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Abstract

The overall lateral stiffness of any building decreases due to the compressibility of soil. This leads to a
subsequent increase in the natural periods of the structural system. The seismic lateral response may change
due to natural periods while seismic torsional response arising out of mass or stiffness eccentricity depends
on the ratio of uncoupled torsional-to-lateral natural period of the building. Hence, the effect of soil-
structure interaction on lateral natural period, seismic base shear and fundamental torsional-to-lateral
period ratio of building frames resting on raft foundation needs a detailed investigation. Present study is a
limited effort to accomplish these objectives. Influence of the variation of a number of parameters such as
(a) different soil conditions, (b) number of stories, (¢c) number of bays, (d) the ratio of flexural stiffness of
columns to that of beams and (e) ground excitation frequency is considered in the present study. Buildings
are modelled by two parallel approaches, viz., (1) frame with brick in-fill having fixed supports and
(2) frame with brick in-fill having supports accounting for soil-flexibility. The soil-flexibilities for various
types of soil and foundation based on their properties, e.g., shear modulus, the Poisson ratio of the soil, and
shape and size of the rafts are computed following the well-accepted literature. The lateral natural period,
torsional-to-lateral natural period ratio and seismic base shear of a variety of building frames at fixed base
condition are compared to the same considering soil-flexibility due to variation in different influencing
factors. The trends observed are attempted to be interpreted physically. The curves and tables presenting
the change in lateral natural period and torsional-to-lateral period ratio due to effect of soil-flexibility of
various building frames seem to be useful for calculating base shear of low-rise buildings through a simple
methodology. Such simple methodology may be useful in the design offices for its simplicity and accuracy.
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1. Introduction

A large number of spread footings are required for constructing building structures on weak
sub-surfaces. The mat or raft foundations may be an adequate solution for construction of low to
medium rise buildings in such situations. This type of foundation may also be appropriate in the
well-defined bearing stratum for deep foundations if it is not near to the foundation base. In fact,
such a foundation is also preferable when spread footings cover more than one-half of the
foundation area. Well-defined guidelines are available for analysis and design of such foundation,
particularly under gravity loading with incorporation of the effect of soil-structure interaction
[1,2] as either rigid or as flexible plates supported by an elastic foundation representing the soil.
These design guidelines provide option for approximate analysis as well as more refined analysis
with the help of finite difference or finite element method. Details of such more refined analyses
are also available in the well-accepted literature [3—6].

The effect of soil flexibility is generally ignored in seismic design of building frames. The design
is generally carried out based on the results of dynamic analysis considering fixed-base condition.
Flexibility of soil causes lengthening of lateral natural periods due to overall decrease in lateral
stiffness. Such lengthening may considerably alter the seismic response of the building frames
resting on raft foundation. Various influential parameters have been identified and the effect of
the same on change in lateral natural periods of the building frames due to incorporation of soil-
flexibility has been studied extensively. The study has been carried out for numerous building
frames resting on raft foundations and a comparison between the nature of change in the lateral
natural periods due to incorporation of soil-flexibility relative to that at fixed base condition has
been presented. Such a study may help to provide guidelines to assess more accurately the seismic
vulnerability of the building frames resting on this type of foundation and may be useful for
seismic design.

Eccentricity between centre of mass (CM) and centre of stiffness (CS) in plan of building gives
rise to coupled lateral-torsional response under even a purely horizontal seismic excitation. It is
already established in the literature [7-9] that the ratio of uncoupled torsional-to-lateral period (1)
of a building structure may greatly influence its seismic torsional response due to coupling
between torsional and lateral mode of vibration resulting from eccentricity between CM and CS.
For instance, if torsional-to-lateral period ratio (t) is close to 1, the torsional effect under
translational seismic excitation may be amplified to thrice that of the static effect even due to a
small accidental eccentricity (e). The detailed investigations [10—12] on this aspect have revealed
that the curves showing variation of displacement of lateral load-resisting elements as a function
of torsional-to-lateral period ratio (t) are found to have two maxima. One of them is found to be
in the domain 0.7 <7< 1, while the other is in the range of 1 <7< 1.25. Hence, the buildings having
7 in the critical range 0.7<1<1.25 can be considered as torsionally vulnerable. Evidence of
buildings with small eccentricity exhibiting considerable torsional response during earthquake due
to closely spaced torsional and lateral periods has been recorded in the past [13]. In fact, such
coupling between torsional and lateral vibration seems to be a potential cause of failure of many
building structures. The vulnerability of such coupling effects in asymmetric (plan-eccentric)
structures has been repeatedly demonstrated in strong earthquakes. Surveys and analyses
conducted following the 1985 Mexico earthquake [14,15] concluded that approximately 50% of
the building failures were either directly or indirectly attributable to such effect. It was observed [16]
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that many buildings located at the intersection of two streets suffered damage to their sides
facing the streets during the 1995 Kobe earthquake. Similar failure is also found to be well-
demonstrated at least through one reinforced concrete building with mass eccentricity during the
damage survey after recent Gujrat earthquake on 26th January, 2001 in India [17]. Hence, it is
important to correctly assess the period ratio, 7, of buildings with reasonable accuracy for
assessing their torsional vulnerability. This parameter may be changed if the effect of soil-
structure interaction is accounted for and this possibility is also highlighted earlier in a limited
form [18].

In this context, an attempt has also been taken in the present study to determine the effect of
soil-structure interaction on the change in the ratio of uncoupled torsional-to-lateral natural
period, 7. Various influential parameters have been identified and the effect of the same on such
issues has been studied extensively. Such a study considering integrated effect of three-
dimensional building frames, foundations and flexible soil may help to provide guidelines to assess
more accurately the seismic vulnerability of the building frames resting on raft foundation and
may be useful for seismic design.

For low-rise buildings, generally, the lateral natural period is small and may lie within the
sharply increasing acceleration sensitive zone of response spectrum. Hence, an increase in lateral
natural period due to the effect of soil-structure interaction may cause an increase in the spectral
acceleration ordinate. Moreover, the change of various natural periods due to soil-flexibility may
reduce the spacing between them. This, in turn, may increase the contribution of cross-modal
coupling terms to the base shear. The study also extends its scope to assess the impact of these
effects due to variation of a number of influential parameters on the seismic base shear of the
buildings.

