seismic design code IS 1893: Part I [2]. For the purpose of design
and analysis of the structure, relevant Indian standards have been referred [2–5].
The sectional details of the beams and the columns are shown in Table 1. Grade of
concrete and reinforcing steel used are considered as M25 and Fe415, respectively.
Various column locations have been marked as C1-C6 (Fig. 1). C1 and C6 are the
exterior most columns, C2 and C5 are intermediate columns, and C3 and C4 are
innermost columns.

2.2 Foundation Soil System

Rectangular sandy soil domain of length 10 times the structural basewidth (10×15m
= 150m) is considered (Fig. 1). Bedrock is assumed to be at a depth of 30m from the
surface of the ground. Four-node quadrilateral elements, with bilinear isoparametric
formulation, are used to model the soil as a continuum. A non-uniform meshing is
adopted to appropriately capture the soil behaviour in the region of interest. In total,
3822 nodes and 3650 elements are used for representing the soil domain. The size
of the smallest element used is 0.375 m.

Pile foundation is used for supporting the structure on the soil medium. The lateral
force estimation and design of pile group have been done using IS 2911: Part I/Sec I
[6] and other relevant Indian standards. Since significant nonlinearity is not expected
in the pile groups, the pile elements are assigned linear elastic sectional properties.
The piles are connected to the soil elements using zero-length rigid link member and
interface nonlinearity has not been considered in the analysis. The pile groups are
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Table 2 Details of soil properties and pile foundation

Soil type ρ (t/m3) ϕ ν e Gr (kPa) Dia (m) Length (m) n

Soft Soil (SS) 1.7 29 0.33 0.85 5.5 × 104 0.5 8.0 3

Med Soil (MS) 1.9 33 0.33 0.70 7.5 × 104 0.5 7.0 3

Med Dense Soil (MDS) 2.0 37 0.35 0.55 1.0 × 105 0.5 6.0 3

Dense Soil (DS) 2.1 40 0.35 0.45 1.3 × 105 0.5 5.0 3

ρ = Density; ϕ = Friction angle; ν = Poisson’s ratio; Gr is reference low strain shear modulus
measured at 80 kPa reference pressure, n = number of piles in a group

connected to each other using grade beams of size 0.4 m × 0.4 m. In the present
study, four different types of soil have been considered and for each soil condition,
the pile groups have been designed. In practice, it is common to keep the diameter
of the piles as the same for various locations and to adjust the length of the piles
for obtaining the appropriate design capacity of the pile foundation. Therefore, in
the present study, the pile groups for different soil conditions have been designed
keeping the diameter as 0.5 m and appropriate lengths. Table 2 shows the basic soil
properties considered and the details of pile groups designed.

2.3 Material Properties

PressureDependMultiYield material has been used to simulate the nonlinear
behaviour of the soil. The plastic behaviour in this material model follows the
Drucker–Prager yield surfaces (nested yield surface) criteria. Stress–strain data for
confined and unconfined concrete are obtained using the relationships prescribed by
Chang and Mander [7] and they are shown in Fig. 2a. The stress–strain relationship
used to model the reinforcing steel [8] is shown in Fig. 2b. The stress–strain values
are assigned to the fiber section for modelling the beam and the column sections.
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2.4 Plastic Hinge

The nonlinearity in the building frame is considered in the form of lumped plastic
hinges that develop over a length at the ends of the member. The length of the plastic
hinge for the members is obtained using the relationship shown in Eq. (1) proposed
by Paulay and Priestley [9].

l p = 0.08l + 0.022db (1)

where l p is the length of plastic hinge, l is the distance between the points of
contraflexure and db is the diameter of the longitudinal bar used. The assignment
of plastic hinge length ensures that the nonlinearity developed in the building frame
members is localized at the end regions.

2.5 Soil Domain Boundaries

For SSI studies,modelling of the boundaries is very important to simulate the effect of
radiation damping and the application of excitation input. Also, proper modelling of
the boundaries allow the truncation of the soil domain to a finite extent. In the present
study, the vertical and horizontal boundaries have been modelled using Lysmer–
Kuhlemeyer viscous dashpots [10] to arrest the waves at the boundary in the trans-
verse and longitudinal directions and to prevent the same from reflecting back into
the soil medium after being incident at the far-off boundaries. The ground motion
input, for to the SSI cases, is applied in the form of equivalent nodal forces using the
procedure outlined in [11]. For the structure supported on rock (R), it is appropriate
to restrain the translational and the rotational degrees of freedom at the column bases
to simulate the characteristics of rocky medium (R).

