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Abstract. This paper presents an initial effort to investigate seismic response of soil-pile raft-structure system consid-
ering soil-structure interaction effect. In general, structure and piled raft under seismic load are designed considering
fixed base condition. However, soil flexibility may result significant changes in the response of soil-pile raft-structure
system. The study considers one storey system consisting of a mass in the form of a rigid floor slab supported by four
columns. The piles are modelled by beam-column element supported by laterally distributed springs and dampers. This
simple model used in present study is adequately tuned to exhibit reasonably accurate dynamic characteristics while
compared to the existing well accepted methodologies. The study shows that soil-structure interaction leads to consider-
able lengthening of period though the lateral shear in columns are not significantly changed. However, the shear in piles
is significantly increased due to SSI effect as inertia of the considerable foundation mass contributes to this increase in
shear of pile. Thus, neglecting SSI may lead to unsafe seismic design of piles. A parametric study encompassing feasible
variations of parameters is made under spectrum consistent ground motion. Effect of uncertainty in the soil subgrade

modulus on the pile and column response variability is also studied.
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Introduction

Structures are mostly considered fixed at base for seis-
mic design. However, the recent researches recommend
equivalent springs to account for the support flexibility
at the base of the structure due to presence of founda-
tion and soil. This approach is found to give satisfactory
results for all feasible varieties of shallow foundations
(Bhattacharya et al. 2004). Their study mainly highlights
the seismic response of structures supported by shallow
foundation only where lateral shear as well as bending in
foundation element was found to be a very insignificant
issue. While in case of structures supported by piled raft
foundation, lateral shear in foundation elements under
seismic design criteria is a crucial factor for successful
performance of such systems during earthquake. How-
ever, limited studies are available on seismic response
of structure incorporating the effect of soil flexibility, if
foundation consists of raft supported on pile group.

In a soil-pile raft-structure system, fixed based as-
sumption considers fixity at base level of superstructure
for structural design. Hence, seismic design of structure
and piled raft is performed by computing base shear of
structure under fixed base condition. Soil-structure inter-
action (SSI) is often ignored in most of the analyses per-
taining to its complexity in modelling of the system. In
fact, normally it is assumed that the SSI reduces the design

forces at least for medium to long period structures and
thus the structure becomes over-safe if it is designed on
the basis of fixed base assumption. However, few inves-
tigators (Mylonakis, Gazetas 2000) reported that such no-
tion leads to an unsafe design and may even cause failure
of the whole structure as is evident from the past earth-
quakes (e.g. 1995 Kobe earthquake; 1985 Mexico City
earthquake). In reality, due to deformable characteristics
of soil, foundation offers a partial fixity at structure base
level and thereby alters natural period and response of the
system. In fact, such flexibility and damping of soil results
in inertial interaction during dynamic loading and seems to
be the prime reason for change in dynamic characteristics
and response of the system (FEMA 2005). Present study is
aimed at studying the seismic behaviour of structure attrib-
uting inertial interaction only, as the kinematic interaction
seems not to be considerable for piles embedded in soil
of softer consistency as indicated in well accepted litera-
ture (FEMA 2005). Extensive research has been carried out
pertaining to dynamic behaviour of soil-pile subjected to
horizontal vibration incorporating SSI (e.g. Novak 1974;
Nogami, Novak 1980; Novak, Aboul-Ella 1978; El Naggar,
Novak 1996). Behaviour of soil-pile-structure system under
dynamic load has also been documented in literature (e.g.
Hall 1984; Gazetas 1984; Kaynia, Kausel 1991; Makris,
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Gazetas 1992; Badoni, Makris 1996; Boulanger et al.
1999). In the above studies closed form analytical solutions
were developed to obtain pile response, taking into account
the dynamic pile-soil interaction. However, studies pertain-
ing to the effect of soil structure interaction on the response
of soil-pile raft-structure system are rather limited. Gazetas
(1984) has made a qualitative assessment of the response
of soil-pile-structure system for a wide range of seismic
load and pile parameters. The study indicates that pile-soil-
structure interaction plays a major role in peak response at
pile head. Gazetas et al. (1993), Makris and Gazetas (1992)
presented a parametric study for pile groups considering
soil-pile interaction. The study also reveals that the cross-
interaction between the piles controls the dynamic response
of pile group under seismic inertial loading at pile head.
Guin and Banerjee (1998) investigated that the distribution
of structural loading transferred to the pile changes consid-
erably for a coupled soil-pile-structure under seismic load
due to SSI. Boulanger et al. (1999) assessed validity of
dynamic p-y analysis in seismic soil-pile-structure interac-
tion using dynamic centrifuge model tests. Yingcai (2002),
Rovithis ef al. (2009) analysed a coupled behaviour of soil-
pile-structure systems, which concludes that the fixed base
assumption without SSI may lead to unrealistic response
of the system.

Various design guidelines, such as, Indian standard
(BIS 1893-Part-1 2002), United States standard (ATC 40
1996; FEMA 356 2000), European standard (Eurocode
8-Part 1 1998), and design guidelines for Japan (JSCE
2000) suggest adopting pseudo-static approach to design
structure and foundation system. The abovementioned
design standards also indicate to conduct soil-pile-
structure design considering SSI; however, no explicit
guidelines were recommended. Though limited numbers
of studies pertaining to the effect of SSI on the response
of soil-pile-structure system have been carried out, the
change of design forces in structural and foundation ele-
ments are not explored in detail.

The objective of the present study is to highlight the
effect of soil-structure interaction on seismic response of
soil-pile raft-structure system for realistic variations of
soil stiffness values, depth wise variation of soil proper-
ties, pile length to diameter ratios and fundamental natu-
ral periods of superstructure. The dynamic effect during
seismic shaking is attempted to be captured considering
an idealised one storey system supported by piled raft
foundation. The piles are assumed to be supported later-
ally by compression-only distributed linear springs. In or-
der to obtain dynamic responses of soil-pile raft-structure
system, finite element approach (FEA) is adopted. Vali-
dation of the numerical model is conducted by compar-
ing natural period of vibration of system considering SSI
(Tssi) with respect to few well accepted analytical ex-
pressions (Veletsos, Meek 1974; Gazetas 1996; Maravas
et al. 2007) of the same. A spectrum consistent seismic
ground motion is used to obtain seismic responses of the
systems. Seismic design forces are obtained considering
structural fixity at base and incorporating soil flexibility

encompassing various consistencies of soil medium, pile
geometry and fundamental period of structure. A proba-
bilistic approach is adopted to incorporate uncertainty in
the value of subgrade modulus of soil. Variability in the
responses of column and pile is determined and finally
lower and upper bound values of responses are presented
based on probabilistic approach. The study may provide
crucial inputs in refining design guidelines of soil-pile
raft-superstructure system. An example problem is also
presented in order to explain the usefulness of incorpo-
ration of SSI while designing of structure supported on
piled raft foundation.

1. System modelling

1.1. Modelling of superstructure

Seismic response of a fixed base superstructure is ob-
tained by idealizing a one storey system to resemble a
single storey of freedom (SDOF) system as a main focus
of the paper. In order to verify the performance of such
SDOF system, multi-degree of freedom (MDOF) ideali-
zation for structure is attempted in a limited form.