2. System idealization
2.1. Structural idealization

To analyze the dynamic behaviour of building frames with the effect of soil-structure
interaction, buildings have been idealized as three-dimensional space frames consisting of two-
nodded frame elements. Slabs at different storey-level and the slabs of the ribbed-raft foundation
are modelled with the help of four-nodded plate elements with consideration of adequate
thickness of these slabs. Each node of this element is considered to have six-degrees-of-freedom
and it employs a hybrid element formulation. The rib portion of the foundation is modelled with
the help of two-nodded frame elements. For the purpose of design, in a numerous occasions, the
buildings are analyzed as bare frames with the help of computer software ignoring the presence of
in-fill brick walls. The earthquake and wind primarily impart in-plane lateral sway deformation
of the frames parallel to the direction of the force. Due to this mode of deformation, elongation of
one diagonal and shortening of the other diagonal of each panel of the frames occur. The brick in-
fill within the panel resists this deformation by offering resistance against the shortening of the
diagonals and thus, effectively behaves like a compressive strut. This attributes significant
additional lateral stiffness to the buildings [19] and may alter the shear distribution [20]. Thick
brick (250 mm) in-fill walls are considered in peripheral, i.c., outer panel while the same of 125 mm



114 K. Bhattacharya et al. | Journal of Sound and Vibration 274 (2004) 111-135

thick brick partition walls are considered in inner panels of the building frames in the present
study. To account for this effect of additional stiffening, ‘equivalent strut approach’ [19] has been
used in the present study. The dimensions and properties of these diagonally placed equivalent
compressive struts have been chosen from Refs. [19,21]. To study the effect of soil-structure
interaction, 2 storeyed building with raft foundation resting on soft soil, 2—6 storeyed buildings
for medium soil and 2, 4, 6 and 7 storeyed buildings on stiff soil, each having 2 bays in two
mutually perpendicular directions are considered. Along with these frames, 4 bay 4 bay 2 storeyed
building on soft, medium and stiff soil, 4 bay 4 bay 6 storeyed building on medium soil and a 4
bay 4 bay 7 storeyed building on stiff soil are also considered. Moreover, to exclusively observe
the effect of soil-flexibility on seismic characteristics of building frames due to variation of number
of bays, one 6 bay 6 bay 2 storeyed building frame on soft clay, 6 bay 6 bay 3 storeyed and 6 bay 6
bay 4 storeyed building frames on both medium and stiff clay are considered, too. The
foundations, which are provided to the frames, are of ribbed-raft type and designed following the
Indian Design Code [22]. The storey height as well as length of each bay of all the building frames
are chosen as 3m which may be reasonable for domestic or small office buildings. The ratio of
column-to-beam stiffness is usually considered unity for the present study, if not mentioned
otherwise. The dimensions of columns, beams and slabs are arrived at on the basis of the design
following the respective Indian Design Code [22].

Dual design approach [23] is an accepted philosophy for seismic design of structures. Following
this approach, buildings are generally designed to behave elastically only under earthquakes of
moderate magnitude while they are supposed to withstand an earthquake of large magnitude
through dissipating energy in the post-elastic range vibration. Such a design philosophy not only
reduces the strength demand of the structure but also the cost of the structure, which has much
relevance in designing most of the low-rise building frames. Hence, for evaluating the effect of
soil-structure interaction on seismic behaviour of the low-rise buildings resting on raft foundation
under earthquakes of moderate magnitude, throughout the study, the linear elastic behaviour of
the structure is considered.

2.2. Idealization and modelling of soil

The seismic load acts during a very small interval of time. Hence, during the action of such
loads, instead of consolidation settlement, the instantancous settlement is expected to occur. This
behaviour of soil can be conveniently simulated by modelling the same with a set of elastic springs.
Perhaps, due to this reason, the formulation for finding out the dynamic impedance functions to
account for the effect of soil-flexibility assumes a linear behaviour in almost all Refs. e.g., [6,24,25]
on the basis of assuming the soil as a set of linear elastic springs. Hence, the present study also
adopts this approach.

To analyze the soil-foundation—structure systems under dynamic loading, the impedance
functions associated with a rigid massless foundation are often used. Translations of foundations
in two mutually perpendicular principal horizontal directions and vertical direction as well as
rotations of the same about these three directions are considered in the present study. For
buildings with raft foundation, below the centre of gravity of the foundation, three translational
springs along two horizontal and one vertical axes together with three rotational springs about
these three mutually perpendicular axes have been attached to simulate the effect of soil-flexibility.
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The stiffnesses of this centrally placed spring for raft type of foundation resting on homogeneous
elastic half-space have been computed on the basis of the guidelines prescribed in a well-accepted
literature [24] formed on the basis of an extensive literature survey and study based on boundary
element method. These expressions were developed in such a form that the single spring located at
the centroid of the raft, in each of the said six degrees of freedom, can account for the flexible
behaviour of soil below the entire raft in the equivalent sense. Expressions for such spring
stiffnesses have been extracted from the literature [24] and presented in Table 1 of the present
paper for the sake of convenience.

It has also been observed that the stiffnesses of the equivalent springs are dependent on the
frequency of the forcing function, i.e., the ground excitation frequency, more strongly if the
foundation is long and on saturated clay [24,25]. In fact, the inertia force exerted by
a time-varying ground excitation imparts a frequency-dependent behaviour, which seems to be
more conveniently incorporated in stiffness in the equivalent sense [24,25]. Thus, the dependence
of the stiffness of equivalent springs representing the deformable behaviour of soil is due to the
incorporation of the influence that frequency of ground excitation exerts on inertia, though purely
stiffness properties are frequency independent. This frequency dependence is incorporated by
multiplying the equivalent spring stiffnesses by a frequency-dependent factor. This factor is
plotted as a function of a non-dimensional parameter gy where ay = wB/V, o is the frequency of
the forcing function, B is the half of the width of the footing and V is the shear wave velocity in
soil medium [24,25]. In an earthquake motion, pulses with a wide range of frequencies participate
together. So it appears very difficult to adopt any frequency-dependent factor in terms of the non-
dimensional parameter ay = wB/V,. In fact, the use of such multiplication factor was not
recommended in some other literature [26,27]. Further, many studies [28,29] on the effect of soil—
structure interaction on seismic behaviour of structures have not considered such factors perhaps
due to the same reason. Hence, the effect of such multiplication factor is not, in general,
considered in the present study.

However, a limited study has been carried out to observe the maximum possible extent of the
effect of excitation frequency on seismic response of buildings incorporating the soil-structure
interaction effect. A typical 2 bay 2 bay 2 storeyed building frame with raft foundation is chosen

Table 1

Stiffnesses of equivalent springs along various degrees of freedom [24]

Degrees of freedom Stiffness of equivalent soil spring

Vertical [2GL/(1 — v)](0.73 4+ 1.54y%75) with y = A4,/4L?
Horizontal (lateral direction) [2GL/(2 — v)](2 + 2.504°%%) with y = A, /4L?

Horizontal (longitudinal direction) [2GL/(2 — v)](2 + 2.50%°8%) — [0.2/(0.75 — WIGL[1 — (B/L)]
Rocking (about the longitudinal) [G/(1 — W3 (L/B)"*[2.4 + 0.5(B/L)]

Rocking (about the lateral) [3G/(1 —wIp;>(L/B)" "

Torsion 3.5GI3(B/ L) (Iy. ) BH)**

Aj —Area of the foundation considered.

B and L—Half-width and half-length of a rectangular foundation, respectively.

Ipx, Iy, and I,—Moment of inertia of the foundation area with respect to longitudinal, lateral and vertical axes,
respectively.
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Table 2

Soil parameters considered

Type of clay N value C (kN/m?) ¢ (deg) 7.0 (KN/m?) C. eo
Soft 3 18.5 0.0 17.0 0.189 0.90
Medium 6 36.8 0.0 18.5 0.135 0.72
Stiff 12 73.5 0.0 19.4 0.12 0.67

N, C, ¢, V> Ce and ey denote N value obtained from SPT test, cohesion value, internal friction angle, density in the
saturated condition, compression index and initial void ratio of soil, respectively.

to study the effect of excitation frequency on the base shear of buildings under the seismic
response considering the effect of soil-flexibility. In case of raft foundation, the frequency-
dependent multipliers for stiffness of the springs along all the directions always decrease with
increasing ap, and attain a maxima and minima at ¢y = 0.0 and ay = 1.5, respectively [6,24].
Hence, these two values have been chosen to arrive at the most critical effect of the frequency-
dependent soil-flexibility on the overall behaviour of the interactive system.