3 Rayleigh Damping

The presence of nonlinearity in the soil produces high-frequency spurious oscilla-
tions, due to underdamped modes, in the numerical solution of the SSI system. To
overcome the issue, the HHT-α method for time step integration [12] may be used.
For cases wherein the HHT-αmethod is ineffective for removal of the spurious oscil-
lations, incorporation of a small amount of Rayleigh damping is useful. Therefore,
in the present study, Rayleigh damping has been considered. It is assumed that all
the contributing modes are having approximately the same damping ratio of 5%. For
the fixed base analysis, the frequencies of the various modes of the structure can be
estimated using the conventional eigenvalue analysis. However, for the SSI system,
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Table 3 Rayleigh damping coefficients

Soil type Avg. vs (m/s) ω1 (rad/s) ω2 (rad/s) a0 a1

Soft Soil (SS) 190 29.85 49.74 1.86 0.001

Med Soil (MS) 220 34.56 57.60 2.16 0.001

Med Dense Soil(MDS) 250 39.27 65.45 2.45 0.001

Dense Soil (DS) 280 48.93 73.30 2.75 0.001

the conventional eigenvalue analysis cannot be applied. Hence, the theoretical rela-
tionship mentioned in [13] is used. The frequencies corresponding to the first and the
second mode are chosen for the estimation of Rayleigh damping coefficients using
the relationshipsmentioned in [14]. Based on the damping ratios and the frequency of
the modes, the coefficients are estimated to form the damping matrix. Table 3 shows
the details of the frequencies and Rayleigh damping coefficients, corresponding to
the structure and the soil used for the formation of the damping matrix.

4 Gravity and Time History Analyses

To conduct a dynamic analysis of the structure–soil system, it is a prerequisite to
carry out static gravity analysis in a stagedmanner [15].Moreover, before conducting
a full-fledged analysis of the soil–structure system, it is necessary to ensure accurate
incorporation of boundary conditions. For this, a linear elastic soil model (without
structure) with sine wavelet as input has been analyzed and the model is validated
for the response in the centre of the soil domain as shown in Fig. 3a. Figure 3b
shows the ground motion selected for performing time history analysis to study the
soil–structure interaction effects after performing gravity analysis. To reduce the
computational time, only the significant duration of the ground motion has been
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used in conducting the time history analysis. The significant duration is the time
duration of the ground motion during which the Arias Intensity is above 5% but not
more than 95% of the total Arias Intensity developed over the duration of the entire
ground motion.

5 Results and Discussion

5.1 Time History Response

Figure 4a and 4b shows the comparison of roof displacement response and shear
developed at the base of first storey columns, respectively. It can be observed that
the response of the structure supported on Soft Soil (SS) lags as compared to the
structural response with other types of supporting soil (MS, MDS and DS) or rocky
condition (R). This is due to the fact that in soft soil the propagation of the shearwaves
is slower due to its density being less than other stiffer soils or rocky medium. The
peak roof displacement is highest forMedium Soil (MS) and for other soil conditions
(SS, MDS and DS) the value is slightly lower, and it is lowest for structure supported
on rock (R). For the structure supported on rock, a larger number of well-defined
peaks and crests are visible in the response as compared to those for the structure
supported on soils (SS, MS, MDS and DS). Except for the absolute maximum value
of the response, most peaks are greater in magnitude for the structure on rock (R). It
can be observed that many small peaks, observed for the structure on rock (R), are
subdued for the structure supported on soil (SS, MS, MDS and DS). Moreover, the
peaks forming in the duration of 4–8 s (as seen for rocky site) result in the build up
of a larger peak for the structure supported on soil. This leads to the peak response

(a) 

(b) 

-0.20
-0.10
0.00
0.10
0.20
0.30

R
oo

f D
isp

la
ce

m
nt

 (m
)

Time (s)

SS
MS
MDS
DS
R

-600
-400
-200

0
200
400
600

0 2 4 6 8 10 12

0 2 4 6 8 10 12

B
as

e 
Sh

ea
r (

kN
)

Time (s)

SS
MS
MDS
DS
R

Fig. 4 Comparison of time histories for a roof displacement b base shear



164 N. Sharma et al.

in the structure supported on soil (SS, MS, MDS and DS) to be greater than that of
the structure supported on rock (R).

