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Abstract. In most of the design offices, analysis of the frame is carried out without considering the
effect of the rigidity of mat. The analysis of the superstructure without modelling the foundation properly
and conversely analysing the foundation system without considering the stiffness of the superstructure
may mislead the estimation of the forces. This paper examines the parameters, which affect the interaction
and they are grouped into relative stiffness factors %, and k. An interaction analysis is performed for the
five storeyed space frame of 3 bays x 5 bays, using ANSYS finite element code. The soil was treated as
an isotropic, homogenous and elastic half space medium and the following conclusions were drawn from
the analyses. The differential settlement is reduced due to interaction and the performance of the mat
depends on kg values. The moments M, and M, in the corner column at all the storey levels are higher in
the case of the interaction analysis than in the conventional analysis. The axial forces in the peripheral
columns increased and to that extent, the inner column axial loads are reduced. In the beam, more
variation is seen in the support moments than in the span moments.
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1. Introduction

In any structure, the superstructure and the foundation founded on soil constitute a complete
structural system. Neither can be analysed without considering the other. Analysis of a framed
structure (superstructure) without modelling its foundation system and without considering its
rigidity may mislead the estimation of forces, bending moments and settlements. It is, therefore
necessary to carry out the analysis considering the soil, the foundation and the superstructure, which
form a single compatible unit. The superstructure in the conventional design procedure is usually
analysed by isolating it from the soil-foundation medium, assuming that the superstructure is fixed
at the foundation level and that no interaction takes place. Such an analysis neglects the flexibility
of the foundation and the compressibility of the soil mass. Further the effect of deformations of the
foundation on the redistribution of forces in the superstructure is also ignored in the conventional
design. Due to the compressibility of the soil medium, foundations undergo horizontal and vertical
displacements and rotations. In order to maintain the equilibrium and compatibility between soil,
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foundation and the frame, the redistribution of forces must take place within the system. In this
research a framed structure of 3 bay x 5 bay supported on a foundation system known as mat is
considered to evaluate the influence of thickness of mat and modulus of soil on forces and
deformation of the frame. A mat is a shallow foundation, which is normally adopted in situations
where other types of shallow foundation is not suitable because of low bearing capacity of soil, non
homogeneous nature of soil and higher differential settlement than permissible limit. It is a RCC
slab resting on soil medium covering the area below to the foot print of the building and supports
all the columns of a frame. In this study plain flat concrete slab without pedestal is considered as a mat.

2. The interaction analysis of the Soil-Mat-Plane frame

The present discussion considers the development of the interaction analysis taking into account
the influence of the stiffness of the frame. Each element of the system is considered to have linear
stress-strain characteristics.

Grasshoff et al. (1957) analysed a plane frame on a combined footing to bring out the effect of
the rigidity of the superstructure and the condition of fixity of columns with the foundation on the
bending moment and the contact pressure. The analyses were carried out for the perfect flexibility
and perfect rigidity conditions of the frame with supports to the foundation being either hinged or
fixed. The pressure at any selected point was obtained by considering the vertical equilibrium
between the applied loads on the combined footing and the soil pressure acting underneath and the
deformation of the beam and the sub soil. Haddadin (1971) studied the use of the sub-structure
technique for the linear interaction analysis of a seven storey, 3 bay plane frame. In most of the
cases it was assumed that the columns were pinned with the foundation bases for simplicity, which
quite often was not a satisfactory representation, because columns were built monolithically with the
mat. The supporting soil was considered a linear elastic material. King and Chandrasekaran (1974)
formulated a finite element procedure and analysed a plane frame supported on a combined footing
in which the frame and the combined footing were discretised into beam bending elements and the
soil mass into plane rectangular elements. A zero thickness friction element was also adopted to
represent mat-soil interface. This element was, however, useful only in the presence of the lateral
loads. A semi-analytical method to study the effect of the rigidity of the superstructure on the
performance of the foundation was also proposed.