Primarily, the study attempts to see the effect of soil-structure interaction on buildings resting
on different types of clayey soil, viz., soft, medium, stiff, etc. To obtain the values of the stiffnesses
of the springs for these varieties of clayey soil, values of shear modulus (G) of soil have been
estimated using the relationship G = 120N°8 t/ft2 [30], where N is the number of blows to be
applied in standard penetration test (SPT) of the soil. The Poisson ratio (v) of soil has been taken
to be equal to 0.5 for all types of clay [31]. N is taken as 3, 6 and 12, for soft, medium and stiff
clay, respectively. These values have been chosen from the range of ‘N’ values prescribed in the
literature [32] for each category of soil. The various details of different soil parameters have been
tabulated in Table 2. Bearing pressures have been determined for foundations placed at a depth of
1.5m below ground level under full submergence condition to arrive at the most critical value
following the recommendations provided by Indian Standard Code [33,34]. Since the stiffnesses of
the springs used to represent the soil-flexibility are highly sensitive to the size of the foundation
below which they are attached to, dimension of raft has been very rigorously computed separately
based on the allowable as well as net safe bearing capacity to have an exhaustive idea. However,
finally the building frames are considered to be provided with footings of dimension obtained
from the consideration of allowable bearing capacity.

The effect of depth of foundation has been ignored in the determination of the spring stiffness
to represent soil-flexibility below foundation, though the effect of the same has been incorporated
to compute the bearing capacity. In fact, the effect of depth has little bearing on the stiffness of the
spring elements. It may be considerable only under a controlled construction condition [6].

A typical 4 storeyed building frame with brick in-fill resting on raft and the corresponding
idealized soil-foundation—structure system for the same is shown in Fig. 1a and b, respectively.
However, in Fig. 1b, the lateral soil spring stiffness along Z-direction and rocking stiffness about
Z-direction are not shown for the limited space of the figure.

With this idealization of structure and soil as briefly depicted above, the change in lateral
natural period, torsional-to-lateral period ratio and base shear of the low-rise building frames
with raft foundation due to consideration of the effect of soil-structure interaction are
investigated and discussed in the following sections.
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K, = Lateral stiffness of equivalent
soil spring along X-axis.

K, = Vertical stiffness of equivalent
soil spring along Y-axis.

K.« = Rocking stiffness of equivalent
soil spring about X-axis.

K, = Torsional stiffness of equivalent
X soil spring about Y-axis.
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Fig. 1. System idealization and ground excitation input. (a) Typical 4 storeyed frame with brick in-fill resting on raft
foundation. (b) Idealized 4 storeyed building frame with equivalent compressive strut resting on raft foundation with
equivalent soil springs accounting for soil-flexibility effect. (c) Design spectrum (IS: 1893-2000) for 5% critical
damping.

3. Analysis methodology

Finite element method is adopted to formulate the mass and stiffness matrices for the building
frames. Consistent mass matrix approach is used to make the formulation as accurate as possible.
The eigenvalue problem corresponding to the free vibration condition is solved by subspace
iteration method to obtain the natural periods of the building frames under consideration. Seismic
analysis of building frames accounting for the effect of soil-structure interaction is carried out
with the help of the design spectrum provided in IS: 1893—2000 and shown in Fig. 1. The seismic
base shear of these buildings are obtained due to the design spectrum (Fig. 1) corresponding to
5% of critical damping [35] considering fixed base condition as well as considering flexible-base
condition resulting from soil-flexibility.
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Five percent of critical damping is reasonable for concrete structures. Soil damping
was calculated following the guidelines as outlined in Refs. [6,24] accounting for both
radiation and material damping. It was found that for an isolated raft and equivalent soil-
spring system, the damping is not considerably larger than 5% for a wide range of shallow
foundations with embedment less than half of the lateral dimension. This observation is in line
with the findings of an experiment as well as computation based study [36]. Moreover, this
damping will be further reduced if the effect is considered with respect to the entire structure-
foundation-equivalent soil spring system, instead of isolated raft-equivalent soil-spring system.
Thus, 5% of critical damping in each mode was considered irrespective of the fixed base condition
or support flexibility.

Finally, due to incorporation of the effect of soil-flexibility, the variations in lateral natural
period and fundamental torsional-to-lateral period ratio are obtained. Similarly, the change in the
base shear which has been computed by combining the contributions of all the possible lateral
modes by complete quadratic combination (CQC) method, with respect to the same for similar
building frames with fixed base condition (i.e., without considering the effect of soil-flexibility),
are obtained. The CQC method is used to obtain the contribution of the modes with close-spaced
natural frequencies with reasonable accuracy. If the combined modal response be denoted by ry,
then according to CQC rule,

N N 1/2
ro= <Z Zpinriorno) P (1)

i=1 n=1

where r;, and r,, are the peak responses corresponding to ith and nth mode respectively.
The correlation coefficient between these two modes is denoted by p;,. The range of p;, is
bounded in between 0 and 1. For i = n, p;, becomes unity. Hence, Eq. (1) can be rewritten in
simple form as

N N N 1/2
= (Y DD puliotne |- (2)
n=1 1

i=1 n=

This modal combination method is applicable for wide variety of structures. The
expressions for combined modal response depicted in Egs. (1) and (2) are available in standard
literature, e.g., [37].

In the present study, the seismic base shear of the building frames for both the fixed base and
flexible soil condition is arrived at following the provisions of Indian Earthquake Code [35] and a
recent literature [38] by applying seismic zone factor 0.36 for very severe seismic intensity,
reduction factor 3.0 for ordinary moment-resisting frame and importance factor 1.0 for general
residential building frames.

4. Results and discussions
This section presents the change in lateral natural period, fundamental torsional-to

fundamental lateral period ratio and base shear as a function of various influential parameters,
namely, NV values of clay, number of stories, column-to-beam stiffness ratio and frequency of
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ground excitation for brick in-filled building frames with raft foundation. The figures containing
separate curves corresponding to the building frames supported by different types of soil are
marked by the corresponding soil types, namely, ‘soft’, ‘medium’ and ‘stiff’, respectively.

4.1. Change in lateral natural period

4.1.1. Effect of clay variation

The change in fundamental lateral natural period due to the effect of soil-structure interaction
is studied on 2 storeyed building with raft foundation resting on soft soil, 2—6 storeyed buildings
for medium soil and 2, 4, 6 and 7 storeyed building for stiff soil, each having 2 bays in two
mutually perpendicular directions. In addition to these building frames, 4 bay 4 bay 2 storeyed
building on soft, medium and stiff clay, a 4 bay 4 bay 6 storeyed building on medium clay and a 4
bay 4 bay 7 storeyed building on stiff clay are also considered. Along with these, one 6 bay 6 bay 2
storeyed building frame on soft clay, 6 bay 6 bay 3 and 6 bay 6 bay 4 storeyed building frames on
both medium and stiff clay are considered, too. Results for 2 bay 2 bay 2 storeyed building frames
have been plotted as percentage change in lateral natural period versus N value for different types
of clay in Fig. 2. The results corresponding to the other building frames are presented in Table 3.
Though, the variation of change in lateral natural period for 2 bay 2 bay 2 storeyed building
supported on soft, medium and stiff clay is presented in Fig. 2, but, these results are also included
in Table 3, for the sake of completeness. A maximum increase of more than 55% is observed for 4
bay 4 bay 2 storeyed building frame resting on soft clay (Table 3). From Fig. 2 and Table 3, it is
observed that this increase in general gradually decreases with the increasing hardness of soil.
However, Fig. 2 shows that the increase in the lateral natural period minimizes for medium soil
(i.e., at N value of 6). In fact, shear modulus decreases with softness of clay and size of foundation
increases with the same. The stiffnesses of equivalent soil spring decrease with decrease in shear
modulus and increase with sizes of foundation. As a result of these two contradictory effects,
perhaps, the spring stiffness maximizes in case of medium clay.