Superstructure is considered as three dimensional
space frame structure which consists of four column
members supporting a rigid deck slab. Structural fixed
base condition is idealized by restraining all possible
degrees of freedom at all column supports. To have an
overview on the behaviour of multi-storey structures with
various heights, representative periods, namely 0.25 sec,
0.50 sec, 1.0 sec, and 2.0 sec are considered, which rep-
resent typical short, medium and long period structure
respectively. The fundamental period of superstructure
is calculated by changing the mass of superstructure
and lateral stiffness of column. Column stiffness is at-
tributed by assigning suitable sectional properties. The
superstructure is considered to be supported by a piled
raft foundation designed on the basis of gravity loading.
A schematic diagram of the idealized system for fixed
base and soil-pile raft-structure is shown in Figure 1. To
resemble a multi-degree freedom system (MDOF), a
4-storeyed building, which consists of four rigid deck
slabs of uniform thickness supported by four column
members at each storey is considered. Column stiffness is
adjusted to derive a fundamental lateral period of 0.5 sec
under fixed base condition for this 4-storeyed building.
SSI effect is examined by further modelling the raft, piles
and lateral soil springs.

1.2. Idealization of pile raft-soil system

Pile raft-soil interaction consists of two aspects: (1) in-
teraction between raft and soil; (2) interaction between
pile and soil. The well accepted and adequate literature is
used to derive the properties of springs, in both aspects.
In fact, raft-soil spring action is modelled following a
study on dynamic stiffness of shallow footing (Gazetas
1991). Further, pile-soil spring action is conceived
through introducing distributed soil springs along the
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Tixed = 2.0 sec

Tixea = 0.5 sec Tixea = 1.0 sec

(@)

m4, My, mz = Super structural masses
assumed for different fixed base period of
structures

ki, ko, ks = Column stiffness assumed for
respective structures
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Fig. 1. Schematic diagram of the idealized system considered: a) fixed base system; b) the SSI system

length of pile as suggested in well accepted literature
(Roesset, Angelides 1980; Gazetas, Dobry 1984; Makris,
Gazetas 1992). These spring stiffness values primarily
depend upon soil shear modulus which is an intrinsic
property of soil. However, a validation pertaining to
overall pile group raft — soil stiffness has been conducted
through overall stiffness of pile group as suggested by
Poulos (2001). It is observed that overall lateral stiffness
of piled raft obtained from the present model is in good
agreement with various empirical and analytical methods
(e.g. Gazetas 1984; Dobry, Gazetas 1988; Makris, Gazetas
1992). Soil is considered to have a linear elastic behav-
iour with constant Poisson’s ratio and constant mass den-
sity. Three different variations of soil subgrade modulus,
ky(z) are obtained from three different variations of
Young’s modulus of soil, £(z), as presented in Figure 2.
The first soil model represents uniform E(z) and hence,
ky(2) with depth. Second model considers £(z) as well as
k() proportional to depth, while E£(z) (or k,(z)) follows
a parabolic distribution in the third model. In fact, these
models are suitable to cover the variation of properties in
wide range of soil profiles as described in previous stud-
ies (e.g. Gazetas, Dobry 1984; Gazetas 1984). In order
to examine the response of soil-pile raft-structure, three
different soil stiffness values, namely very soft, soft, and
moderately stiff are considered herein. In order to incor-
porate these three different profiles for a particular soil
stiffness, a reference value of £, (characteristic Young’s
modulus of soil) is considered at shallow depth (i.e. at
one diameter of pile below ground level) as suggested
by Gazetas (1984). Depth wise subgrade modulus (or
stiffness) of soil are obtained based on E; values. The
reference values of E; at z = d are given in Table 3.
Such idealized profiles are considered to take care of
the in-situ condition of a homogenous sub-soil layer in
a more realistic sense. However, Gazetas (1984), Budhu
and Davies (1988) mentioned that a constant profile rep-
resents a stiff homogenous clay layer, linear distribution
of strength parameters represents a normally consolidat-
ed soft clay layer and a parabolic distribution represents
for sandy soil. Hence, present study incorporates all three

soil models as presented in Figure 2 irrespective of soil
stiffness values considering a wide range of variability
of such profile.

1.2.1. Modelling of soil-raft system

Piles are considered to be connected rigidly with raft
foundation. A square raft is modelled using four noded
plate elements discretised into square meshes. Each node
of the plate is considered to have three degrees of free-
dom (two in mutually perpendicular horizontal directions
and one in the vertical direction). Gazetas (1991) intro-
duced equivalent springs that are located at the centroid
of the foundation in each degree of freedom, to ideal-
ize the soil, which are given in Table 1. However, Dutta
et al. (2009) showed that the idealisation of soil through
distributed spring indicates a realistic representation of
stress distribution over the raft area taking care of soil
flexibility. Hence, raft-soil interaction is modelled using
distributed linear springs connected below the entire raft
area. Stiffness of distributed lateral springs in two mutu-
ally perpendicular horizontal directions (lateral (K,;) and
longitudinal (K,,)) are assigned following Dutta et al.
(2009) as follows:

le = [(xGl/n2 5 (la)
K., = KxGl/nZ’ (1b)

where: K 5 and K, are the overall lateral stiffness of
soil spring (Gazetas 1991) attached beneath the raft in lat-
eral and longitudinal directions, respectively and 7 is the
number of mesh divisions in lateral as well longitudinal
direction giving rise to n? elements in the raft. Vertical
stiffness formulation suggested by Gazetas (1991) takes
to n? elements in the raft. Vertical stiffness formulation
suggested by Gazetas (1991) takes care for the coupled
lateral-rocking mode of vibration. Hence, vertical spring
stiffness (K,) values are compared with the values pro-
vided by Gazetas (1991) and are adapted in a distributed
form as presented in literature (Dutta et al. 2009):
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where: G is the shear modulus of soil; /j is the length of
raft and v is the Poisson’s ratio of soil. The shear modu-
lus of soil (in t/ft?) is computed using the relationship
given by Ohsaki and Iwasaki (1973) as presented below:

G = 120N°3, 3)

where N is the SPT value of soil. Shear modulus of soil
is calculated on the basis of reference N value defined
at a depth of one diameter of pile below ground level
as suggested by Gazetas (1984), available in Table 3 for
different stiffness values of soil. Such assumption is con-
sidered to be valid, since variation of stiffness of soil
seems to be marginal at this depth for three different soil
profiles. Note that, shear modulus values are considered
to be altered for different soil consistency. Stiffness of
all intermediate vertical springs connected to the raft are
assumed to be the same while the corner and peripheral
vertical spring stiffness, one-fourth or half of the stiff-
ness of intermediate vertical springs depending on their
influence area.

1.2.2. Modelling of soil-pile system

Pile-soil interaction phenomenon is modelled through
beams on Winkler’s foundation (BWF) technique where
discrete soil springs in equivalent sense are attached at
regular intervals of pile nodes. But in reality, soil is weak
in tension and gap formation between pile and soil is a
well admitted phenomenon which is not accounted in the
discrete soil springs due to simplicity. Further, it is ob-
served that gapping effect seems to be marginal in case
of fixed head pile (Pender, Satwayan 1996). In fact, pre-
sent study is mainly motivated to gaze at the effect of
soil flexibility on dynamic characteristics and response
of the system which might be taken care of by adopt-
ing such simplified pile-soil modelling, attributing only
compression behaviour of soil. Stiffness values of such
springs are derived from lateral subgrade modulus of
soil medium. This technique has been extensively used
in case of laterally loaded piles under static loading as
reported in previous studies (e.g. Poulos, Davis 1980;
Banerjee, Davies 1978; Randolph 1981; Hsiung 2003).
In case of dynamic loading, beams on dynamic Winkler’s
foundation (BDWF) are used to model soil-pile interac-
tion making a compromise between model complexity
and accuracy in dynamic responses, instead of rigorous
3D FE model for single pile or pile group (e.g. Pender,