Bhandari and Rao (1977) in their paper on “Concept of rigidity in foundation analysis” brought
out the contribution of the modulus of deformation of the soil, the thickness of the foundation slab
and the stiffness of the superstructure to the relative rigidity factor through experimental and
analytical works. In their analysis Borowicka’s (1939) expression was used for the relative stiffness
factor which assumed a flexible superstructure and showed that the relative rigidity factor was not
sensitive to small errors in the estimation of the soil modulus but depended significantly on the
foundation slab thickness. They also pointed out that the Poisson’s ratio has a very little effect on
the relative rigidity factor. It is stated that the maximum bending moment and the maximum shear
in a footing increase with an increase in the relative rigidity including the contact pressure at the
edges. But at the centre of the foundation slab the contact pressure decrease with increase in the
relative rigidity.

Ramanathan and Pujar (1976) evaluated out the importance of rigidity of the superstructure by
analysing a seven storey plane frame founded on individual footings. They first analysed the plane
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frame by assuming that it was supported on an unyielding base. The forces and the moments
obtained were used to calculate the total settlement of all the footings without considering the
rigidity of the frame. The column loads were then recalculated by taking into account the relative
displacement between the footings. The settlements of all the footings then again calculated using
the recalculated column loads. Finally, the authors showed that the rigidity of the superstructure
reduced the differential settlement within the acceptable limits, and the influence of the rigidity of
the superstructure on the behavior of the foundation depended on the soil model chosen to represent
the foundation soil. Brown (1977) examined the effect of linear soil creep with regard to differential
settlements of the structure. It was shown that for a flexible footing the differential settlement tends
to increase unless restrained by the structural stiffness. However, a large value of relative stiffness
of footing tends to reduce the differential settlement. Sharada Bai er al. (1985) carried out an
interaction analysis of a plane frame supported on isolated footings wherein soil medium was
represented first by Winkler and then by the elastic half-space models. In this research work the
importance of the interaction analysis was established by the following conclusions. The bending
moment at the column ends and the axial force in the exterior columns decrease with an increase in
the relative stiffness, whereas the bending moments at the beam ends and in the footings and the
axial forces in the interior columns increase with an increase in the relative stiffness.

Brown et al. (1986) examined the effect of the sequence of construction on the interaction
behaviour and found that the effective stiffness of a building during construction is about half the
stiffness of the completed structure. Viladkar ef al. (1991) studied the soil-structure interaction of a
plane frame using the coupled finite-infinite-element. In this study, the concentration was on
developing a coupled FE procedure with the non-linear idealization of the soil using the hyperbolic
stress-strain law. Initially, a method was proposed for the interaction analysis of the framed structure
founded on isolated footings. Subsequently an attempt was made to represent a coupled finite-
infinite element formulation for the general case of a multistoreyed plane frame on a combined soil
system. The constitutive relation for the non-linear behaviour of the soil mass was included to study
its effect on the redistribution of the shear force and bending moments in the structural members,
and also the settlement and the contact pressure distribution in the foundation. Noorzaei et al.
(1993) continued the work of Viladkar for the interaction analysis of the space frame-mat-soil
system by modelling the superstructure as a system of Timoshenko beam elements and Mindlin
plate bending elements for the structural slabs and the mat. To account for the non-linear behaviour
of soil hyperbolic model was used. A parametric study was reported on the effect of the variation of
the mat and the slab thickness on the behaviour of the space frame. Hora and Sharm (2007)
analysed a plane frame of two storey two bay in filled frame-foundation beam soil system considering
linear elastic behaviour of the superstructure (including in-fill). The elasto-plastic interaction
analysis has been carried out considering the subsoil to yield according to various yield criteria. The
results of the elasto- plastic interaction analysis were compared with conventional and linear elastic
interaction analysis. They concluded that, the collapse load for the in filled frame foundation beam
soil system is marginally less compared to plane frame foundation beam soil system. It was due to
the fact that the inclusions of in-filled panels significantly increased the stiffness of superstructure,
that has reduced the differential settlement of the foundation beam.

Chore et al. (2009) carried out interaction analyses between building frame-pile foundation and
supporting soil to evaluate the influence of various parameters of pile and pile cap on the response
of super structure. Three dimensional finite element models were simulated for the problem
considered and analysed for two conditions. Initially the analysis was performed for the conditions
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of fixed columns and later analyses were carried out separately for the pile foundation alone. Finally
uncoupled analysis was performed for the frame utilizing the stiffness obtained separately for the
pile foundation.