50

45 -

40 +

35 1

30 +

25 1

% change in lateral natural
period

20 T T T T
0 3 6 9 12 15
N value of clay

2 bay 2 bay 2 storey building frame

Fig. 2. Variation of change in lateral natural period due to change in N value of clay.
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Table 3
Variation of change in lateral natural period for building frames resting on raft foundation
Soil type Frame type Lateral natural Lateral natural % Deviation
period at fixed base period considering
condition (s) soil-flexibility (s)
Soft 2 bay 2 bay 2 storey 0.08301 0.12075 45.46
4 bay 4 bay 2 storey 0.08039 0.12495 55.43
6 bay 6 bay 2 storey 0.09411 0.14191 50.80
Medium 2 bay 2 bay 2 storey 0.08342 0.10731 28.64
2 bay 2 bay 3 storey 0.12748 0.15207 19.29
2 bay 2 bay 4 storey 0.16694 0.19288 15.54
2 bay 2 bay 5 storey 0.27409 0.28513 4.03
2 bay 2 bay 6 storey 0.39411 0.40400 2.51
4 bay 4 bay 2 storey 0.08039 0.11672 45.19
4 bay 4 bay 6 storey 0.32019 0.32829 2.53
6 bay 6 bay 3 storey 0.14550 0.19382 33.21
6 bay 6 bay 4 storey 0.19436 0.22712 16.85
Stiff 2 bay 2 bay 2 storey 0.08110 0.10731 32.32
2 bay 2 bay 4 storey 0.16694 0.18250 9.32
2 bay 2 bay 6 storey 0.39411 0.42906 8.87
2 bay 2 bay 7 storey 0.50626 0.54347 7.35
4 bay 4 bay 2 storey 0.08039 0.09556 18.87
4 bay 4 bay 7 storey 0.39962 0.40182 0.55
6 bay 6 bay 3 storey 0.14550 0.19370 33.13
6 bay 6 bay 4 storey 0.19436 0.22586 16.21
35
® 30
2
g 251
o
g3 o
£8 154
S
S 10
G
=S 57
0 T T T T T

1 2 3 4 5 6 7
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2 bay 2 bay building frame on medium clay

Fig. 3. Variation of change in lateral natural period due to change in number of stories.
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4.1.2. Effect of number of stories variation

Among a large number of cases studied, the results corresponding to 2 bay 2 bay building
frames on medium soil are presented in graphical form in Fig. 3 to show the trend of variation in
changes in lateral natural period with the changes in the number of stories. For this soil type, the
number of storey is varied from 2 to 6. The effect corresponding to the stiff clay can be obtained
from Table 3 itself, where, the numbers of storey considered are 2, 4, 6 and 7, respectively. The
number of storey is not varied for buildings supported on soft clay. It is due to this reason that
increased number of storey for buildings supported on soft clay requires practically infeasible size
of raft foundation. It is observed that the percentage change in lateral natural period may differ
by 26% due to the variation of number of stories from 2 to 6 in case of buildings with raft
foundation for medium clay (Fig. 3). The same variation is found to be in the order of 25% due to
change in number of stories from 2 to 7 for stiff clay (Table 3). Both Fig. 3 and Table 3 clearly
indicate that the effect of soil-structure interaction on the change in lateral natural period
gradually decreases with increase in number of stories in the building frame. From Fig. 3 and
Table 3, it is also observed that for buildings having higher than 3 storey, the maximum
percentage change in lateral natural period due to incorporation of the effect of soil-structure
interaction is not more than about 15%, irrespective of the soil type. Hence, the base shear of
these buildings with higher storey is not expected to exhibit considerable increase due to
incorporation of soil-flexibility effect. However, this issue is investigated in details in the later part
of the study. With the increase in number of stories, the building frame itself becomes relatively
flexible compared to a similar building frame with lesser number of stories. This results in a lesser
stiffness compared to that of similar buildings with lesser number of stories. Hence, if the
equivalent soil springs of comparatively lesser stiffness acts in series with lesser stiffness of
building with large number of stories, the resulting fractional decrease in overall stiffness is less.
Further, the buildings with larger number of stories have a greater foundation size leading to a
larger stiffness of the equivalent springs representing the soil behaviour. Thus, this factor
additionally makes the effect of soil-structure on overall stiffness lesser. Hence, change in lateral
natural period due to the effect of soil-structure interaction is relatively less for buildings with
large number of stories.

4.1.3. Effect of number of bays variation

A large number of cases were studied to observe the variation in the change in lateral natural
period with variation of number of bays. Since, the change in period due to the effect of soil—
structure interaction is found to be very strong for buildings with lesser number of stories, results
corresponding to the 2 storeyed building frame has been chosen to exhibit this effect of variation
in number of bays and is presented in Fig. 4. Results corresponding to all other cases, though
studied, are not presented for the sake of brevity. The figure shows that maximum change in
lateral natural period may differ due to variation of number of bays in the order of about 15%.
For 2 storeyed building frames resting on soft clay, it is observed from Table 3, that for 2 bay 2
bay (i.e., 6m x 6 m) building frame, the increase in lateral natural period due to effect of soil-
flexibility is 45.46%, while the same is 55.43% for 4 bay 4 bay (i.e., 12m x 12m) and 50.80% for 6
bay 6 bay (i.e., 18 m x 18 m) building frame, respectively. Hence, it is observed that no definite
generalized trend in the change in lateral natural period due to variation in number of bays can be
obtained for building frames with raft foundation resting on soft clay.
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Fig. 4. Variation of change in lateral natural period due to change in number of bays.

This is, perhaps, due to the reason that increase in number of bays results in an increase in
stiffness of the structure against lateral mode of vibration. But, consequently, the size of the raft
also increases. For this reason, the impedance functions against the lateral mode of vibration,
which are directly proportional to the size of the foundation, also increase. Therefore, due to
increase in number of bays, whether the effect of soil-structure interaction on lateral natural
period of building frames with raft foundation is increasing or decreasing in trend, cannot be
generalized. In fact, it is also expected that due to a similar reason, the trend in the soil-flexibility
effect on the seismic base shear of building frames for variation in number of bays cannot be
predicted.

