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ABSTRACT
Generally in the analysis and design of multi-story building frame it is assumed that the base is fixed but in
actual the structure is ultimately supported on soil which is flexible in nature. This flexibility of soil may vary
due to load-settlement characteristics of soil, variation in soil strata below the foundation level, seasonal
variation of soil property etc. The flexible nature of soil causes differential settlement between foundations on
application of loads which in turn redistribute the structural forces as well as design. The present paper attempts
to acknowledge the effect of soil flexibility in analysis and design of structure. A G+7 4-bay by 4-bay RCC
residential building frame supported on sandy soil and situated in seismic zone V as per IS: 1893(part 1)-2002 is
analysed usingStaad pro software. Initially the building frame is modelled and analysed assuming fixed base and
support reactions are determined for different load cases. The foundation sizes for different supports are
calculated by using Staad foundation software. The fixed support is replaced by a spring of equivalent
foundation stiffness to perform flexible base analysis. In flexible support analysis the maximum total settlement
and differential settlement between footings is found to be 44.19 mm and 8.14 mm respectively which is
neglected in conventional analysis. The variation in values of settlement is more critical in case of seismic
loading. Soil flexibility causes significant variation in values of support moment compared to vertical support
reaction. The flexibility of soil also affects the forces in beams and columns. The requirement of steel
reinforcement is reduced by nearly 7% in flexible support system compared to fixed base. The study shows that
the soil flexibility redistributed the structural forces and affects the analysis and design of structure. In present
study analysis and design of structure assuming flexible base is found to be more accurate and economical.
Keywords: Total settlement, differential settlement, beam and column forces, Staad pro, Staad foundation.

I. INTRODUCTION

II. LITERATURE REVIEW

In past several investigators studied the
response of the multi-storey frame subjected to
differential settlement. The conventional analysis
of structure is carried out assuming foundation
resting on unyielding supports. However, the
behaviour of structure is greatly influenced by the
flexible nature of soil beneath the foundation. This
flexibility of soil varies with different type of soil,
modulus of subgrade reaction, bearing capacity and
load settlement characteristics of soil etc. The
flexibility causes total and differential settlement
and redistribution of forces and moments in
structures. Unlike total settlement the consequences
of differential settlement are much detrimental to
serviceability of structure such as cracks, tilting,
deflection etc. Hence to determine the effect of soil
flexibility on structure the flexible base analysis
should be performed. The flexible base analysis is
more realistic and safe compared to conventional
analysis. According to IS 1904-1986 the
permissible value of differential settlement for
multi-storey frame is 0.002L (Where L is span
length).