3. Interaction analysis of the Soil-Mat-Space frame

In the interaction analysis of foundation-soil system both the deformation of the mat and the
deformation of the soil must fulfill the requirements of equilibrium and compatibility.

Meyerhof (1947) showed the importance of the rigidity of the superstructure in the design of the
foundation through a simple interaction analysis. An approximate method was proposed to estimate
the stiffness of the superstructure and to relate it to the deformation of the soil. Applicability of the
proposed method was demonstrated through an analysis of a frame on London clay which showed
that a relatively small differential settlement of footing induced large forces and moments on all
structural members, particularly at external joints in the lower storey. The secondary moments due
to the settlement of the footing were evaluated by the slope deflection method and distributed them
using Hardy Cross method. Further a method for estimation of moments in members of the frame
supported on isolated footings was also suggested. Sommer (1957) studied the effect of the rigidity
of the superstructure in the analysis of foundation in the homogenous, isotropic and elastic half-
space. The structures with different degrees of rigidity including perfectly flexible and perfectly
rigid cases were analysed. The foundation slab was divided into a number of parts and it was
assumed that there was a rigid support at the center of each part. The reaction at these supports was
determined from the superstructure loads using the laws of statics. Unit settlement was induced at
each of these supports and the reaction forces were found at all these supports. These reaction
forces due to unit settlement were then used to find out the reaction forces at the supports.
Equilibrium equations were then formed, from the forces obtained for the structure considered to be
supported on an unyielding base and the reaction forces due to sub-soil settlement. Assuming
deformation and compressibility of the soil in one direction, the settlement at the imaginary supports
were determined in terms of the unknown reactions, and then substituted in the equilibrium
equations to determine the support reactions. The study concluded that the bending moment in the
slab increases with an increase in the rigidity of the foundation and decreases with an increase in
the rigidity of the superstructure. Hence, the design of the mat, without taking into account the
rigidity of the superstructure, will result in greater dimensions of the mat than necessary.

Lee and Harrison (1970) analysed the superstructure-foundation system supported on the
Winkler’s springs by taking sways and rotations at the column bases as unknowns. These rotations
and sways obtained from the independent analysis of the superstructure were then equated to the
corresponding values obtained by considering the foundation to be a beam on a Winkler medium
subjected to forces and moments. In another method, successive modification of the contact pressure
distribution was advocated. In this method, the contact pressure corresponding to a rigid foundation
was assumed and treating the superstructure and foundation as a single compatible unit, a
conventional structural analysis was carried out to evaluate the column forces and the moments.
Then isolating the foundation from the superstructure the new contact pressure distribution was
evaluated using these column forces and moments. This process was repeated with the new contact
pressures until the required accuracy was reached. Very recently Swamy et al. (2011) carried out
uncoupled and coupled FE analyses to study the interface characteristics between the soil and
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isolated footing on structure. In this study two independent cases were considered to represent
smooth and rough interface. In the first case the smooth interface was modeled as a complete slip
and in the second case rough interface was modeled by assigning complete welding between the
joints and foundation and soil elements. The FE code developed for thses two conditions were
applied to evaluate the influence of interface elements in soil structure interaction analysis of
structures supported by isolated footings.

From the above discussion, it is clear that most of the previous investigators have analysed the
mat either founded on an elastic half-space or wherein the soil was treated as a linear elastic solid.
The settlement, the bending moment and the contact pressure on the mat were analysed in detail but
the modulus of the soil and thickness of the mat was not discussed in most of the cases. Hence in
this paper to find the effect of modulus of the soil and thickness of the mat on the behavior of mat
and frame are studied.

4. Method of study and relative stiffness

In the proposed study both interaction (INT) and non-interaction (N-INT) analyses were carried
out. In the non-interaction analysis, the forces and moments obtained for the structure on an
unyielding base are applied on the mat-soil system, and analysed independently. In the interaction
analysis, all the three components namely soil, mat and superstructure are analysed as a single
compatible unit and compared with non-interaction analysis. A detailed parametric study was
conducted by varying the relative stiffness of superstructure, ky, and the mat, k., The relative
stiffness 4, and k. are determined based on the recommendation of Brown et al. (1986) which are
as follows.
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where, m = Number of storeys, E, = Elastic modulus of beam, F; =modulus of soil, £.= Young’s
modulus of mat, /, = Moment of Inertia of beam, /.= Moment of Inertia of mat, L = Length of the
mat, /= Span of the beam and v, = Poisson’s ratio of soil.