N

(a) Constant

(b) Linear

(c) Parabolic

Fig. 2. Three idealized soil profiles considered: a) constant, b) linear and c) parabolic (Gazetas 1984)

Table 1. Stiffness of equivalent springs along various degree of freedom (Gazetas 1991)

Degrees of freedom

Stiffness of equivalent soil spring

Vertical (K,)

(2GLg / (1 = v)) (0.73 + 1.5¢%7%)

Horizontal (K1)
(lateral direction)

QGLg I (2 —v)) (2 + 2.54y085)

Horizontal (K, s,)
(longitudinal direction)

(2GLg (1 =v)) (0.73 + 1.54 %075 — (0.2(0.75 — V) GLg(1 — (B / Ly)

where: y = 4), / 4Lg?, A4, is the area of the foundation considered; B and Ly are half width and half-
length of a rectangular foundation, respectively; G is shear modulus of soil and v is the Poisson’s

ratio of soil.
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Satyawan 1996; Tajimi 1969; Gazetas, Dobry 1984; Ba-
doni, Makris 1996; Makris, Gazetas 1992; Gazetas, Makris
1991; Novak 1974; Nikolaou ef al. 2001; Boulengar
et al. 1999; Curras et al. 2001). Distributed soil springs
are considered as linear in some of these studies and
while non-linear in some other, along with other physi-
cal interaction phenomenon between pile and soil. Stiff-
ness of soil springs are considered as frequency depend-
ent in some of the studies (e.g. Novak 1974; Badoni,
Makris 1996). However, it has also been observed that
frequency of input motion may not have a substantial
effect. In fact, such stiffness remains constant through-
out the predominant range of frequency content of an
earthquake (Novak 1974; Makris, Gazetas 1992; Gazetas
et al. 1993; NCHPR 461 2001). Hence, while study-
ing the behaviour of entire system containing structure,
raft, pile and soil, present study proceeds with a simpler
idealization of pile-soil interaction with piles laterally
supported by frequency independent soil springs. The
stiffness of soil springs are calculated following well ac-
cepted literature (Reese, Matlock 1956; Gazetas, Dobry
1984; Bowles 1997) and assigned to individual distrib-
uted soil springs on the basis of tributary area of pile.
However, further justification of idealizing soil
structure interaction modelling by beam on linear Win-
kler’s foundation may be considered from well accepted
literature proposed by Gazetas and his co-workers (e.g.
Velez et al. 1983; Gazetas 1984; Makris, Gazetas 1992;
Gazetas et al. 1993). The literature suggested by Gazetas
and his co-workers mainly attempted to present the ex-
pression for dynamic stiffness of a single pile (Velez
et al. 1983; Gazetas 1984) and for pile groups (Makris,
Gazetas 1992; Gazetas et al. 1993) which have been
verified by well accepted analytical, numerical and ex-
perimental studies (Blaney et al. 1976; Ohta et al. 1980;
Randolph 1981; Kaynia, Kausel 1991). However, these
stiffness values are mainly a function of static stiffness of
a single pile, multiplied by frequency dependent dynamic
coefficient and in case of group pile, dynamic interac-
tion factor is further prescribed to be multiplied. On the
other hand, Gazetas et al. (1993) states that the spring
constants are derived solely through curve fitting, i.e. by
matching pile head stiffness from the Winkler and 3D
finite element formulations. Hence, the same spring con-
stant for distributed Winkler’s springs in present study is
considered as proposed by Gazetas and his co-workers
in their different authoritative literature (Gazetas, Dobry
1984; Gazetas, Makris 1991; Gazetas et al. 1993; Makris,
Gazetas 1992). Pile group interaction is avoided as it has
been indicated out in well-established literature (Gazetas
et al. 1991) that such factor may be avoided until a fine
tuning of such factors may be made. In fact, dynamic
analysis of pile involves frequency dependent group in-
teraction factor which seem to be an important issue in
order to predict the dynamic characteristics and response
of the system. This issue may be studied in detail as a
further scope, particularly emphasizing a more realistic
and accurate modelling for a soil-pile raft-superstructure

R. Saha et al. Seismic response of soil-pile raft-structure system

system, attributing a large number of case studies. The
same effect is attempted to be studied in a limited form
in the present paper, comparing it with the present mod-
elling technique. However, the objective of the present
study is to identify the effect of structure-raft-pile-soil
interaction in response to structural and foundation ele-
ments, identifying the physical reasons for the same,
rather than contributing on sensitivity or accuracy of
modelling. Thus, such reasonably accurate yet simpli-
fied pile-soil modelling is adopted particularly in view of
such large number of case studies. Linear finite element
approach (FEA) is used to obtain the responses. Figure 3
shows a detailed representation of the finite element
model used herein.

Several empirical formulae for determination of lat-
eral modulus of subgrade reaction were recommended
in literature (e.g. Reese, Matlock 1956; Douglas, Davis
1964; Nogami, Novak 1980; Reese 1977; Gazetas, Dobry
1984; Bowles 1997). Among all these models, correla-
tions suggested by Matlock and Reese (1960), Gazetas
and Dobry (1984) and Bowles (1997) based on different
loading mechanisms (static and cyclic pile head loading)
are widely accepted because of their simplicity. Further-
more, theory of elasticity was also accounted for these
propositions and no comparison between such relations is
suggested. Hence, more realistic values may be obtained
from them. A brief discussion of each of such formulae
is presented in the following section.

Bowles (1997) approach
Bowles (1997) proposed an empirical relationship for
modulus of subgrade values as given below:

ky, (z) =A +Bz"; (4a)
A, =C(cN,S, +05yN,S,); (4b)
B, =CyN,S,, (4c)

where: kj, is the subgrade modulus of soil; A, is the con-
stant for either horizontal and vertical members; B, is the
coefficient for depth variation; z is the depth of interest
below ground; m is the exponent to give best fit k; and
C is a calibration factor based on allowable bearing ca-
pacity. Other bearing capacity and shape factors may be
attributed to standard bearing capacity equation by Ter-
zaghi and Hansen approach (Bowles 1997). Three possi-
ble variations namely, uniform, linear and parabolic, may
be incorporated by setting m as 0, 1 and 2, respectively.

Matlock and Reese (1960) approach
A general distribution of k;, with depth has been intro-
duced by Matlock and Reese (1960), as given below:

where: 7, is the coefficient of subgrade reaction; z is the

depth below surface; d is the pile diameter and m is an
empirical index equal to or greater than zero. Typical val-
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ues of 7, are given in Reese and Matlock (1956) for vari-
ous types of soil. Three different types of soil profiles are
incorporated changing empirical index values.

Gazetas and Dobry (1984) approach
Roesset and Angelides (1980) provided a relationship be-
tween subgrade modulus and soil Young’s modulus, £(z)
as per theory of elasticity as given by:
k()= 8E, (2) ©
where 0 is a constant. Typical values of ¢ for various soils
and piles vary from 1.0-1.2 for fixed-head pile (Gaze-
tas, Dobry 1984). However, a fixed value of 6 = 1.2
recommended by Mylonakis and Gazetas (2002), Gazetas
et al. (1993) and Markis and Gazetas (1992) for fixed
head pile and the same value is adopted herein. The
above three approaches need various parameters to esti-
mate kj,(z) which are listed in Table 2.
Estimated values of kj(z) for various soil stiffness
values are also presented in the same table.

Node

Intermediate
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Vertical springs are also introduced at pile nodes to
account for frictional shaft resistance (z-z spring) and tip
resistance (g-z spring) respectively.