4.1.4. Effect of column to beam stiffness ratio

The ratio of column to beam stiffness is varied as 0.25, 0.50, 1.0, 2.0 and 4.0 with the same beam
stiffness in two mutually perpendicular directions to observe the influence of this parameter on
lateral natural period due to the consideration of soil flexibility. The ratios are so chosen to cover
all practical cases. Out of extensive case studies, results for 2 bay 2 bay 2 storeyed building frames
have been presented to show the trend in behaviour in Fig. 5, as the effect of soil-structure
interaction is found to be maximum for this type of low-rise building frame. It is observed that the
change in lateral natural period due to the effect of soil-structure interaction alters appreciably
especially for the stiff clay with the change in the ratio of column to beam stiffness. Such change
may be as high as, about, 45%.

4.1.5. Effect of excitation frequency

It is already established that the dynamic stiffness of the soil medium is dependent on the
frequency of the forcing function, i.e., ground excitation frequency. To study this effect on
the overall behaviour of the soil-structure-foundation system, the present study incorporates the
frequency-dependent multiplier for the two critical cases, i.e., ag = 0.0 and 1.5 for 2 bay 2 bay 2
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Fig. 6. Variation of change in lateral natural period due to change in ground excitation frequency.

storeyed buildings. The results of such investigation have been presented in Fig. 6. Maximum
change in lateral natural period is found to be in the order of about 17% for both ay = 1.5 as well
as ap = 0.0.

Fig. 6 itself shows that the effect of frequency of the forcing function may influence the dynamic
behaviour of the system only to a limited extent. However, such effect of frequency may be
considered for the purpose of analysis of the important structures for choosing a maximum
possible conservative estimate. On the other hand, for most of the common building frames, it
seems reasonable to assume the equivalent springs representing soil deformability to be frequency
independent while assessing the overall seismic behaviour of the structures.
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4.2. Change in fundamental torsional-to-lateral period ratio

4.2.1. Effect of clay variation

The change in the ratio of fundamental torsional-to-lateral natural period due to the
effect of soil-structure interaction is studied on all the building frames mentioned earlier
since such ratio has been proved to be a very crucial input to assess seismic vulnerability
of any structure [7-9,12,13]. The percentage change in fundamental torsional-to-lateral period
ratio is plotted in Fig. 7 as a function of N values of soil for a 2 bay 2 bay 2 storeyed building
frame. The results of all the building frames considered in this study are presented in Table 4
similarly as in the cases corresponding to the change in lateral natural period. It is found that a
maximum increase of about 44% is observed for 4 bay 4 bay 6 storeyed building with raft
foundation, supported by medium soil (Table 4). Fig. 7 shows that the change in torsional-to-
lateral period ratio maximizes for medium soil (with N = 6). The possible reason is, perhaps, the
same as that presented to interpret the minimum change in lateral natural period for medium soil
in Section 4.1.1.

4.2.2. Effect of number of stories variation

2 bay 2 bay 2 storeyed building frame with raft type of foundation supported by medium
soil is chosen for presenting the trend-indicating behaviour in Fig. 8. Number of storey is
varied as in the cases corresponding to the change in lateral natural period. In addition to
this, the results corresponding to the effect of variation of storey for stiff clay can be
obtained from Table 4 itself. It is observed that the maximum percentage change in
torsional-to-lateral natural period ratio may differ by about 38% due to the variation of number
of stories from 2 to 6 in case of buildings with raft foundation on medium clay (Fig. 8). Fig. 8 and
Table 4 indicate that the effect of soil-structure interaction on the change in fundamental
torsional-to-lateral natural period ratio generally diminishes with increasing number of stories in
the building frame.
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Fig. 7. Variation of change in torsional-to-lateral natural period ratio due to change in N value of clay.



K. Bhattacharya et al. | Journal of Sound and Vibration 274 (2004) 111-135 125

Table 4

Variation of change in ratio of torsional-to-lateral natural period for building frames resting on raft type of foundation

Soil type Frame type Torsional-to-lateral Torsional-to-lateral % Deviation

natural period ratio at natural period ratio
fixed base condition considering soil-flexibility

Soft 2 bay 2 bay 2 storey 0.74184 0.82112 10.69
4 bay 4 bay 2 storey 0.78094 0.92010 17.82
6 bay 6 bay 2 storey 0.83211 1.05348 26.60

Medium 2 bay 2 bay 2 storey 0.74646 0.87699 17.49
2 bay 2 bay 3 storey 0.67501 0.82469 22.17
2 bay 2 bay 4 storey 0.62663 0.74907 19.54
2 bay 2 bay 5 storey 0.52800 0.52853 00.10
2 bay 2 bay 6 storey 0.46939 0.39429 —16.00
4 bay 4 bay 2 storey 0.78094 1.00218 28.33
4 bay 4 bay 6 storey 0.80651 1.16081 43.93
6 bay 6 bay 3 storey 0.81656 1.00753 23.39
6 bay 6 bay 4 storey 0.79795 0.96790 21.30

Stiff 2 bay 2 bay 2 storey 0.74747 0.87699 17.33
2 bay 2 bay 4 storey 0.62663 0.70427 12.39
2 bay 2 bay 6 storey 0.85017 0.72290 —14.98
2 bay 2 bay 7 storey 0.86198 0.74300 —13.80
4 bay 4 bay 2 storey 0.78094 1.01720 30.25
4 bay 4 bay 7 storey 0.80651 1.12790 12.79
6 bay 6 bay 3 storey 0.81656 1.00279 22.81
6 bay 6 bay 4 storey 0.79795 0.96821 21.34
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Fig. 8. Variation of change in torsional-to-lateral natural period ratio due to change in number of stories.
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4.2.3. Effect of number of bays variation

A large number of cases is also studied in detail to observe the effect of variation of number of
bays on the change in fundamental torsional-to-lateral natural period ratio. Since the change in
period ratio due to the effect of soil-structure interaction becomes maximum for buildings having
lesser number of stories, results corresponding to 2 storeyed building frame with raft foundation
have been presented in Fig. 9, however for change in number of bays from 2 to 4; while Table 4,
presents the same for the increase in number of bays from 2 to 6 (corresponding to 2, 3 and 4
storeyed building frames on soft, medium and stiff clay, respectively). The maximum change in
period ratio for frames may be as high as about 16% due to variation in number of bays from 2 to
6 (Table 4). Fig. 9 and Table 4 clearly demonstrate that the effect of soil-structure interaction on
fundamental torsional-to-lateral period ratio depends on the number of bays of the building
frame. The increase in number of bays causes an increase in number of columns. This leads to a
larger increase in torsional stiffness as compared to that in lateral stiffness, since the outer
columns increase the torsional stiffness largely due to a larger distance from centre of stiffness.
Hence, the soil-structure interaction causes a larger proportional decrease in torsional stiffness
being connected in series with very stiff torsional springs of buildings at fixed base condition as
compared to the same for lateral stiffness. This results in increasing torsional-to-lateral period
ratio due to increase in number of bays.

4.2.4. Effect of column to beam stiffness ratio

The ratio of column to beam stiffness is varied as 0.25, 0.50, 1.0, 2.0 and 4.0 maintaining the
same beam stiffness in two mutually perpendicular directions to observe the influence of this
parameter on fundamental torsional-to-lateral natural period ratio likewise the cases correspond-
ing to the change in lateral natural period. It is observed that in general, the change in
fundamental torsional-to-lateral natural period ratio does not vary appreciably with the change in
ratio of column to beam stiffness, except for the stiff soil (Fig. 10). The maximum variation in
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frequency.

period ratio due to the change in the ratio of column to beam stiffness is in the order of 30% for
the building resting on stiff clay (Fig. 10).