The influence of these two parameters on the forces and moments in superstructure and the mat
were studied. Analyses were carried out for the following values: k., =0.001, 0.005 and 0.01 and
ky=15, 20, 30, 60 and 100.

These values were selected as they are of practical interest. The lower limit of £, represents a
building on the very soft or loose deposit and the upper limit of 4, is a point beyond which there is
a little interaction effect. The lower limit of £, corresponds to a foundation of a minimum feasible
relative stiffness and the upper limit of &, represents a semi rigid foundation. Thus, this analysis
covers mostly the semi flexible behaviour of the foundation system. The various relative stiffness
were obtained for a constant building stiffness &, (k, = mE,l,/[, where m = number of stories, £, =
modulus of beam, /,/ = Moment of Inertia of beam and / = span of the beam) then selecting ., (k,=
Es/ 1-v,, Es=modulus of soil, v,=Poisson’s ratio of soil) to give the desired value of k, and finally
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Fig. 1 Plan of quarter mat and column position (All dimension are in mm)

Table 1 Geometric and elastic properties of frame, mat and soil

) Storey- 1, 2, 3 0.5%x0.5
Column size, m

Storey- 4, 5 04x04
Beam size, m 03 x0.6
Modulus of concrete, kPa 2.5x 107
Load on inner beams 35 kN/m
Load on outer beams 28 kN/m
Poisson’s ratio of concrete 0.15
Poisson’s ratio of soil 0.35
Modulus of soil, MPa 20 to 134

using the selected value of 4, to determine &, such that the desired value of £, is obtained.

5. Details of the problem

The plan of the quarter mat and the position of the columns of 3 bay x 5 bay frame are shown in
Fig. 1. The spacing between the columns is 6 m and the column height between the floors is 3.5 m.
An analysis is carried out by assuming that the mat is placed directly on the sand bed. In general,
sand is a non-homogeneous material, whose modulus varies with depth. However the trial analysis
on the frame-mat-soil system by including non-homogeneity showed some influence on the total
settlement but only marginal difference on the differential settlement as well as on the member
forces. Therefore, the elastic property of sand are assumed to be uniform with depth. In the analysis,
the stiffness of the wall and the slab are not included. The load on the slab including self-weight
and weight of the wall are considered and applied as uniformly distributed loads on the beams. The
geometric properties of the frame and the material properties adopted in the analysis are presented
in Table 1.
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Fig. 2 Frame-mat-soil and element discretization (Quarter model) of FE model

6. Finite element model

The complexities involved in the interaction analysis of the mat and the superstructure can be
simplified to a larger extent if the finite element technique is used. The finite element discretization
of frame-mat-soil is shown in Fig. 2.

6.1 Frame model

The frame is modelled as an assemblage of beam elements (Beam 4, ANSYS). Beam 4 is a
uniaxial element which has the capabilities of tension, compression, torsion and bending capabilities.
This element has two nodes and six degrees of freedom at each node and it is treated as Timoshenko
beam elements. They are translations in the nodal x, y and z directions and rotations about the nodal
x, y and z directions. The joints between the columns and beams are assumed to be rigid.

6.2 Mat foundation and contact element
The mat is modelled as a plate-bending element (Shell 93) with eight nodes having six degrees of

freedom at each node. The shell 93 element of ANSYS is considered as Mindlin plate bending
elements and the moment per unit length of the mat is calculated in the element co-ordinate system.
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The interface characteristics between the mat and the soil are represented by the combination of
element Targe 170 and Conta 174. These interface elements are adopted to represent contact of
dissimilar materials of soil and concrete mat as adopted by other researchers (Zeghal et al. 2002,
Swamy et al. 2011, etc). The interface adopted in this study represent no slip between soil and
foundation.

