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ABSTRACT: In the conventional method of design of foundation, the stiffness of superstructure and compressibility of soil 
mass is ignored. The raft foundation is designed rigid in order to control the differential settlement, which results uneconomical 
design. Rapid progress is now being made in many different aspects of structural models and also soil model in order to design the 
structural elements for the realistic forces. Hence, the presented study focused on the interaction analysis of a 5 storey 3 bay by 5 
bay space frame raft soil systems. The influence of stiffness of superstructure, raft thickness and soil modulus on settlement, contact 
pressure, moment and forces are discussed in terms of krs and ksb. For a given krs both the total and differential settlements of the raft 
are reduced with an increase in the ksb value. Irrespective of the ksb and krs values, the pattern of the contact pressure distribution is 
almost the same along any section of the raft. The moments in the raft increases at the span with an increase in ksb. 
 
1. INTRODUCTION 

Structural analysis is one of the most important aspects in 
structural design, since it gives an idea about the performance 
of the structure under load. Right from the beginning when 
the process of development started in the field of soil-structure 
interaction, an attempt has been made to bring sophistication 
in the theoretical methods of analysis. The earlier analysis on 
the raft foundation was mainly based on the conventional 
method in which the rigidity of the foundation and the super- 
structure were not included. The inherent deficiency of the 
Winkler model in depicting the continuous behaviour of the 
semi-infinite medium led to the development of the two 
parameter elastic models. The initial impetus for the continuum 
representation of the soil media stemmed from the work of 
Boussinesq (1885). Meyerhof (1947) was the first person to 
recognize the importance of rigidity of the superstructure and 
the foundation system. Rigorous analysis on the soil-raft-
frame interaction gained importance in the late 19th century, 
particularly after the advent of fast computers and numerical 
methods. 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. 
King & 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. Sommer (1957) studied the 
effect of the rigidity of the superstructure in the analysis of 
the foundation in the homogenous, isotropic and elastic half-

space. He analysed the structures with different degrees of 
rigidity including perfectly flexible and perfectly rigid cases. 
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. He 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. 

Such interaction studies have been carried out by Lee and 
Harrison (1970), Dejong & Morgenstern (1971), Hain & Lee 
(1974), Hooper (1984), Brown et al. (1986), Noorzaei et al. 
(1993 and 1995), Viladkar et al. (1994), Dasgupta et al. (1998), 
Stavridis (2002), Hora & Sharm (2007) etc.  

2. SCOPE AND OBJECTIVE 

In this study, analyses were carried out for linear elastic 
behaviour of the soil. In the interaction analysis, all the three 
components are analysed as a single compatible unit. A detailed 
parametric study was conducted by varying the relative stiffness 
of superstructure, Ksb and the raft, Krs. The relative stiffness 
Ksb and Krs are determined based on the recommendation of 
Brown et al. (1986) which are as follows, 
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where, 
 m =  Number of storeys 
 Eb = Elastic modulus of beam 
 Es =  modulus of soil 
 Er =  Young’s modulus of raft 
 Ib= Moment of Inertia of beam 
 Ir =  Moment of Inertia of raft 
 L =  Length of the raft 
 l =  Span of the beam, and  
 ?s =  Poisson’s ratio of soil. 

The influence of these two parameters on the settlement, contact 
pressure, moment in the raft and forces in superstructure were 
studied.  

3. PROBLEM DETAILS 

Interaction analysis was carried out on a space frame (3 bay 
×  5 bay)-raft-soil system of five-storey building. The plan of 
quarter raft and positions of columns are shown in Figure 1. 
It is assumed that the raft is placed directly on the sand 
medium. The load on the slab including self-weight and weight 
of the wall are considered and are applied as uniformly 
distributed load on the beams. The geometric and elastic 
properties of frame adopted in the analysis are presented in 
Tables 1 and 2. 

 
Fig. 1: Plan of Quarter Raft and Column Position 

Table 1: Geometric Properties of Frame and Raft 

Storey- 1-, 3 0.5 ×  0.5 Span of beams 6 m 
Column 
size, m Storey- 4, 5 0.4 ×  0.4 

Load on inner 
beams 35 kN/m 

Beam size, m 0.3 ×  0.6 
Load on outer 
beams 28 kN/m 

Floor height, m 3.5 Raft size, m 18 ×  30  

Table 2: Elastic Properties of Concrete and Soil 

Modulus of concrete (Ec) 2.5 ×  107 kPa 

Modulus of soil (ES) 30 MPa 

Poisson’s ratio of concrete 0.15 

Poisson’s ratio of soil 0.35 

4. FINITE ELEMENT MODEL  

An ANSYS finite element code is used for these analyses. A 
two noded beam element (BEAM 4) with six degrees of 
freedom per node is adopted for the beams and columns of 
the superstructure. Connection between them is treated as 
rigid. The raft is modeled as plate-bending element (Shell93) 
with eight nodes having six degrees of freedom at each node. 
Soil medium has been modeled using eight-node brick element 
(SOLID 45) having three degrees of freedom of translations 
at each node in the x, y, z direction. The interface characteristics 
between the raft and soil have been represented by Targe170 
and Conta174. 