The observed phenomenon can be explained by relating to the nonlinear behaviour
exhibited by the soil. When a wave propagates towards the structure, it forces
the structure to get displaced in one direction. A wave having sufficient energy
remaining, after undergoing radiation damping and hysteretic damping, tends to
displace the structure in a particular direction. If the wave does not have sufficient
energy remaining after the dissipation, then, the structure is unable to undergo signif-
icant displacement and a potential peak is unable to develop. As observed in the case
of rocky strata, for example, in Fig. 4a, it can be seen that the wave after 4.5 s pushes
the structure supported on rock as well as soil in the direction of positive displace-
ment. Once the peak is attained, the wave tries to push the structure back in the
negative displacement direction. The mentioned phenomenon is observed for struc-
ture supported on rock (R). However, for structure supported on soil (SS, MS, MDS
and DS), sufficient energy is not available after hysteretic damping and radiation
damping so as to displace the structure in the negative direction (as observed in the
case of the structure supported on rock). This inhibits the formation of a peak in the
negative direction. At the same instant, another wave strikes and tries to displace the
structure in the positive direction and leads to the development of a low frequency
and high amplitude wave, as can be seen from Fig. 4a, for the structure supported
on soil. The inability of the seismic waves to displace the structure in the negative
direction causes the structure to displace further in the positive direction. A similar
process is repeated for the next wave as well resulting in an overall buildup of the
displacement in the positive direction for the structure supported on soil. This causes
the displacement of the structure supported on soil to be higher than that of the
structure supported on rock even though the latter is subjected to higher energy from
the ground motion. Similar observations are made for base shear (Fig. 4b), and can
be explained likewise. From Fig. 4a and 4b, it can also be seen that as the stiffness
of the soil is reducing from DS to MS, the peak displacement and base shear tend
to increase. However, on further reducing the stiffness of the soil from MS to SS,
a slight drop in the peak values can be observed. This can be due to the fact that
the reduction in the stiffness of the soil from MS to SS allows for higher nonlinear
hysteretic behaviour in soil, leading to higher energy dissipation and reduction in the
energy content of the waves being transmitted to the structure. Hence, reducing the
peak displacements/base shear for the structure supported on SS compared to that of
the structure supported by MS.

Figure 5a and 5b presents the maximum floor level accelerations (amax) and root
mean square acceleration (arms), respectively, in the structure for different soil condi-
tions. It can be seen that amax for the structure on rock is highest for all storey (floor)
levels. For a structure supported on soft soil (SS), the value is the least for most of
the storey levels. As the stiffness of the soil increases from SS to DS, the profile
of amax for various storey levels approaches that of the structure supported on rock
(R). For structures supported on SS and MS, amax is highest at the topmost storey
level. However, for structure supported on MDS, DS and R, amax increases till the
second storey level thereafter it reduces till the fourth storey and again increases at
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Fig. 5 Comparison of storey level peak and root mean square responses. a acce1eration amax,
b acceleration arms, c interstorey drift ratio IDRmaz, d interstorey drift ratio IDRrms

the fifth storey level. To get an idea of the magnitude of the floor level accelerations
developed over the entire duration of the time history, root mean square acceleration
(arms) is obtained and plotted at various storey levels in Fig. 5b. It can be seen that for
SS and MS, higher storey levels develop greater accelerations. As the stiffness of the
soil is increased fromMS to R, there is a reduction in arms at higher storey levels but
the same increases at the lower storey levels. The average arms are obtained by aver-
aging the arms values for all the storey levels. It has been observed that the structures
supported on MS, MDS and DS experience 11%, 10% and 5% more acceleration
whereas for the structure supported on SS the average arms experienced is 6% lesser
than that compared to the structure supported on rock.