6.3 Soil model

The soil is treated as an isotropic, homogenous and elastic half space medium. For the linear
analysis, the initial tangent modulus (£) and Poisson’s ratio (v;) are the inputs. The soil medium
below the mat is modelled using the eight-node brick element (SOLID 45) having three degrees of
freedom of translation in the x, y and z directions at each node. In order to find the extent of the
soil region to be used in the study, many trial analyses were carried out and was found that for the
width and the thickness of the soil medium more than 2.5 times the least width of the mat
foundation the variation in settlement and the contact pressure was negligible, thus the region of soil
medium considered was 2.5 time the width in all three direction by arresting vertical translation at
the bottom boundary and arresting lateral translation on the vertical boundaries. Fine meshes with
aspect ratio 1 are generated close to the mat while meshes generated away from the mat area are
made coarser gradually.

7. Results and discussion

A rectangular mat of 18 m x 30 m supporting 24 columns spaced at 6 m centre to centre on both
the directions was analysed for the linear behaviour of the soil. The results of the analyses are
presented and discussed below.

7.1 Settlement of mat foundation

In order to understand the effect of k. on the settlement, the variation of the normalized
settlement along the section Al-A4 is presented in Fig. 3 for a set of k. and 4, values. The
settlement of the mat is higher for lower £, value, irrespective of the &, values. For the &, value of
15, the maximum settlement along the section A1-A4 is around 0.70% of the span (/). Though there
is not much difference in the settlement between the %,, values of 0.001 and 0.01, the differential
settlement is less by 16% for the k,, value of 0.01. This indicates that the increase in the mat
thickness has only a marginal influence on the settlement. However, the increase in the k has a
significant influence on the settlement which is evident from the appreciable decrease in the
settlement. The reduction in the differential settlement is 20%, which again indicates that the
modulus of the soil has more influence than the thickness of the mat in reducing both the total and
the differential settlement of the foundation soil system. Fig. 4 depicts the variation of the total
settlement with & at the column points. The settlement at the column point is reduced appreciably
for the kg values between 15 and 60 and for the k, values more than 60, the reduction in the
settlement is negligible. Moreover, the magnitude of the settlement was very less (<10 mm) for
higher kg, values (> 60) irrespective of the column locations for the intensity of the load considered
in this analysis.
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Fig. 3 Normalized settlement along the section A1-A4 of the mat
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Fig. 4 Variation of total settlement with £, in the mat at the column points

7.2 Bending moment in the columns

The bending moment in column Al about x and y axes between the conventional and the
interaction analyses are compared in Table 2. In the case of the conventional analysis, the moment
in the column Al about x and y axes (i.e., Mx and My) are the same whereas in the interaction
analysis they are not the same. The difference is more for the ky, = 15 and £,, = 0.001. The moments
M, and M, in the column A1 at all the storey levels are higher in the case of the interaction analysis
than in the conventional analysis. The increase is significantly higher in the ground floor column
and to some extent at the bottom level of the first floor column for a given k. This effect is
decreased with the increase in £, value irrespective of &y and in particular for the kg = 100. The
maximum increase in M, or M, is 8 and 2 times the moment of the conventional analysis for
kg =15 and 100 respectively. But the moment in this column due to interaction is almost the same
as that of the moment of the conventional analysis for the k. and kg values of 0.01 and 100
respectively. This indicates that for the thicker mat and stiffer the soil the interaction between the
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Table 2 Variation of moment in the column Al

Moment (M,), KNm

kg =15 kg, =100
Storey
Conv. ks ks
0.001 0.005 0.01 0.001 0.005 0.01
S1 -17 141 14 -22 31 -15 =22
S2 -42 -92 -76 -70 -54 -48 -47
3 W) 62 64 64 -45 47 -46
S4 29 44 44 44 31 32 32
S5 W) .57 -58 .58 43 44 44
Moment (M,), kNm
S1 -16 149 38 9 35 -7 -13
S2 -42 -83 -62 -55 -53 -46 -44
S3 42 51 -50 -49 43 44 44
S4 -28 -35 -34 -32 -29 -29 -29
S5 41 -50 -48 47 -43 W) 42
Mx, KNm Mx., KNm
® 175 » x ® 175 ' &
,/oo:m.m. B //0.0LUI\.-H\I- B
~ kp =13 s ke =100
14 14
10.5 -471 10.5 47
7 éﬁ 7 é
L~ —ek =000 —af_=0.001
/ --ark, =0.005 i --ark, =0.005
35 35 .k, =001
0 / 0 _/ ‘
-150 -100  -50 0 50 100 130 200 -150 -100  -50 0 50 100 150 200
Mx, KNm Mx, KNm
L =] L