5. RESULTS AND DISCUSSION 

5.1 Settlement of the Raft  

The effect of krs on the settlement, the variation of the 
normalized settlement along the section A1–A4 is presented 
in Figure 2 for a set of krs and ksb values. The settlement of the 
raft is higher for lower ksb value, irrespective of the krs values. 
For the ksb value of 15, the maximum settlement along the 
section A1–A4 is around 0.70 % of the span (l). Though 
there is not much difference in the settlement between the krs 
values of 0.001 and 0.01, the differential settlement is less by 
16% for the krs value of 0.01. This indicates that the increase in 
the raft thickness has only a marginal influence on the 
settlement. However, the increase in the ksb has a significant 
influence on the settlement which is evident from the 
appreciable decrease in the settlement. The settlement is 
reduced to 0.12% of l for the ksb value of 100, which is nearly 
15% of the settlement of ksb = 15. 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 raft in reducing both the total and the differential settlement 
of the foundation soil system. Figure 3 depicts the variation 
of the total settlement with ksb at the column points. The 
settlement at the column point is reduced appreciably for the 
ksb values between 15 and 60 and for the ksb values more than 
60, the reduction in the settlement is negligible. Moreover, 
the magnitude of the settlement was very less (< 10 mm) for 
higher ksb values (> 60) irrespective of the column locations 
for the intensity of the load considered in this analysis. 

5.2 Contact Pressure below the Raft 

The uniform distribution of the contact pressure assumes the 
raft to be rigid and is independent of the soil properties. The 
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contact pressure distribution and its magnitude is obtained 
through the interaction analysis by varying the relative stiffness 
of the raft and the frame. The contact pressure distribution is 
presented in Figure 4 for the longitudinal sections A1–A4 and 
B1–B4 of the raft. It is seen from the figure that the contact 
pressures at the edges are higher than that at the center. But the 
magnitude of the contact pressure is maximum at the corner 
of the raft. The contact pressure at the centre part of the raft is 
uniform with the magnitude and found to vary between 0.7q 
and 1.0q.  

5.3 Bending Moment in the Rraft 

The support moment Mx in the raft at the location of all the 
columns are compared in Table 3 for the various krs and ksb 
values. For the raft-frame system analysed, the raft moment 
Mx are the maximum at a given column location for the krs = 
0.01 irrespective of the ksb values. Among the columns, the 
Mx are maximum for the column A3 and B1 respectively 
irrespective of ksb values. However for a given ksb the most 
affected locations are the column points along the edges (A1, 
B1 for Mx and A1, A2 and A3 for My). Both Mx and My 
values changes significantly in these columns due to the 
increase in krs values from 0.001 to 0.01. 

Table 3: Bending Moment in the Raft  
at the Column Bases 

Bending moment (Mx), kNm Column krs 

ksb=20 ksb=60 ksb=100 

0.001 10 124 166 A1 

0.01 290 290 287 

0.001 –449 –412 –393 A2 

0.01 –448 –395 –371 

0.001 –401 –390 –380 A3 

0.01 –526 –503 –485 

0.001 61 134 160 B1 

0.01 226 231 233 

0.001 –344 –324 –317 B2 

0.01 –371 –368 –367 

0.001 –318 –322 –322 B3 

0.01 –475 –492 –495 
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Fig. 2: Normalized Settlements along the Section A1–A4 of the Raft 
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Fig. 3: Variation of Total Settlement with ksb in the Raft at the Column Points 
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Fig. 4: Contact Pressure Distribution along A1–A4 and B1–B4  
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5.4 Bending Moment in the Columns 

The bending moment in column A1 about x and y axis 
between the conventional and the interaction analyses are 
compared in Table 4. In the case of the conventional analysis 
the moment in the column A1 about x and y axes are the 
same whereas in the interaction analysis Mx and My are not 
the same. The difference is more for the ksb = 15 and krs = 
0.001. The moments Mx and My 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 ksb. This 
effect is decreased with the increase in krs value irrespective 
of ksb and in particular for the ksb = 100. The maximum increase 
in Mx or My is 8 and 2 times the moment of the conventional 
analysis for ksb = 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 krs and ksb 
values of 0.01 and 100 respectively. This indicates that for the 
thicker raft and stiffer the soil (higher the modulus of elasticity), 
the interaction between the raft and the frame is not significant, 
which shows that the interaction behaviour is tending towards 
the behaviour of the frame on unyielding supports (condition 
of conventional analysis).  

Table 4: Moment Variation in Column A1  
for ksb = 15 and 100 

Moment (Mx), kNm 

ksb = 15 ksb = 100 

krs krs 

St
or

ey
 

C
O

N
. 

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 

S3 –42 –62 –64 –64 –45 –47 –46 

S4 –29 –44 –44 –44 –31 –32 –32 

S5 –42 –57 –58 –58 –43 –44 –44 

Moment (My), 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 –42 –42 
 

6. SUMMARY AND CONCLUSIONS 

Based on the interactive analyses of space frame-raft-soil 
system the following important conclusions are drawn. 
Interactive analysis showed lesser total and differential 
settlements than non-interactive analysis. But, they are 
influenced by the relative stiffness of frame and raft. Among 
the two parameters, krs and ksb, ksb has significant influence 
on both the settlements indicating modulus of soil play major 
role in the performance of raft. The influence of ksb on the 
contact pressure is almost nil. The contact pressure at the 
centre part of the raft is found to vary between 1.4q and 0.9q. 
At the centre of the raft the intensity of the contact pressure 
is almost the same for the ksb values analysed and the krs 
value has negligible influence. Bending moment in the raft is 
influenced equally by the ksb and krs.. 

In linear analysis, moments in the end span is increased with 
increase in ksb value whereas krs altered moment below the 
interior columns as well as span moment in the interior 
panels of the raft. The moment in the columns reduces when 
the thickness of the raft and the modulus of the soil are 
increased. The variation in the moment is more in the ground 
floor corner column than in the columns at other locations 
due to interaction. 
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