The input parameter of which are calculated as
follows (Bowles 1997):

(7
®)

k, =o0s,d;

k,. =360s,4,,

where: s, is the undrained shear strength of soil at pile
tip; a is the adhesion factor; d is diameter of pile; and 4,
is the area of pile base section.

1.3. Damping

Previous studies (Satake et al. 2003) suggest that normal
range of damping of building system vary within 2—-8%.
Guidelines for estimating damping of soil medium have
been prescribed in literature (e.g. Veletsos 1977; Gazetas
1991). However, this may go up to as high as 20% for

RS
7 K2 \\
K,/2 K/m 77K
o , COFI(EI‘ }( - J4
L/4 /
N /

N -

Plate element

o !%%g K./4, K,/4 and K,,/4 = lateral ar
27 vertical stiffness of soil springs
attached at each corner node,
B -+ X respectively.

A\

Pile and raft common
node attached to be fixed

Pile idealized as
beam column element

-
/
1k q-z spring
e

N

¢) Soil-pile modeling

( tip resistance)

K../2, K,;/2 and K,,/2 = lateral and
vertical stiffness of soil springs attached
at each intermediate node, respectively.

K., K,, and K,~ lateral and vertical
stiffness of soil springs attached at each
center nodes, respectively.

Note: Soil springs at each raft node and dashpots to
represent soil damping are not shown to maintain clarity.

Linear p-y spring in two
horizontal directions

Dashpot to represent soil
damping

ki
t-z linear spring
(shaft friction)

. kh(x), kh(v) and ktz represents stiffness

of spring at three perpendicular directions.

¢ Crepresents dashpot coefficient.

Fig. 3. Detailed representation of finite element model for (a) soil-raft and (b) soil-pile system
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Table 2. List of various parameters to determine values of subgrade modulus

Method for

ky(z) (KN/m?/m)

Stiffness of soil L Parameters Values - -
estimating &,(z) Constant Linear Parabolic
N, 5.14
S, 1.3
N 0 5435 +349 5435 + 349
+ +
Bowles (1997) S, 0.6 5784 /d) (ld)"
Very soft Ny 1.0
(s, = 9.8 KN/m?, S, 1.2
y=13.5 kKN/m?) C 83
Matlock and 3 (163/d) (163/d)
Reese (1960) T 163 kN/m 2727 (+z2)  (1+z+20%
Gazetas and 4 1.2
6000 6000(z/ 6000(z/d)%>
Dobry (1984) Es(z) 5 MPa (&la) (eld)
N, 5.14
S, 1.3
Ne 0 10260 10260 + 697
+ +
Bowles (1997) S, 0.6 10957 697(=/d) (z/d)3
N, 1.0
Soft
(s, = 18.5 KN/m?, S, 13
y=17.0 kKN/m?) C 83
Matlock and
3 (543/d) (543/d)
Reese (1960) n, 543 kN/m 7723 (+2) (14 2+ 205
Gazetas and 4 1.2
12000 12000(z/ 12000(z/d)-3
Dobry (1984) Esz) 10 MPa (z/d) (z/d)
N, 5.14
S, 1.3
N, 0
20409 + 20409 + 847
Bowles (1997) S, 0.6 21256 847(/d) (z/d)0S
Moderately stiff Ny 1.0
(s, = 36.8 kN/m?, S, 1.3
y=18.5 kN/m3) C 3
Matlock and 3 (1085/d) (1085/d)
Reese (1960) T 1085 kN/m 25607 (+z2)  (1+z+20%
Gazetas and 4 1.2
36000 36000(z/ 36000(z/d)?-
Dobry (1984) Es@) 30 MPa (€ld) (&ld)

the subgrade medium. In fact, it has been suggested that
consideration of 5% material damping of soil could be
a realistic assumption for understanding the behaviour
of pile-raft system (Velez et al. 1983). Such effect of
damping (with material and radiation) due to interac-
tion between foundation and soil on overall response
of soil-foundation-structure system is rigorously inves-
tigated by Roy and Dutta (2010) with various feasible
choices of damping ratio of soil, for instance within a
range of 2% to 30% of critical damping. The objective
of this previous study was to see the effect of soil damp-
ing which comprises of both material as well as radiation
damping part on calculating overall flexible base damp-
ing parameter and most effectively on the response of
the whole system. However, such study was limited to

shallow footings only. It was found that consideration
of high damping for soil (including material and radia-
tion), even up to the extent of 30% of critical damping,
will make a marginal difference in response of the ele-
ments of system as compared to what is obtained with
5% of critical damping of soil. Finally, they reported that
consideration of 5% of critical damping in each mode
of combined structure-foundation and soil system is a
reasonable input which marginally overestimates the re-
sponse of system. Furthermore, many seismic codes (e.g.
Indian seismic design guideline, BIS 1893-Part-I1 2002)
also suggest that 5% of critical damping is reasonable
for concrete structures. Therefore, to strike a balance be-
tween rigour and accuracy, 5% of critical damping in
each mode of vibration of pile-raft-soil and superstruc-
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ture system is considered for the present study regardless
of structural support condition. Based on similarity of the
issue of soil damping with previous study by Roy and
Dutta (2010), the same foundation damping is consid-
ered to be applicable in present study for pile-supported
structure. Such a consideration of 5% of critical damping
for pile-soil foundation system primarily indicates mate-
rial or hysteretic damping part of soil, while radiation
counterpart is appreciably marginal. However, it has been
observed that material damping of pile-soil system is a
frequency independent constant parameter which acts in
the range of lower frequency up to a maximum value of
fundamental natural frequency of soil deposit (Gazetas,
Dobry 1984). The input motion used in this study con-
tains very high amplitudes at lower frequency range
implicating maximum response of structures and hence
material damping will rather be more appropriate for pre-
dicting the response of the whole system. However, it
would be interesting to study the influence of frequency
dependent damping on pile-soil foundation system in de-
tail, through a further rigorous modelling, by introducing
separated lateral dashpots at each node of pile elements,
yielding the cases where such influence can be consider-
able, and also the extent of such influence. This may be
treated as an important further scope of the present study
as the major objective of this paper is limited to provide
a prima facei input on the effect of SSI in case of pile
supported structures.

1.4. Ground motion

An artificially generated earthquake acceleration history
consistent with BIS 1893 (1984) specified design spec-
trum, having PGA (peak ground acceleration) of 0.1 g
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is chosen from the previous studies (Dutta et al. 2004;
Dutta, Das 2002) as input ground motion in the present
analysis. The generated acceleration time history and
the design response spectrum are shown in Figure 4.
Design spectrum of BIS 1893 (1984) superimposed on
the response spectrum of this ground motion indicates
the consistency of these motion with this design spec-
trum. So, this earthquake ground motion is expected to
have similar frequency content as expected through well
accepted design spectrum. Hence, response obtained
from such a ground motion is expected to produce trend
indicating results.