Fig. 5 Moment about x axis in column B1 at different storey level

mat and the frame is not significant, which shows that the interaction behaviour is tending towards
the behaviour of the frame on unyielding supports.
Fig. 5 depict the variation of column moments (Mx) for various k&, for a given ky, The moment
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Fig. 7 Variation of column moment A1 for various kg, and £,

varied mainly in the ground floor column with the increase in k. Further, the effect of 4., is more
when kg, is less. But for the higher £ (i.e., 100) the moment in the column is less and the
difference in the moment between the different £, is also not much. The effect of &, for a given £,
on the column moment can be seen from the Fig. 6. For a given k., the change in & varied the
moment in columns at all the floor levels. However, the moment is higher for lower kg (15)
irrespective of k., the location of the column and the floor level of the column. The difference in
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the moment between the k&, values is significant only in the ground floor part of the column that
too for the lowest £, value (0.001). The effect of the relative stiffness of the frame and the mat are
represented in Fig. 7 for the corner column since the variation in the moment among the interaction
parameters analysed is appreciable in this column. The moment in the columns of the different
floors with mat relative stiffness (k) values of 0.001 and 0.01 decreases with increase in super
structure stiffness (k,;). The effect of &y, on the moment is almost negligible for &, values more than
60 and is true for all the values of £, considered in the analyses. Between the two £, values, both
the moments M, and M, in the column are lesser for higher &, values, which shows that when the
mat becomes rigid and the moment in the column decreases and the moment in the mat increases.

7.3 Axial force in the columns

In Table 3 the axial force on the columns is compared for the kg values of 15 and 100. The
influence of ,, is also shown in the table for all the columns of the frame. For a given £, value the
least loaded and heavily loaded columns are the corner column (Al) and the intermediate column
(B2) respectively. This is true for all the values of £, analysed. Further, the axial forces in the inner
row columns (row B, along length of mat) are higher than the axial forces in the corresponding
columns of the outer row (row A- edge columns along the length of the mat). In a given row, the
axial force on the column adjacent to the end column is higher. However, the column B2 shares the
maximum load irrespective of k., and kg values. For a given k, the increase in 4., showed a
marginal variation in the column loads and the maximum variation is 3% for the variation of k.
from 0.001 to 0.01.

Further for a given kg, the increase in the rigidity of the mat (k) distributes higher load to the
columns B2 and B3 and to that extent other columns are relieved. But for a given k., the increase
in kg from 15 to 100 showed a reduction in the axial force in the corner column (Al) and the
column adjacent to the corner column on either direction (A2 and B2) and the increase in the axial
force is on the remaining columns (A3, B2 and B3). The maximum variation in the column forces
is for k., =0.001. The maximum reduction is in the column Al which is about 8% whereas the
maximum increase is 5% in the column B3.

An interaction factor (/) is introduced to study the effect of k. and ky, on sharing the load

Table 3 Axial force in columns

Axial force, kN

k=15 k=100
Column
kg kg

0.001 0.005 0.01 0.001 0.005 0.01
Al 898 900 896 830 835 834
Bl 1393 1404 1407 1369 1372 1373
A2 1408 1392 1379 1374 1368 1366
B2 2112 2097 2095 2125 2116 2115
A3 1336 1323 1321 1347 1348 1348
B3 1988 2019 2037 2090 2096 2099

Total 9135 9135 9135 9135 9135 9135
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COLUMN HEIGHT (m)

0 1 1 1 1 1 J
0.98 1.02 1.04 1.06 1.08 1.1
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—%—B2, k, =100 ks =0.001 ---X%-- B2, kg, =100 ks=0.01