4.2.5. Effect of excitation frequency

It is well-accepted that the dynamic stiffness of the soil medium is dependent on the frequency
of the forcing function, i.e., ground excitation frequency to account for the effect of the same on
the inertia force. To study this effect on the overall behaviour of the soil-structure-foundation
system, the present study incorporates the frequency-dependent multiplier for a critical case, i.e.,
ap = 1.5 for the building frames resting on raft foundation as mentioned earlier. Curves
corresponding to ay = 0.0 are also included for the sake of comparison. The results of such study



128 K. Bhattacharya et al. | Journal of Sound and Vibration 274 (2004) 111-135

for 2 bay 2 bay 2 storeyed building frame with frequency-dependent multiplier have been
presented in Fig. 11. From Fig. 11, it is observed that while for ¢y = 0.0, the maximum percentage
change in period ratio is around 18%, and for ¢y = 1.5, this is around 20%. Hence, it is observed
that the change in torsional-to-lateral period ratio does not vary appreciably due to frequency of
the ground excitation. However, since, the torsional vulnerability of buildings is extremely
sensitive to the torsional-to-lateral period ratio if this ratio is close to unity, consequence of the
possible adverse effect of the change in period ratio should be accounted in the seismic design.

4.3. Change in base shear

4.3.1. Effect of clay variation

The change in base shear due to the effect of soil-structure interaction is studied on the same
building frames which are considered to study the change in lateral natural period and the change
in the period ratio. The outcomes of these analyses for 2 bay 2 bay 2 storeyed building frame have
been plotted as percentage change in base shear versus N value corresponding to different types of
clay in Fig. 12. The results for all the building frames are presented in Table 5. Fig. 12 and Table 5
show that the maximum increase in base shear may be as high as more than about 50% for 2
storeyed building frames resting on soft clay. The results presented in the form of percentage
change in base shear due to consideration of soil-flexibility show the significance of considering
this effect. However, Fig. 12 and Table 5 clearly exhibit the gradually diminishing effect of
soil-structure interaction with increasing hardness of soil, in most of the cases.

4.3.2. Effect of number of stories variation

Among a large number of cases studied, the results for only the 2 bay 2 bay building frames
with raft foundation resting on medium clay is presented here to show the trend of variation in
base shear changes with the changes in the number of stories. For this particular soil and building
type, the number of storey is varied from 2 to 6, likewise the other two dynamic characteristics.
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Fig. 12. Variation of change in base shear due to change in N value of clay.
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Variation of change in base shear for building frames resting on raft type of foundation

129

Soil type Frame type Base shear at fixed Base shear considering % Deviation
base condition (kN) soil-flexibility (kIN)
Soft 2 bay 2 bay 2 storey 129.99 195.15 50.13
4 bay 4 bay 2 storey 436.35 680.46 55.94
6 bay 6 bay2 storey 1050.76 1641.25 56.20
Medium 2 bay 2 bay 2 storey 125.86 184.34 46.46
2 bay 2 bay 3 storey 221.44 265.31 19.81
2 bay 2 bay 4 storey 333.16 363.28 9.04
2 bay 2 bay 5 storey 458.33 507.44 10.72
2 bay 2 bay 6 storey 545.74 591.51 8.39
4 bay 4 bay 2 storey 436.35 580.96 33.14
4 bay 4 bay 6 storey 1896.54 1950.55 2.85
6 bay 6 bay 3 storey 2360.97 2771.10 17.37
6 bay 6 bay 4 storey 3120.27 3499.71 12.16
Stiff 2 bay 2 bay 2 storey 121.46 162.63 33.89
2 bay 2 bay 4 storey 333.16 358.65 8.67
2 bay 2 bay 6 storey 545.74 586.28 7.43
2 bay 2 bay 7 storey 613.57 615.72 0.35
4 bay 4 bay 2 storey 436.35 505.55 15.86
4 bay 4 bay 7 storey 2174.59 2237.59 2.90
6 bay 6 bay 3 storey 2360.97 2725.58 15.44
6 bay 6 bay 4 storey 3120.27 3428.79 9.89
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Fig. 13 exhibits the variation of percentage change in base shear as a function of number of stories
for a 2 bay 2 bay building frame resting on medium clay, while the change in base shear due to
change in number of stories corresponding to the stiff clay can be obtained directly from Table 5.
Fig. 13 shows that the change in base shear may vary from 46% to 8% for buildings resting on
medium clay. On the other hand, the corresponding changes in base shear for buildings on stiff
clay (Table 5) are found to vary from a value as high as about 34% to a value as low as less than
1% due to a change in number of stories from 2 to 7. Both the figure and table clearly indicate
that the effect of soil-structure interaction on the change in base shear generally decreases with
increase in number of stories in the building frame. The possible reason behind such an
observation is the same as explained earlier in Section 4.1.2. Again, it is also observed that the
change in base shear due to the effect of soil-structure interaction is not more than 10% for the
buildings having more than 3 stories, irrespective of the soil type. Hence, it can be concluded that
for the buildings resting on raft foundation having more than 3 stories, a multiplication factor of
1.1 to the seismic base shear in fixed base condition can suffice the purpose of accounting for the
effect of soil-structure interaction on base shear of the similar building frames.

4.3.3. Effect of number of bays variation

A large number of building frames is studied to observe the effect of variation in number of bays.
However, the results of a few limited trend-indicating cases are presented in graphical forms. Since,
the change in period due to the effect of soil-structure interaction is found to be most amplified for
buildings with lesser number of stories, results corresponding to the 2 storeyed building frame with
raft type of foundation have been presented to exhibit the maximum possible effect of soil-structure
interaction. For this type of buildings, number of bays has been shown to be varied as 2—4. The
percentage change in base shear has been presented in Fig. 14 as a function of number of bays. The
figure shows that the variation in number of bays may cause a maximum variation of about 18% in
the percentage change in base shear in case of building frames resting on very stiff clay.

Furthermore, from Table 5, it is observed that for 2 storeyed building frames resting on soft
clay, the changes in seismic base shear due to incorporation of the effect of soil-flexibility are
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Fig. 14. Variation of change in base shear due to change in number of bays.
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50.13%, 55.94% and 56.20% for 2 bay 2 bay, 4 bay 4 bay and 6 bay 6 bay building frames,
respectively. On the other hand, for 3 storeyed building frame supported by medium clay, the
corresponding changes are 19.81% and 17.37%, while for 4 storeyed building frame resting on
stiff clay, the same are 8.67% and 9.89%, for 2 bay 2 bay and 6 bay 6 bay building frame,
respectively. Hence, for building frames supported by soft clay, the change in seismic base shear
due to incorporation of the effect of soil-flexibility gradually increases with increase in number of
bays. On the contrary, the same effect is observed to be decreasing in nature for building frames
resting on medium and stiff clay. So, no general trend is observed for these cases. The reason,
perhaps, is the same as that explained under Section 4.1.3 of the present paper.

4.3.4. Effect of column to beam stiffness ratio

The effect of variation of the ratio of flexural stiffness of column to that of beam is studied with
same variation of this parameter as mentioned earlier. Out of the extensive case studies, results for
2 bay 2 bay 2 storeyed building frames resting on all the soil types are presented in this study.
Fig. 15 shows that the variation in percentage change in base shear in general may be in the order
of about 20% due to the variation in the ratio of flexural stiffness of the columns to that of beams.