2. Case studies

Present study attempts to examine the effect of soil-
structure interaction on piled raft-structure under seismic
excitation for different fundamental periods of structure,
soil stiffness values and pile length to diameter ratios.
Four representative natural periods of vibration, namely,
0.25 sec, 0.5 sec, 1 sec, and 2 sec are taken into account
for the short, medium and long period structure, respec-
tively. Realistically, 0.25 sec, 0.5 sec, 1 sec, and 2 sec.
fundamental periods may be exhibited by the structures
with three-storeyed, five-storeyed, ten-storeyed and
twenty-storeyed buildings, respectively. The behaviour of
these multi-degrees of freedom systems are attempted to
be studied through equivalent SDOF system having same
lateral period by adjusting mass and stiffness. Three dif-
ferent types of soil stiffness values, namely, very soft,
soft and moderately stiff are considered to represent rela-
tive stiffness values of pile to soil (E,/E,,) in the order
of 5000, 2500 and 800, respectively representing incom-
pressible to compressible behaviour of pile based on as-
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Fig. 4. Synthetic ground motion used in the present study, chosen from literature (Dutta et al. 2004; Dutta, Das 2002):
a) acceleration time history; and b) spectrum of simulated ground motion superposed on design spectrum of IS: 1893 (1984)

corresponding to 2% damping
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Table 3. Typical Soil parameters considered for study as used
in Bhattacharya et al. (2004)

Stiffness of clay Very soft Soft Modgrately
stiff
N value 1 3 6
s, (KN/m?) 9.80 18.50 36.80
Vsar (KN/mM?) 13.50 17.0 18.50
g"mpress“’n index, 4 579 0.189 0.135
Void ratio 1.20 0.90 0.72
(ep)
Young’s modulus,
E; (MPa) (Bowles 5.0 10.0 30.0
1997)

sumed Young’s modulus of pile (E,) of 25x10% kN/m?,
Characteristic Young’s modulus of soil (£,) is used to
define relative stiffness of pile in various consistencies
of soil. Typical parameters considered for these soil types
are presented in Table 3. Equivalent spring stiffness val-
ues are calculated for different soil types corresponding
to all possible combinations of approaches for evaluating
lateral subgrade modulus along with three typical depth
wise variations of the same. The Poisson’s ratio (v) of
soil is considered to be equal to 0.5 for all types of clay
(IS: 5249 1992).

A piled raft having plan area of 10x10 m is taken
into consideration and a plan area of 8.5x8.5 m is
retained for superstructure floor on the boundary of which
peripheral columns are placed. Based on a convergence
study, raft is discretised into 1600 numbers (i.e. n = 40)
and piles are divided into 18, 22 and 30 elements for
L/d = 60, 75 and 100, respectively. The convergence
study is performed through observing the change in
normalised shear at column and pile. Such normalised
response is presented as a function of number of mesh
divisions in raft. Normalised shear indicates the ratio
of shear force obtained from SSI model to fixed base

1
T
1
1
1
|

Normalised lateral Shear

2000

Number of mesh divisions in raft
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condition. When pile is being modelled as beam column
elements, for which stiffness is developed on the basis of
actual shape function, no further discretisation is needed
to improve the accuracy. Results of convergence study are
presented for sample case of lumped mass stick model,
supported by a raft foundation attached with a single
pile as shown in Figure 5. Graphs presented in Figure 5
clearly show that there is a little influence of increase in
mesh divisions beyond 1000. Gravity load is considered
to be 8.0 kN/m? per floor with a realistic consideration
of live load for design of foundation. Floating pile group
is designed based on imposed superstructure load and
subsoil condition. Allowable bearing capacity of the
soil is estimated based on general shear failure and
permissible settlement criteria. It is assumed that a part
of the superstructure weight is taken by the raft, based on
the allowable bearing capacity of the soil it is resting on.

The remaining weight is considered to be carried
by piles. Raft foundation is assumed to be supported by
a group of piles. Three different pile length-to-diameter
ratios (L/d), 60, 75 and 100 are selected. Pile spacing
(S)-to-diameter (d) ratio (S/d) is kept constant at 3 and
thickness of the raft is varied with different natural period
of structure. A detailed scheme for all case studies is
summarised in Table 4. To arrive at only realistic cases,
it has been found that raft-pile foundation is a feasible
footing system for very soft soil, while such a foundation
system may become uneconomic for structures on soft to
moderately stiff soil, if they have less number of storeys
having less fundamental natural period. Only structures
with larger number of storeys, with larger fundamental
period may have raft-pile foundation feasible. Such
cases are only included in the scope of the study to
have realistic inferences. From this viewpoint, the entire
period ranges are not covered for soft and medium soil
cases. However, superstructure with fundamental period
(Tfixeq) of 0.25 sec embedded in very soft soil is found to
be an exceptional case, for which piled raft foundation is
a too conservative solution.

(n x n) nos. of

(b) mesh divisions
10m |
>

» Thickness of
raft=0.5m

Tiixea = 0.5 sec. =

18.0m

A

/» Dia of pile=0.3 m

N.B.: Soil springs are not shown here
v and diagram is not to scale.

Fig. 5. Representation of mesh sensitivity results: a) normalised shear at column and pile for various choice of mesh divisions in
raft; b) schematic diagram of soil-piled raft-structure system used in convergence study
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Table 4. Summary of case studies

Soil stiffness

Time period (in terms of Raft Pile arou I d Method
of structure lati i Soil profile  thickness N group S/d Lid adopted
T, (scc) relative stiffness (mm) configuration (m) (m) for k,(2)
Jixed of pile) x
Very soft
(E/E.)= 5000) NPR NPR - -
Constant,
0.25 (E ES"E 2500y Linear NPR NPR - -
v/Esa Parabolic
Moderately stiff
(E/E.q = 800) NPR NPR - -
Very soft 750 (4x4), (3x3), (2x3) 18,22.5,30 0.30
( E}/Esd = 5000) » ’ s (g} .
Soft Constant,
0.5 0 Linear, NPR NPR _ _ g
(E/Esq=2500)  Pparabolic %
Moderately stiff g
(E/E.q = 800) NPR NPR - - S g
< > [a)
Very soft - 0
(E/E.)= 5000) 1000 (6%6), (5%5), (5x5) 18,22.5,30  0.30 = T
Soft Constant, © ]
1.0 0 Linear, 1000 2x3), (3x3), (2x2) 18,22.5,30 0.30 9
(E/Esq=2500)  parabolic (23, 39). (222) §
Moderately stiff
(E/E.q = 800) NPR NPR - -
Very soft
(E/E.)= 5000) 1500 (9%9), (8x8), (7x7) 18,22.5,30  0.30
Soft CQnstant 1500 6%6), (5%5), (5x5) 18,22.5,30 0.30
: X
2.0 (E/Eyd =2500) Llnearz ( ), ( ), ( ) 5 22D, .
- Parabolic
Moderately stiff 1500 (3x4), (3x3), (3x3) 18,225,30 030

( E,/E,q = 800)

For all cases: PG4 = 0.1 g, Damping = 5%, NPR = No piles are required, 4x4 indicates 4 rows x 4 columns, order of (4x4),
(3%3), (2x3) indicates pile group of length 18 m, 22.5 m and 30 m respectively.

This is due to the fact that a structure with 7%, =
0.25 sec resembles a three storeyed building frame
which can also be considered as an equivalent SDOF
system having 8.5x8.5 m (thickness = 1.0 m) roof slab
supported with four 300x300 mm square columns.
Considering the superstructure weight of such structure
a shallow foundation (raft) is found to be safe in case
of very soft soil. Hence, addition of piles seems to be
an irrational design and thereby not included in the
analysis. However, a 4-storeyed building (fundamental
period is assumed to be 0.5 sec in fixed base condition)
typically representative of moderately stiff period of
a structure supported by a 3x3 floating pile group of
L/d = 60 embedded in very soft soil having constant
variation of E; with depth is considered. In this case,
thickness of raft is rationally assumed to be 500 mm.
Since, Table 4 only presents the cases to be studied based
on SDOF modelling, this present MDOF system is not
included in the table.