The difference in the trend for softer and stiffer soils may be due to the fact that the
structure supported on SS and MS deform primarily according to the fundamental
mode shape as the high-frequency oscillations are filtered out in the presence of soft or
loose soil. On being excited by the fundamental mode, it is imperative that the higher
storey levels develop larger accelerations. For structure supported on MDS, DS and
R, apart from the fundamental mode shape, highermodesmay also get excited during
the deformations. The excitation of the higher modes allows for the development of
larger accelerations in the intermediate storey levels, leading to the trends as observed
for amax and arms. The two entities (amax and arms) provide a qualitative estimate of
the forces being experienced by the structural frame for different soil conditions as
inertial forces are directly proportional to the acceleration. Figure 5c and 5d shows
the maximum and root mean square Interstorey Drift Ratios (IDRmax and IDRrms),
respectively. For lower storey levels, the structure supported on soil is subjected to
greater IDRmax. However, for higher storey levels storey levels, it is the structure
supported on rock, which is subjected to higher IDRmax. It can also be seen that
as the stiffness of the soil gets reduced from type R to type MS, IDRmax tends to
increase for the lower storey levels and get reduced for the higher storey levels. On
further reduction of the soil stiffness, a reduction in IDRmax for lower storey levels
is observed. Figure 5d shows the comparison of IDRrms for various storey levels. It
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provides an estimate of the average interstorey drift ratio experienced by the structure
over the entire duration of the time history. A drastic change in the IDR at a storey
level indicates the occurrence of large deformations at that level. For the structure
supported on soil, a sharp drop in the IDRmax and IDRrms values can be seen at the
level of the third storey. However, for the structure supported on rock, a drop is
seen at the third storey level and a sharper drop is seen at the fourth storey level.
Large storey deformations can occur if the column members at that storey level yield
significantly. Further investigation of nonlinear structural behaviour is discussed in
the following subsection.

5.2 Structural Nonlinearity

The nonlinearity in the structure is defined in terms of the plastic hinge locations
and to study the nonlinear behaviour of the structure, the mobilized moment–curva-
ture (M-ϕ) relationships are obtained. Since it is not possible to discuss the M-ϕ
response at all the column sections, only some noteworthy results are discussed
herein. Figure 6a and 6b shows the M-ϕ response at the column locations C1 and C6
at the base of the first storey, respectively. Similarly, Fig. 6c and 6d shows the M-ϕ
response at the column locations C1 and C6 at the top of the third storey, respectively.
It can be observed that the columns of the building frame supported on soil show
unsymmetrical behaviour as compared to that of the structure supported on rock (R),
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i.e. large curvature in one particular direction and small curvature along the other
direction. This can be attributed to the modification of the structural response due
to interaction effects as observed in Fig. 4. The development of a low-frequency,
high-amplitude wave pushes the structure in one particular direction and causes the
development of moments and curvatures in that direction. This leads to such unsym-
metrical M-ϕ behaviour, which is not observed in the columns of the building frame
supported on rock (R). It can also be observed that among all the soil conditions,
it is the columns of the structure supported on medium soil (MS) that develop the
largest curvature and hence its sections yield more as compared to the columns of
the building frame supported on other rock or soil conditions. This is due to the
high acceleration values developed in the structure supported on the medium soil
as discussed for Fig. 5a and 5b. Higher accelerations induce greater inertial forces
within the structure and consequently develop larger displacements and curvatures. It
is to be noted that the curvatures andmoments developed for the third storey columns
are in the opposite direction to those developed in the first storey columns, indicating
a change in the curvature of the deformed shape. Such behaviour is expected in a
frame wherein the redundancy provided by various columns and beams does not
allow the frame to deform like a cantilever. It can be seen that although both the
columns are under similar gravity loading condition, the mobilized moment capacity
of columns at C6 is higher than that of the columns at C1. This is because, on being
subjected to the ground motion, the structure displaces more in the positive direction
over the entire duration due to which the exterior columns at C6 are subjected to addi-
tional axial compressive forces while the column at C1 is subjected to a reduction in
compressive force at the same time. The additional compressive forces prevent the
fibres of the section to undergo failure and hence are responsible for the increased
moment capacity of the columns at C6.