Fig. 8 Interaction factor (/) for axial force of columns Al and B2

between the columns. It is expressed as a ratio of the axial force of a column in the interaction
analysis to the axial force of the same column in the conventional analysis. Fig. 8 presents the
interaction factor for the minimum and the maximum loaded columns A1 and B2 respectively. For a
given kg, Iy of the column Al is greater than that of B2 and is also more than unity irrespective of
the k., value. The influence factor for the B2 column increases with the increase in %,,, whereas it
decreases for the outer column irrespective of the k. This is due to the reduction in the differential
settlement with the increase in k,, value. Further, the I factors are very close to unity for the higher
k.s and kg values which is a clear indication for the marginal interaction between the structure and
the foundation (just like frame is on the unyielding supports). The discussion presented above on
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Fig. 9 Variation of axial force below the columns for various k, values

the axial force on the column is for the extreme values of k. In order to have more details on the
axial force variation with %, the axial forces on the various columns obtained from the interaction
analysis are compared in Fig. 9. From the figure it is clear that the axial force in the columns Al,
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Fig. 10 Variation of bending moment along B1-B4, k., = 0.001

B1 and A2 decreases with the increase in &y whereas in the remaining columns the axial force
increases with &y values and this trend is almost identical to that of the variation of axial force with
k. value of the mat. However, the variation in the axial force with &, is negligibly small for the £
values higher than 60 irrespective of £, values which is almost similar to the response seen in the
case of the settlement of the mat with k&, values.

7.4 Variation of bending moments in the beams

A typical variation of the bending moment on the beams of the different floors for the beam
section B1-B4 is presented in Fig. 10 for £.,=0.001. The influence of &, is also examined in this
figure. In the beams of all the floors, the support moment is higher than the span moment
irrespective of the k;, values. For the different £, values of the frame the support moment is higher
for lower kg values in the beams of all the floor levels. For example, the support moment at
Bl1(column B1) of the first floor beam (S52) decreases by 27% for an increase in value of k, from
15 to 100. But the magnitude of the span moment at the centre of the beam is almost constant for
all the values of k. In Fig. 11 the variation of the moment at the support A1 with kg, for the beam
A1-A4 is presented. The figure shows the moment variation in the beams of all the five floors and
also for the different k. values. For a given k,, the moment at the supports decreases with the
increase in the k. The reduction in the moment is gradual or almost nil for the values more than 60
in the beams of all the floors. For the change in the value of k, from 15 to 100 the reduction in the
moment is 30% and 25% in the beams S2 and S5 respectively. Among the beams the support
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Fig. 12 Variation of moment at the support B2 of beam B1-B4

moment is maximum in the first floor beam (S$2), minimum in the fourth floor beam (S5) and the
moment of beams in other floors lies between these two values. Further, the difference in the
support moments of beam S1 and S3 is the least when compared to other beams. The support
moment is reduced marginally in all the beams with the increase in &, value. The difference in the
bending moment between the beams also reduces and particularly between the beams S1 and S3 it
is almost negligible when ., = 0.01. Fig. 12 shows the relation between the support moment and 4,
for the column beam junctions at B2.

The maximum variation in bending moment is seen in the S1 level. At the junctions, the support
moment decreases with increase of k. The modulus of the soil affects the differential settlement
and hence the moment.
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Fig. 13 Variation of shear force at the support Al of beam Al-A4

7.5 Shear force in the beams

Fig. 13 shows the shear force at the support Al of beams spanning between A1-A4 at different
floor levels for various £, values. In the interaction analysis, the shear force in the beam is reduced
for the increase in k. For the variation of &, from 15 to 100 the maximum reduction in the shear
force is in the first floor beam S2 which is around 13% and the minimum shear force is in the beam
S5. The effects of k., on the shear force are almost identical to those of its effects on the support
bending moment.

8. Conclusions

Based on the interaction and the non-interaction analyses of the soil-mat-space frame system, the
following important conclusions are drawn.

By frame-mat-soil interaction the anticipated behaivour of a structure can be predicted even more
reliably which significantly increases the safety and stability of the building.

The interaction analysis showed less total and differential settlements than the non-interaction
analysis. Between the two parameters, k., and k, kg has a significant influence on both the
settlements indicating that the modulus of the soil plays major role in the performance of the mat.

The column moment at different floor levels decreases with the increase in kg and remains almost
constant for different k., values. However, the increase in %, value reduces the column moments,
particularly in the edge column.