3. Results and discussion
3.1. Validation of model used in numerical study

An attempt has been made to validate the proposed nu-
merical model by comparing lateral natural period of the
system obtained from present SSI model and different
well accepted analytical solutions available in literature
(e.g. Rovithis et al. 2009). The classical analytical ex-
pressions for calculating natural time period of structure
incorporating SSI are presented in Table 5. Table 6 rep-
resents lateral natural period of structure incorporating
SSI evaluated by using above mentioned analytical ex-
pressions as well as present modelling for a few exem-
plary cases of soil-pile raft-structure models which are
also included among the cases presented herein. In the
above analytical expressions, pile-group foundation stiff-
ness depending on frequency dependent interaction fac-
tors under various degrees of freedom, i.e. K, (sway),
K, (rocking), K, (coupled sway-rocking) are evaluated
using empirical and analytical solutions following litera-
ture proposed by Gazetas (1984), Dobry, Gazetas (1988)
and Makris and Gazetas (1992). Frequency dependent
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group interaction factor under sway motion for comput-
ing pile- group lateral stiffness is considered in all these
expressions. Though the present modelling does not in-
corporate any effect of group interaction, but to visual-
ize the effect of frequency dependent group interaction
factor in pile-group stiffness under sway motion, three
different dimensionless frequencies (ay, = wd/V;, where
o = angular frequency of harmonic motion and d is the
pile diameter, V, = shear wave velocity in soil layer) of
0.05, 0.3 and 1.0 are selected for computation of 7 from
analytical formulation. Another case without considering
group interaction factor has also been computed and pre-
sented for the sake of comparison. In case of Eqn (10)
proposed by Maravas et al. (2007), the damping ratio
for different conditions is considered uniform as 0.05 for
the sake of simplicity. Further, it is worth mentioning
that damping ratio under translation motion is generally
higher than rocking for pile foundation (Gazetas et al.
1993). To verify such observation, different combinations
of realistic damping ratios under translational and rock-
ing motion, such as, (5% and 2%), (8% and 5%), (10%
and 5%), respectively are considered along with damping
ratio of other modes unchanged to 5% for calculation of
natural period of system. No change is observed in the
results as compared to the uniform 5% damping for all
modes. In fact, any system has very less influence on its
natural frequency or period due to change in damping
while following from expression of damped frequency
of systems available in standard literature (Chopra 2008;
Clough, Penzien 1995).

R. Saha et al. Seismic response of soil-pile raft-structure system

The natural lateral period considering for these
different formulations are computed and compared with
the values obtained using a simple soil-pile-raft-structure
model, and presented in Table 6. This table shows that
the present model predicts the period of soil-pile-raft-
structure system with reasonable accuracy and may
be used for obtaining valuable insight into the seismic
behaviour of such structural systems. However, it is
observed from Table 6 that the effect of coupled stiffness
for pile group seems to be marginal on natural period
of vibration for the particular piled raft-superstructure
systems under investigation. While, the effect of such
stiffness is considered to be an important parameter in soil-
pile-structure system (Rovithis et al. 2009). Among the
abovementioned analytical expressions, Gazetas (1996)
has proposed the contribution of coupled stiffness as
indicated in Eqn (10). It is evident from the Eqn (10) that
the natural period of the system depends upon the ratio
of k. /K., (ratio of structural stiffness to sway-rocking
stiffness of foundation) and k. /K,,. (ratio of structural
stiffness to rocking stiffness of foundation). It is observed
that incorporation of sway-rocking stiffness and rocking
stiffness exhibit marginal increase in fundamental period
of soil-pile raft-structure system. Furthermore, extent of
such increase in natural period is observed to be within
10% compared to other two relations proposed by Veletsos
and Meek (1974) and Maravas et al. (2007). The effect
of cross-sway stiffness seems to be marginal for the
considered benchmark cases. This is essentially due to the
fact that the long period structures supported by a flexible

Table 5. Classical expressions for calculating natural time period of structure incorporating SSI (Rovithis ez al. 2009)

Relation proposed

Sl. No. by Analytical expressions
K H?
Tssi — Tﬁxed 1+ kstr [1+ XX Atr} (9)
) KXX Krr
Veletsos and Meek . o )
1 (1974) where: T, Ticens Kgpo and Hy, denotes the natural period considering SSI, natural period under

fixed base condition, stiffness of structure and height of structure respectively; K, and K, denote
stiffness of foundation under swaying and rocking motion respectively. The above equation was
developed for structures supported on rigid mat foundation, but it is often utilized for variety of
foundations and also incorporated in seismic codes (ATC-3 1978; FEMA 440 2005).

k

Tssi :Tﬁxed\/l"'KLtrJ’_

XX

2 Gazetas (1996)

H

2
stro kstrH str (10)

K K

Xxr rr

where K, denotes coupled sway-rocking stiffness of foundation and other notations are same as

introduced in Eqn (9).

-2
kg, | 1+4C

-2
1+4¢ an

Tssi = Tﬁxed
K —2
Maravas et al. w1445,

(2007)

n kstrHStr2 1+4¢2
K,

144g, ) (14465

where (. , ./,: s ./,: cand E g represent the damping ratio of structure under fixed base, flexibly
supported structure, swaying of foundation and rocking of foundation respectively and remaining
other notations are same as introduced in Eqn (9).
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piled raft system in different soils may experience marginal
effect of soil structure interaction. The reason may be
further explained by a flexible spring being connected in
series with another flexible spring, exhibiting less change
while combined as compared to what is exhibited by a stiff
spring being connected with a flexible spring. Such effect
might be significant for short period structure supported by
flexible piled raft system or rigid piled raft system which
is beyond the scope of the study.

3.2. Effects of SSI on fundamental period of the
SyStem (Tssl)

The fundamental lateral periods of vibration of pile raft-
structure system accounting SSI (7};) are obtained and
compared to the natural periods of the structures under
fixed base conditions (7). The comparison presented
in Table 7 illustrates the effect of soil and pile param-
eters on Ti,;. Note that, Table 7 reported only those cases
where pile foundation is a feasible option. It is observed
that the period of soil-pile raft-structure system lengthens
with respect to the natural period of vibration under fixed
base conditions in all cases due to SSI effect. Results
show that increasing pile length leads to considerable
lengthening of 7. This implies that the effect of SSI
is significant for slender piles. For example, a structure
having T, = 0.5 sec exhibits an increase of the same
to 1.22 sec for a L/d ratio of 100 if it is embedded in soft
soil with constant lateral subgrade modulus with depth.
However, the lengthened period is observed as low as
0.79 sec for L/d ratio of 60. Further, a 4-storeyed build-
ing represented as a MDOF system implying a T,.q =
0.5 sec shows a lengthened period of 0.70 sec which con-
firms the validity of observations achieved through SDOF
idealization. The table also shows that stiff structures
may have considerable lengthening of period due to SSI.
Similar observations have also been made by Rovithis
et al. (2009). Based on the results, it is also observed that
soil consistency may have significant effect on T ;. In-
terestingly, period lengthening of soil-pile raft-structure
system seems to be more in case of moderately stiff soil
as compared to the soft soil. For a structure founded on
moderately stiff soil requires fewer piles compared to
the structures founded on soft soil for the same super-
structure load. Thus, the structure on soft soil has more
stiffness contributed by larger number of piles in its raft-
pile-soil system. This result in lesser overall stiffness
of soil-pile system in medium soil, leading to a larger
lengthening of natural period of vibration as compared
to its counterpart in soft soil, though this observation ap-
pears to be apparently counter intuitive. Present study
exhibits a lengthening of period to the extent of about
2% to 140% due to soil consistency ranging from very
soft to moderately stiff.