4.3.5. Effect of excitation frequency

The effect of excitation frequency on base shear is also studied corresponding to the critical
values of ag, namely, 0.0 and 1.5, as mentioned earlier. The results of such study have been
presented in Fig. 16. Maximum change in base shear is found to be in the order of about 49% for
ap = 1.5, while the same is observed to be around 50% for ay = 0.0, for buildings with raft
foundation.

This shows that the effect of frequency of the forcing function does not seem to influence the
seismic behaviour of the system, significantly. However, such effect of frequency may be
considered for the purpose of analysis of only the important structures to have a conservative
estimate of design base shear.
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Fig. 15. Variation of change in base shear due to change in ratio of column to beam stiffness.
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5. Seismic base shear prediction incorporating the effect of soil-flexibility

The effect of soil-structure interaction on lateral natural periods as presented in Fig. 3 and
Table 3 for various buildings resting on soft, medium and stiff clay can be used for better seismic
design of the low-rise buildings. Firstly, the building frames can be analyzed with fixed base
condition to obtain the fundamental natural period at fixed base. The fundamental lateral natural
periods at flexible soil condition can be obtained from the percentage change in period presented
in the study through figures and tables for various building frames and soil types. Knowing the
lateral natural periods of the frames with and without soil-structure interaction, the ratio of the
lateral stiffnesses with and without considering the effect of soil-flexibility can be obtained as
(Tixea/ T m)z, where, Ty, and Tjyeq correspond to the fundamental lateral natural period of the
building frames with and without considering the effect of soil-structure interaction, respectively.
Now, a similar building frame at fixed base condition, the lateral stiffness of which is reduced to a
proportion of (Tfixea/ Tm-)2 by reducing the modulus of elasticity in the same ratio, can be
considered. Hence, these frames can be considered as frames similar to the actual ones with same
fundamental lateral natural period that could be obtained due to incorporation of the effect of
soil-flexibility. These building frames at fixed base condition are expected to yield the same base
shear as obtained from the frames considering the effect of flexible soil. The base shears obtained
in such a way are compared with the base shears obtained from the rigorously modelled similar
frames including the effect of soil-flexibility and are found to show very close agreement. The
comparison of the base shears for some sample cases is presented in a tabular form through
Table 6. The table exhibits that a close resemblance is there between the outcomes of these two
procedures. The inherent facility of consideration of such an equivalent fixed base model lies in its
simplicity for use in the design offices. However, for building frames with more than three stories,
application of a multiplication factor of 1.1 to the base shear may suffice to account for the
increase due to soil-structure interaction.



K. Bhattacharya et al. | Journal of Sound and Vibration 274 (2004) 111-135 133

Table 6

Prediction of seismic base shear of building frames with raft foundation through proposed approximation

Soil type Frame type Base shear actual (kN) Base shear approximated (kN) % Deviation
Soft 2 bay 2 bay 2 storey 195.15 185.98 —4.70
Medium 2 bay 2 bay 2 storey 184.34 181.06 —1.78

Stiff 2 bay 2 bay 2 storey 162.63 158.42 —2.59

6. Conclusions

The present paper attempts to study the effect of soil-structure interaction on two primary
dynamic characteristics of low-rise buildings resting on raft type of foundation, namely, the lateral
natural period and fundamental torsional-to-lateral period ratio. Consequently, the study also
extends to find out the effect of soil-flexibility on one of the important seismic characteristics, the
seismic base shear of the similar buildings. The study leads to the following broad conclusions:

1. The effect of soil-flexibility may appreciably change the lateral natural periods of any building.
This parameter primarily regulates the seismic lateral response of the building frames. In fact,
as a result of such lengthening of lateral period, the seismic base shear is also found to increase
considerably for such low-rise buildings having their lateral natural period in the sharply rising
zone of response spectrum. Hence, the buildings may be seismically vulnerable if the effect of
soil-structure interaction is not considered in the process of design.

2. The study also shows that the effect of soil-structure interaction may appreciably alter the
fundamental torsional-to-lateral natural period ratio, which regulates the seismic torsional
response arising out of lateral-torsional coupling. Thus, evaluation of this parameter without
considering soil-structure interaction may cause serious error in seismic design, as the seismic
torsional response is found to be sensitive, particularly, if this ratio is close to 1 [7-9].

3. The effect of soil-flexibility on lateral natural period, torsional-to-lateral natural period ratio
and seismic base shear of buildings is pronounced with decreasing hardness of soil and number
of stories, in general. Hence, this effect needs to be considered very seriously at least for
buildings of this category.

4. The effect of soil-structure interaction on lateral natural period, torsional-to-lateral natural
period ratio and seismic base shear alters due to the change in number of bays and column to
beam stiffness ratio.

5. Excitation frequency of the ground motion may influence the effect of soil-structure interaction
on lateral natural period as well as base shear marginally. Hence, this effect should be
considered for very important structures only. However, the consequence of the effect of
excitation frequency on fundamental torsional-to-lateral period ratio needs to be considered if
the period ratio is nearly in the range of 0.7-1.25, as the seismic torsional vulnerability is
extremely sensitive in this range of period ratio [7-9].

6. The study shows that the effect of soil-structure interaction on low-rise buildings on raft
foundation can be accounted for applying a multiplication factor of 1.1, if the building frame is
of more than 3 stories. For buildings having lesser than 3 stories, the lengthened period of the



134 K. Bhattacharya et al. | Journal of Sound and Vibration 274 (2004) 111-135

buildings may be obtained through the linear interpolation from the results presented. This
lengthened period then may further be used to derive an equivalent fixed-base model for
obtaining the seismic base shear incorporating the effect of soil-structure interaction, as
prescribed in this paper.

The study, as a whole, shows the significance of the effect of soil-structure interaction on
seismic behaviour of low-rise buildings on raft foundation. The study also identifies the influential
parameters, which can regulate the effect of soil-structure interaction on the change in lateral
natural period, fundamental torsional-to-lateral period ratio and seismic base shear of building
frames resting on raft foundation. The graphs and tables are presented in easily understandable
manner to show the trend in the effect of variation of these characteristics due to incorporation of
the effect of soil-structure interaction. These results may also be of help to the designers to assess
the significance of considering this effect for the low-rise building frames resting on this particular
type of foundation, through a simplified procedure prescribed in the paper.

Acknowledgements

The authors gratefully acknowledge the support rendered by a Major Research Project
sanctioned by University Grants Commission, Government of India [No. F. 14-13/2000 (SR — I)]
towards the successful completion of this paper.