Figure 6e and 6f represents the nonlinear behaviour at the top of the third storey
and the fourth storey columns, respectively. It can be seen that for the structure
supported on soil (SS, MS, MDS and DS), the third storey columns show significant
yielding. For the structure supported on rock (R) besides the third storey columns,
the fourth storey columns also yield significantly. To confirm the observed trend,
the energy dissipated by the frame members is estimated from the hysteresis loops
exhibited by the M-ϕ relationships of the various members.

Figure 7a shows the comparison of the storey-wise energy dissipated by the struc-
ture. Figure 7b and 7c shows the contribution of the energy dissipated by the beams
and columns, respectively. Figure 7d shows the gross total energy dissipated by the
structure for the different soil conditions. From the figures, it can be observed that
the energy dissipated by structure on MS is the maximum followed by the structures
supported on R,MDS, SS andDS types of soil. Storeywise, it is the first storeywhich
undergoes the highest nonlinearity followed by the third storey and subsequently the
other storey levels. It can be seen that the first and the third storey columns undergo
significant nonlinearity for the structure supported on soil. For the structure supported
on rock, the second, third and the fourth storey columns exhibit a similar extent of
nonlinearity. This is in agreement with the observations in Fig. 5e and 5f. In addi-
tion, for the structure supported on rock, significant yielding of columns occurs for
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Fig. 7 Comparison of a storey-wise total energy dissipation b storey-wise energy dissipation in
beams c storey-wise energy dissipation in columns d gross total energy dissipated e maximum
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the second, third and fourth storey levels. However, for the structure supported on
soil, the yielding of columns of the second and the fourth storey levels are relatively
less than the yielding of columns in the third storey. For the structure supported on
rock, the fourth storey is susceptible to greater damage due to the reduced moment
capacity of the columns, as the gravity load is reduced at higher storey levels. Thus,
for the rocky condition, although the second, third and fourth storey levels dissipate
similar amounts of energy, still, the columns at the fourth storey undergo larger rota-
tions/curvatures as seen from Fig. 5f. Also, due to the large rotations developed at the
fourth storey level, a sharp drop in the interstorey drift is observed for the structure
supported by rock. For the structure supported on soil, a sharp drop in the inter-
storey drift ratio is observed at the third storey level due to the columns undergoing
larger nonlinear deformations at that storey (Fig. 5c and d). Hence, the failure of the
columns get shifted to the lower storey levels when the structure is supported on soil
or vice versa. This can be understood with the help of Fig. 7d and e, which shows the
storey-wise developed maximum and root mean square shear forces, respectively.

From the figures, it can be seen that for the structure supported by rock, shear
developed in the fourth storey is comparable to the shear developed in the third storey
of the structure supported by soil. This leads to the development of higher nonlinearity
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at the higher storey levels for the structure supported on rock. The observation can
be related to the sharp increase in the maximum acceleration developed at the fifth
storey for the structure supported on rock (R). The corresponding induced inertial
forces developed at the fifth storey may have been enough to cause the failure at the
fourth storey level in the structure supported by rock (R). For the structure supported
on soil, the inertial forces from the fifth storeymay not have been sufficient to develop
failure at the fourth storey columns. However, the combined inertial forces from the
fourth and the fifth storey levels may have caused significant yielding in the columns
at the third storey level, leading to the development of greater interstorey drift and
curvature in the columns at that level. For beam members, it can be seen that all the
storey levels develop comparable levels of nonlinearity in their sections.

6 Conclusions

From the present study, it can be concluded that soil–structure interaction can signif-
icantly modify the structural response and failure patterns. The study shows that
the belief of soil flexibility not being detrimental rather beneficial has been found
to be contradicted. It is possible that particular soil conditions could produce situ-
ations that may cause greater damage to the structure supported on soil than that
supported on rock. Nonlinear soil–structure interaction has been found to modify the
structural response, giving rise to low-frequency, high-amplitude excitations, which
could develop larger forces at particular instants of time. This may be sufficient to
push the structure towards failure especially at specific storey levels of the structure.
The concentrated failure of the columns at a particular storey level may lead to the
collapse of the structure. Hence, it is inferred that ignoring SSI may prove to be detri-
mental in certain cases and it would be wise to assess the problem on a case-by-case
basis without generalizing the problem of soil–structure interaction as a whole.
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