3.3. Effects of SSI on seismic base shear

Seismic base shear gives a broad idea about the seis-
mic lateral vulnerability in the elastic range of response

which is considered as one of the fundamental inputs for
seismic design. Hence, the variations in the base shear
for piled-raft supported superstructure due to the effect
of soil-structure interaction is investigated. It is observed
that the overall stiffness of the pile raft-structure system
changes considerably due to inclusion of soil flexibility
which results in appreciable change in the base shear.
Present study deals with several soil and pile parame-
ters. Shear force transmitted in ground storey columns
(VB(coy) and to pile heads (Vp,;,)) is obtained for soil-
pile raft-structure system considering the range of pa-
rameters described earlier. Since total shear transmitted
to the soil is distributed through the total length of pile,
the maximum shear (Vp,;,)) in pile occurs at their head
level. These base shear forces are normalised with re-
spect to the base shear (Vpgyqq) obtained under fixed
base condition. Normalised base shear forces at ground
storey columns and pile head (Vp .o/ Vfixeq) a0d Vi o)/
VB(fivea))> Tespectively are plotted as a function of pe-
riod of structures under fixed base condition. The nor-
malised values greater than one indicates an increased
response as compared to what is obtained considering a
fixed base condition and vice versa indicates decreased
response. Effect of three different approaches to estimate
soil subgrade modulus, k;(z), on the responses of pile
raft-structure system is examined for all three different
soil consistency values and three depth wise variations
of Ey(z). Figures 6(a) and 6(b) present Vg op/ Vagfived)
and Vi) Vpfiveq) tespectively as a function of lateral
periods of structure at fixed base condition, for k,(z) val-
ues computed considering the three different approaches
(i.e. Bowles 1997; Matlock, Reese 1960; Gazetas, Dobry
1984) for constant variation of £ (z). Marginal difference
in normalised transmitted shear forces to column and pile
head (Vpop!V(fivea) A0 Vapite)/ V fivea) 18 Observed for
the three different approaches for any particular period
of structure at fixed base condition. Marginal variation in
Vot VB(ivea) A0 Vi pite)/ Vi fivea) are also observed for
the three different approaches in case of linear and para-
bolic variation of E(z) with depth. Henceforth, analysis
results are discussed considering a single approach pro-
vided by Gazetas and Dobry (1984) for the brevity of
this paper. It may be mentioned that Gazetas and Dobry
(1984) approach is well accepted and mostly used in var-
ious studies (Ramachandran 2005; Badoni, Makris 1996;
Makris, Gazetas 1992). Figures 7(a), (c) and (e) present
variation of Vg .o)/Vpfiveq) OF Very soft, soft and mod-
erately stiff while Figures 7(b), (d) and (f) show results
of Vpite) VB (fixeq) fOr same three soil types, respectively,
considering linear variation of lateral subgrade modulus
E(z) with depth and for three different L/d ratios of pile.
Figures 8 and 9 present the similar results for constant
and parabolic variation of E((z) with depth respectively.
For all the cases, it is observed that the normalized shear
at column (Vpcoy/Vpgivea)) generally exhibits a value
very close to unity implying that column shear does not
appreciably alter due to soil structure interaction effect
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as compared to what is obtained in fixed base condi-
tion. However, the trend seems to be little different for
the lateral shear carried by piles which is evident from
Figures 7-9 (b), (d) and (f). These results show that the
shear forces in the pile in very soft soil may be as high
as 1.7 times the base shear obtained at fixed base con-
dition (Figs 7(b), 8(b) and 9(b)) in case of long period
structure for three different L/d ratios. This is possibly
due to the additional inertia force attracted by foundation
mass. However, this increase in shear forces in the pile
seems to be relatively reduced for moderately stiff soil
as is evident from the Figure 7(f). This is possibly due to
relatively higher lengthening of period in soil of higher
stiffness. Similar trend is also observed in case of con-
stant and parabolic soil E(z), which is evident from
Figures 8(b), (d), (f) and Figures 9(b), (d), (f).

Figures 7 to 9 also exhibit that normalized shear in
columns as well as in piles are marginally influenced by
the nature of depth wise variation of soil subgrade modu-
lus, since fundamental period of the system incorporat-
ing SSI (7;) is observed almost same for various depth
wise variation of soil £(z). This implies overall stiffness
of soil-pile raft-structure system remain unaltered due to
such variations. Period of the system incorporating SSI
(I3, 1s observed almost the same for various depth wise
variation of E(z). Period of the system incorporating SSI
(I3, 1s observed almost the same for various depth wise
variation of E((z). This implies overall stiffness of soil-
pile raft-structure system remain unaltered due to such
variations. The effect of L/d ratios of pile on column and
pile responses seem to be marginal as is evident from
the same figures. In fact, the L/d ratios considered for
the analysis represent flexible pile. Makris and Gazetas
(1992) stated that effect of L/d ratio has no influence
on dynamic response of piles in case of flexible piles,
rather active length of pile governs the response. In the
present analysis, active length of pile is observed to be
the same irrespective of all L/d ratios for a particular soil
stiffness. Hence, marginal variation is observed for vari-
ous L/d ratios of pile. However, the observation that the
shear transferred to the piles may be substantially higher
than what is estimated from fixed base condition may

—&—  Bowles (1997)
—&— Gazetas and Dobry (1984)
—+H— Matlock and Reese (1960)

have serious implications in seismic design of piles. Such
observations are also attempted to be validated in a lim-
ited form by considering a MDOF idealisation of struc-
ture which seem to represent a more realistic response
of the system. It is observed that a 4-storeyed building
supported by a 3x3 pile group in very soft soil experi-
ences a normalised ratio of Vp..)/Vpfiveq) a0d Vit
VB(fixeq) In the order of 1.20 and 1.80 respectively. These
parameters obtained through SDOF modeling for 0.5 sec
period are about 1.10 and 1.40 respectively for all three
soil profiles which are close to what is observed from
MDOF system. Further, this limited study indicates that
pile experiences relatively higher response compared to
SDOF idealization of structure, while the phenomenon
seems to be similar in both the idealization. The in gen-
eral phenomenon observed in this study is attempted to
explain with the help of an exemplary case.

4. Example case study

A five storeyed building having period (7j,,) of 0.5 sec
at fixed base condition is considered herein. Foundation
design steps for the building are presented considering
fixed base condition and SSI as well. Numbers of piles
are calculated based on total weight of superstructure
considering the fact that such five storey building has
fundamental period of 0.5 sec, a single storey superstruc-
ture with gravity loading as that of a five storey one,
with plan area 8.5%8.5 m is considered by adjusting its
lateral stiffness at fixed base condition to 0.5 sec. Oth-
er details about the structure are presented in Table 8.
SSI is incorporated considering piled raft foundation as
outlined earlier under fixed base condition as well as con-
sidering SSI. The base shear forces are estimated for both
the cases. Vpgeq) 18 estimated using design response
spectrum suggested by various codes, namely, Indian
standard (BIS 1893-Part-1 2002; BIS 1893, 1984), Uni-
form building code (UBC, 1997) and Eurocode 8-Part 1
(1998) for analysis purpose. Likewise, V.o and Vg
are calculated considering soil-pile raft structure system.
Summary of results are presented in Table 9(a).
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Fig. 6. Comparison responses of three different approaches to determine k;, for very soft soil, L/d = 60 and constant soil profile:

a) normalised column shear; b) normalised pile head shear
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4.1. Check for pile design under horizontal shear

Lateral yielding capacity of a single pile is calculated
based on soil yield displacement criterion. The yield dis-
placement of soil is calculated as follows (Hsiung 2003):

w*=20&.d, (12)

where: u* = the yield displacement; &, represents strain at
fifty percent of ultimate lateral load = 0.01 for normally
consolidated clays and diameter of pile. Therefore, u* is
estimated as 60 mm.