References

[11 ACI Committee 436, (De Simone, S.V. (CH)), Suggested design procedures for combined footings and mats,
Journal of the American Concrete Institute 63(10) (1966) 1041-1057.
[2] ACI Committee 336, (Ulrich, J. (CH)), Suggested analysis and design procedures for combined footings and mats,
Journal of the American Concrete Institute 86 (1) (1988) 304-324.
[3] A. Ghali, A.M. Neville, Structural Analysis: A Simplified Classical and Matrix Approach, Intext Educational
Publications (Harper and Row), New York, 1972.
[4] R.D. Cook, Concepts and Applications of Finite Element Analysis, Wiley, New York, USA, 1974.
[5] O.C. Zienkiewicz, The Finite Element Method, 3rd Edition, McGraw-Hill, New York, USA, 1977.
[6] J.E. Bowles, Foundation Analysis and Design, Sth Edition, McGraw-Hill International Editions, Civil Engineering
Series, New York, 1996.
[71 W.K. Tso, K.M. Dempsey, Seismic torsional provisions for dynamic eccentricity, Earthquake Engineering and
Structural Dynamics 8 (3) (1980) 275-289.
[8] C.L. Kan, A.K. Chopra, Torsional coupling and earthquake responses of simple elastic and inelastic systems,
Journal of Structural Divisions, American Society of Civil Engineers 107 (ST-8) (1981) 1569-1587.
[9] S.C. Dutta, A. Bhowmick, Torsional behaviour of asymmetric buildings in the linear elastic range, Asian Journal of
Structural Engineering 2 (1&2) (1997) 57-717.
[10] S.C. Dutta, Torsional Behaviour of Elevated Water Tanks with Reinforced Concrete Frame-Type Stagings during
Earthquake, PhD Thesis, Department of Civil Engineering, Indian Institute of Technology, Kanpur, India, 1995.
[11] S.C. Dutta, S.K. Jain, C.V.R. Murty, Torsional failure of elevated water tanks: the problem and solutions,
CD-ROM Proceedings of the 11th World Conference on Earthquake Engineering, Acapulco, Mexico, June 23—28,
1996, No. 287.
[12] S.C. Dutta, C.V.R. Murty, S.K. Jain, Seismic torsional vibration in elevated tanks, Structural Engineering and
Mechanics 9 (6) (2000) 615-636.



K. Bhattacharya et al. | Journal of Sound and Vibration 274 (2004) 111-135 135

[13] B.C. Lin, A.S. Papageorgiou, Deformation of torsional coupling caused by closely spaced periods, 1984 Morgan
Hill earthquake response of the Santa Clara country building, Earthquake Spectra 5 (3) (1989) 539-556.

[14] A.M. Chandler, Building damage in Mexico City earthquake, Nature 320 (6062) (1986) 497-501.

[15] E. Rosenblueth, R. Meli, The 1985 earthquake: causes and effects in Mexico City, Concrete International 8 (5)
(1986) 23-34.

[16] S. Whittaker, Kobe earthquake reconnaissance report, NSF-EERC Draft Chapter on Engineered Buildings,
Earthquake Engineering Research Centre, University of California, Berkeley, CA, 1995.

[17] A. Goyal, R. Sinha, M. Chaudhuri, K. Jaiswal, Damage to R/C structures in urban areas of Ahmedabad and Bhuj,
EERI Preliminary Reconnaissance Report on Earthquake in Gujrat, India, January 26, Earthquake Engineering
Research Institute, Oakland, CA, 2001.

[18] R. Roy, S.C. Dutta, Differential settlement among isolated footings of building frames: the problem, its estimation
and possible measures, International Journal of Applied Mechanics and Engineering 6 (1) (2001) 165-186.

[19] B.S. Smith, Lateral stiffness of infilled frames, Journal of Structural Engineering Division, ASCE 88 (ST6) (1962)
183-199.

[20] D.J. Dowrick, Earthquake Resistant Design: A Manual for Engineers and Architects, Wiley, New York, 1977.

[21] W.G. Curtin, G. Shaw, J.K. Beck, Design of Reinforced and prestressed masonry, Thomas Telford Ltd., Thomas
Telford House, 1 Heron Quay, London E14 9XF, 1988.

[22] IS: 456-2000 Indian standard code of practice for plain and reinforced concrete, Bureau of Indian Standards,
New Delhi, India.

[23] R.K. Goel, A.K. Chopra, Dual-level approach for seismic design of asymmetric-plan buildings, Journal of
Structural Engineering, American Society of Civil Engineers 120 (1) (1994) 161-179.

[24] G. Gazetas, Formulas and charts for impedances of surface and embedded foundations, Journal of Geotechnical
Engineering, American Society of Civil Engineers 117 (9) (1991) 1363-1381.

[25] R. Dobry, G. Gazetas, Dynamic response of arbitrarily shaped foundations, Journal of Geotechnical Engineering
Division, American Society of Civil Engineers 112 (2) (1986) 109-135.

[26] R.A. Parmelee, D.S. Perelman, S.L. Lee, Seismic response of multistorey structures on flexible foundations,
Bulletin of Seismological Society of America (3) (1969) 1061-1070.

[27] S. Prakash, V.K. Puri, Foundation for Machines: Analysis and Design, Wiley, New York, 1988.

[28] R.A. Parmelee, Building-foundation interaction effects, Journal of Engineering Mechanics Division, American
Society of Civil Engineers 93 (EM2) (1967) 131-152.

[29] M.A. Haroun, W. Abou-Izzeddine, Parametric study of seismic soil-tank interaction I: horizontal excitation,
Journal of Structural Engineering Division, American Society of Civil Engineers 118 (3) (1992) 783-797.

[30] Y. Ohsaki, R. Iwasaki, On dynamic shear moduli and Poisson’s ratio of soil deposits, Soils and Foundations 13 (4)
(1973) 61-73.

[31] IS: 5249-1992, Determination of dynamic properties of soil-method of test, Bureau of Indian Standards, New
Delhi, India.

[32] V.N.S. Murthy, Soil Mechanics and Foundation Engineering, Dhanpat Rai, New Delhi, India, 1993.

[33] IS: 6403-1981, Indian standard code of practice for determination of bearing capacity of shallow foundation,
Bureau of Indian Standards, New Delhi, India.

[34] IS: 8009-1976, (Part I), Indian standard code of practice for calculation of settlement of foundation, Bureau of
Indian Standards, New Delhi, India.

[35] IS: 1893-2000, Indian standard criteria for earthquake resistant design of structures, Bureau of Indian Standards,
New Delhi, India.

[36] G. Gazetas, K.H. Stokoe II, Free vibration of embedded foundations: theory versus experiment, Journal of
Geotechnical Engineering, American Society of Civil Engineers 117 (9) (1991) 1382-1401.

[37] A.K. Chopra, Dynamics of Structures: Theory and Applications to Earthquake Engineering, Prentice Hall,
New Delhi, India, 1998.

[38] A.S. Arya, Earthquake resistant design of buildings, Proceedings of National Symposium on Advances in Structural
Dynamics and Design (ASDD), January 9-11, Chennai, India, 2001, pp. 3-18.



	Effect of soil-flexibility on dynamic behaviour of building frames on raft foundation
	Introduction
	System idealization
	Structural idealization
	Idealization and modelling of soil

	Analysis methodology
	Results and discussions
	Change in lateral natural period
	Effect of clay variation
	Effect of number of stories variation
	Effect of number of bays variation
	Effect of column to beam stiffness ratio
	Effect of excitation frequency

	Change in fundamental torsional-to-lateral period ratio
	Effect of clay variation
	Effect of number of stories variation
	Effect of number of bays variation
	Effect of column to beam stiffness ratio
	Effect of excitation frequency

	Change in base shear
	Effect of clay variation
	Effect of number of stories variation
	Effect of number of bays variation
	Effect of column to beam stiffness ratio
	Effect of excitation frequency


	Seismic base shear prediction incorporating the effect of soil-flexibility
	Conclusions
	Acknowledgements
	References