The axial forces in the peripheral columns increase and to that extent the inner column axial loads
are reduced. For a given kg, I; of the column Al is greater than that of B2 and is also more than
unity irrespective of the k,, value. The I, factors are very close to unity for the higher &, and kg
values which is a clear indication for the marginal interaction between the frame and the foundation.

In the beam, more variation occurs in the support moments than in the span moments. The centre
of the span moment is shifted away from the centre and magnitude is also increased for the low £,
values.

The above conclusion drawn on from this study are valid for the 3 bay x 5 bay structure with L/B
ratio of 1.67 and H/B ratio of 0.97.



284 D. Daniel Thangaraj and K. llamparuthi

References

Bhandari, R.K. and Rao, A.R.K. (1977), “Concept of rigidity in foundation analysis”, International Symposium
on soil structure interaction, University of Roorkee, India, 287-294.

Borowicka, H. (1939), “Druck verteilung under elastic pattern Ing”, Arch-10, 113-125.

Brown, P.T. (1977), “Structure-foundation interaction and soil creep”, Proc. gh Conf on SM and F Eng., 439-
442, Tokyo.

Brown, P.T. and Yu, Si K.R. (1986), “Load sequence and structure-foundation-interaction”, J. Struct. Eng.-ASCE,
112(3), 481-488.

Chore, H.S., Ingle, R.K. and Sawant, V.A. (2009), “Building frame-pile foundation-soil interactive analysis”,
Interact. Multiscale Mech., 2(4), 397-411.

Gabriel J. DeSalvo and Robert W. Gorman (1989), “ANSYS engineering analysis system user’s manual”,
Swanson Analysis System Inc., Houston, Pennsylvania, Version 10.

Grasshoff, H. and Baurat, D.I. (1957), “Influence of flexural rigidity of superstructure on the distribution of
contact pressure and bending moments of an elastic combined footing”, Proc. of the 4™ International
Conference on Soil Mechanics and Foundation Engineering, London, 300-306.

Haddadin, M.J. (1971), “Mats and combined footings analysis by the finite element method”, ACI J., 68(12),
945-949.

Hora, M. and Sharm, A. (2007), “Elasto-plastic analysis of building frame-soil interaction system”, J. Struct.
Eng.-ASCE, 34(2), 124-139.

King, GJ.W. and Chandrasekaran, V.S. (1974), “Interaction analysis of mated multistoried space frame resting on
the inhomogeneous clay structure”, Proc. Int. Conf- on FEM in Engineering, University of New South Wales,
492-509.

Lee, LK. and Harrison, H.B. (1970), “Structure and foundation interaction theory”, J. Struct. Div. Proc. ASCE,
96(2), 177-198.

Meyerhof, GG. (1947), “Settlement analysis of building frames”, Struct. Eng., 369-409.

Noorzaei, J., Godbole, PN. and Viladkar, M.N. (1993), “Non-linear soil structure interaction of plane frames - a
parametric study”, Comput. Struct., 49(3), 561-566.

Ramanathan, B. and Pujar, K.L. (1976), “Effect of superstructure rigidity in mat design”, Pro. Int. Symp. on soil-
structure interaction University of Roorkee, India. 101-107.

Sharada Bai H. et al. (1985), “Interaction behaviour of elastio-plastic plane frames with isolated footings on
soil”, Proc. of the Indian Geotech. Conf., Bombay, 523-527.

Sommer, H. (1957), “A method for the calculation of settlements, contact pressures and bending moments in a
foundation including the influence of the flexural rigidity of the superstructure”, Proc. of the 4™ Inter. Conf. on
SM & FE, London, 197-201.

Swamy, H.M.R., Krishnamoorthy, A., Prabakhara, D.L. and Bhavikatti, S.S. (2011), “Evaluation of the influence
of interface elements for structure - isolated footing - soil interaction analysis”, Interact. Multiscale Mech.,
4(1), 65-83.

Viladkar, M.N., Godbole, P.N. and Noorzaei, J. (1991), “Soil structure interaction in plane frames using coupled
finite-infinite elements”, Comput. Struct., 39(5), 535-546.

Zeghal, M. and Edil, T.B. (2002), “Soil structure interaction analysis: modeling the interface”, Can. Geotech. J.,
39(3), 620-628.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