Lateral displacement of fixed head single pile can be
calculated based on specified lateral load as suggested by
IS: 2911 Part 1/Sec 4 (1984), as follows.

oL +L, )}

T REL, (13)

pip

where: Y is displacement at pile head; Q is the horizon-

tal load at pile head; L, is the point of application of

load above ground surface; L,is the depth of fixity below

ground surface; £, is the Young’s modulus of pile; and 7,

is the area moment of inertia. Horizontal yielding load of

a fixed head pile can be computed after rearranging the
Eqn (12) and putting Y = u*:

B 12,1 ,u

ALy (14)

Value of Ly/R can be estimated for the given L, value us-
ing IS: 2911 Part 1/Sec 4 (1984). R is a non-dimensional
parameter which can be calculated as follows:
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E I (15)
R=4—LL —3305
k2

where £k, is a stiffness parameter given in IS: 2911 Part
1/Sec 4 (1984). Considering k, = 7.905 kN/m?, E, =
2.17x107 kKN/m?, 1= 3.98x104 m*.

Ly =0, value of R = 33.05 m and L= 5.75 m.
Therefore, for u* = 60 mm, H, =33 kN.

Assuming uniform distribution of base shear among
all piles in a group, lateral force on single pile is calculated
and compared with lateral yielding load of single pile as
presented in Table 9(b) as per various seismic codes. In
fixed base condition, estimated lateral load in each pile
comes to be less than pile capacity, H,, while it becomes
considerably larger than H, when SSI is incorporated.
Thus, ignoring SSI may lead to an unsafe pile design.

5. Effect of uncertainty in input soil parameters

Present study considers different soil parameters per-
taining to soil stiffness, variation of soil modulus with
respect to depth and different approaches to find k,(z)
which results in uncertainty in soil subgrade modulus. A
total number of 27 values k,(z) is adopted as input modu-
lus with respect to depth and different approaches to find
ky(z) which results in uncertainty in soil subgrade modu-
lus. Uncertainty of k;(z) is obtained using routine statisti-
cal analysis and presented in Table 10. The uncertainties
of Vot VB fixey 04 Vagpite) Vpfixeq) are also estimated
based on 27 cases and presented in Table 10 indicates in-
put variability i.e. coefficient of variation (COV) of k;(z)
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Table 8. Input parameters for example case study

R. Saha et al. Seismic response of soil-pile raft-structure system

Parameters Value
Plan area of bare frame structure 8.5%8.5 m
Total height of building considering 3.5m height for each storey 35m
Intensity of gravity loading 8.0 kN/m?
Size of column 0.5%0.5 m
Number of columns supporting the slab 4

Plan area of a raft 1010 m
Raft thickness 0.075 m
Soil stiffness Very soft ( E,/E; = 5000)
Pile group designed as per vertical load 4x4
Diameter of each pile (d) 0.3 m
Spacing to diameter ratio (S/d) 3.0
Length to diameter ratio (L/d) 60
Depth-wise variation of E(z) Constant

which is as high as 117%. However, COVs of V.,
Vagivea) a4 Vi i)/ Vafivea) are 12% and 20% respec-
tively, which are relatively lesser than input uncertainty.
This clearly indicates that variability of Vgo)/Vpfivea)
and Vi ite)/ Vi fivea) are relatively much less compared to
the variability of input parameters.

Summary and conclusions

Present study highlights the significance of soil structure

interaction in seismic design of structures, supported by

piled-raft foundation. The study leads to the following
broad conclusions.

1. Simple model consisting of piles supported by
distributed lateral springs with their stiffness derived
from simple consideration of subgrade modulus seem
to capture the effect of SSI with reasonable accuracy
while compared with other well accepted analytical
formulations for computing lengthened fundamental
periods due to SSI effect:

2. Lateral fundamental period of pile supported raft-
superstructure system exhibits lengthening, which
seems to be maximum in case of stiff structure
supported by slender piles. It may even increase up
to about 150% for structure supported by pile group
having L/d = 100 in very soft soil and constant
subgrade modulus with depth when 7y, = 0.5 sec.
Number of piles in a group due to change in stiffness
of soil (i.e. E/Ey;) plays a major role in period
lengthening of soil-pile raft-superstructure system.
However, such inference is valid for constant S/d
ratio. Overall stiffness of soil-pile system reduces in
case of moderately stiff soil due to

3. the involvement of less number of piles, hence such
system exhibits a tendency of further lengthening of
period as compared to relatively softer counterparts.
Though the maximum lengthening still occurs for
very soft soil as mentioned earlier.

4. The study shows that SSI has marginal effect
on seismic column shear while it may lead to
considerable increase in seismic lateral force in piles
because of the additional inertia force contributed by
heavy mass of the foundation, which is not accounted
for in the fixed base condition. This increase may go
up to a maximum extent of about 70% even for a
long period structure (7., = 2.0 sec) in very soft soil,
irrespective of any depth wise variation of subgrade
modulus. Similar response is observed for MDOF
idealization of structure.

5. A limited statistical study indicates that the
response quantities observed in column as well
as in pile incorporating SSI exhibits relatively a
lesser variability against the wide range of input
variability. Subgrade modulus of soil is acting as an
input variability which indicates the major source of
uncertainty. However, a detailed probabilistic study
is required to conclude this issue which is left for
future work.

Further, various curves related to the responses of
column and pile presented herein may be helpful for any
case specific design. These curves may also be useful to
get a broad idea about the role of SSI in the design of
column and pile under seismic loading. However, present
study mainly intends to show the importance of soil-pile
raft-structure interaction as a whole instead of fixed base
consideration on distribution of seismic design forces
at structural and foundation elements in case of piled
raft supported structure but with a limitation of general
design guidelines. The effect of frequency dependent
group interaction appears to be marginal, at least for the
considered case studies. However, the effect of dynamic
interaction factor on overall response of the system in
general may be investigated in detail as a future scope
of study. Similarly, a further rigorous study focusing on
the issue of damping may also provide interesting input
in this regard.
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Table 9. Results for example case study

(a) Summary of base shear values

Base Shear (kN)

Support Shear at different Eurocode-8 Part 1
condition element IS1893 (1984) 1S1893 (2000) UBC (1997) (1998)
(THA) (ESA) (ESA) (RSA)
Fixed base Vbgisea) 506 518 471 522
Incorporating VBcoly 568 510 394 606
SSI V8 vite) 682 762 611 739
THA: Time history analysis; ESA: Equivalent static approach; RSA: Response spectrum analysis.
(b) Shear in single pile
Base Shear acting at single pile head (kN)
S rt conditi - R ki
upport condition 1S1893 (1984)  1S1893 (2000)  UBC (1997) Pl??tr(ic?ld‘)%g) emarks
(THA) (ESA) (ESA) (RSA)
: Lateral capacity of pile
< < < <
Fixed base 31.63 (< H,) 324 (<H,) 29.40 (< H)) 32.63 (< H,) corresponding to yield
. displacement
Incorporating SSI 42.6 (> H, 47.6 (> H, 38.18 (> H, 46.2 (> H, _
p g ( y) ( )) ( y) ( y) (Hy) =33 kN

THA: Time history analysis; ESA: Equivalent static approach; RSA: Response spectrum analysis.
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