Several investigators studied the influence
of soil flexibilityon buildings. They performed the
studies by changing various parameters of soil and
structure and found that due to soil flexibility the
structural forces are altered. Some of noteworthy
configuration of researchers in this field
arediscussed below.
Weigel et al.(1989)developed a Pascal
program to evaluate the settlement of a isolated
footing supported on over consolidated and
normally consolidated clay and sand layers
including the effect of the structural rigidity of a
frame. The settlement calculated using one
dimensional consolidation theory for clay and
Schmertmann's theory for sands considering three
frame with varying moment of inertia they
concluded that due to the differential settlement
change in forces of the super structure is significant
when move from flexible to rigid frame.
Dutta et al. (1999)studied differential
settlement of building frames with isolated
footings. The change in column bending moments
and axial force due to flexural stiffness of structural
member considering different parameter was
analysed. It was observed that the column moment
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in settlement condition was significantly higher as
compared to no settlement condition.
Roy and Dutta(2001)investigated the
change in structural behaviour of a building frame
with the differential settlements of footing. It was
investigated that the differential settlements among
various footings result in a redistribution of the
column forces, beam forces the amount of which
depends on the rigidity of the structure and
characteristics of the soil beneath the footings.
Fenton and Grifﬁths (2002)evaluated
settlement below a foundation by using the ﬁnite
element method. By generating and analysing
multiple realizations, the statistics and density
functions of total and differential settlements are
estimated. They prepared the two models with
single spread footing for total settlement and a pair
of spread footing for the differential settlement and
they concluded that the differential settlement
causes more complicate variation as compare to
total settlement.
Lee and Salgado (2002)evaluatedthe loadsettlement response of vertically loaded footings
placed in sands using both the ﬁnite element
method with a nonlinear stress-strain model and the
conventional elastic approach. Calculations are
made for both normally consolidated and heavily
over consolidated sands with various relative
densities. The value of cone penetration resistance
was obtained by conpoint. The settlements are
computed using CPT value.
Sneha et al. (2009)estimated the vertical
and lateral displacement assuming the footing as a
spring rested on variety of soils with different sub
grade modulus reaction Ks. The building is
analysed for different wind and seismic zones. The
vertical settlement and lateral displacement are
estimated for different storey buildings in which
the columns are having different heights. Also
calculated the behaviour of building frame
supported different footing size and soil.
Jayalekshmi et al. (2009)analysed Seismic
response of RC space frame building with isolated
footing resting on differentstiffness layered soil.
Stiffness of layered soil from very soft to stiff
range is considered. The analysis of structure is
performed in ANSYSsoftware. Structure is
presented the effect of layer soil on natural period
and base shear and concluded that the effect of soil
structure interaction increases the seismic base
shear.
Agrawal and Hora (2010)evaluated the
effect of differential settlements on the forces in the
frame members, bending moments in the
foundation beam and the contact pressure
distribution below the foundation beam is
investigated. The nonlinear interaction analysis of a
two-bay two-storey plane building frame-soil
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system has been carried out. The computer
programme developed in FORTRAN-90 for
nonlinear interaction analysis of frame foundation
beam soil system. They founded that the shear
forces and bending moments in superstructure
(different at different floor level) get significantly
altered due to differential settlements of soil mass.
Smit (2010)performed an experiment
which is designed according to British Standards
and Euro code of 3D, 5-bay by 5-bay, 6 storey flat
slabs RC frame with pad foundations on clay. The
behaviour of the designed structure undergoing
differential settlement was then analysed by means
of finite element analyses. His result shows 3D
deformation of the structure due to settlement and
importance of soil structure stiffness ratio. He
concluded that the structure forces changes due to
differential settlement.
Jenifer et al. (2012)studied the effect of
Soil-structure interaction on multi storeyed
buildings with various foundation systems. Multi
storeyed buildings with rigid and flexible
foundation support subjected to seismic forces were
analysed under different soil conditions like hard,
medium and soft. The buildings were analysed by
Response spectrum method using software STAAD
Pro.As a result of this they concluded that as the
base changes from rigid to flexible the changes in
the forces (moments, story drift, and base shear) are
more. Hence suitable foundation system
considering the effect of Soil stiffness has to be
adopted while designing building frames for
seismic forces.
Lahri and Garg (2015) analysed various
plane frames (different story and number of bay) in
the Staad pro software applying a displacement
load on the support and evaluated the effect of this
applied load on different member of portal frame
by changing various parameters such stiffness of
structure, length of beam, length of column,
number of bays, number of storey etc. on this basis
concluded that on increasing the beam length,
column height the axial force, shear force,
moments are reduced whereas on increasing inertia
of beam and column and number of bay the axial
force, shear force and moments are increased.

III. PROPOSED WORK
In the present study aRCC space frame is
designed considering the effect of soil flexibility.
The structure has been modelledand analysed in
Staad pro and Staad foundation software. The work
procedure adopted for analysis and design are as
follows.
A G+7 4 bay by 4 bay RCC residential
building frame supported on sandy soil and situated
in seismic zone-V (as per IS: 1893-2002) as shown
in fig. 1 has been modelled in Staad pro software.
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The geometric properties of structure are shown in
table 1. Initially the structure is assumed to be fixed
at base.The structure is loaded with imposed load
of 3.5kN/m2 and the seismic loads are as per IS:
1893-2002. The support reactions obtained from
the fixed base analysis is used to calculate the
foundation size in Staad foundation software. The
bearing capacity of medium sandy soil is assumed
to be 200kN/m2.The modulus of subgrade reaction
(K) is assumed to be 12000kN/m3 for standard size
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plate (i.e. 0.3 m × 0.3 m). The values of modulus of
subgrade reaction for the different size of
foundation are calculated.The fixed support is then
replaced by a spring of equivalent foundation
stiffness to perform flexible base analysis. The total
Settlement, differential settlement and support
reactions of foundation column and beam forces of
structure and material requirement are compared
between fixed base and flexible base system.

Table 1 Geometric properties of structure
Description
Values
Material
Concrete (M 25)
Modulus of Elasticity
2.17 × 107 kN/m2
Density of Concrete
23.56 kN/m3
No. of Story
8
No. of Bays (Both direction)
4
Bay width (Both direction)
5m
Floor to Floor Height
3.5 m
Foundation Below Plinth level
1.5 m
Size of Column
(Ground level to G+3)
600 mm × 600 mm
(G+4 to G+7)
450 mm × 450 mm
Size of Beams
300 mm × 500 mm
Type of Support
Flexible support
Thickness of Outer wall
230 mm
Thickness of Inner wall
130 mm

Isometric view

Elevation
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Foundation plan
Fig.1 Proposed model
IV. RESULTS AND DISCUSSION
In thisstudy total and differential
settlements in flexible support system are
calculated. The variation of support reaction,
column and beam forces and the requirement of
material are also discussed forcorresponding load
cases. Since the model is symmetrical about X-axis
and Z-axis. The load combinations considered for
analysis and design are gravity load and seismic
load in positive X direction. The results obtained
are as follows.
4.1 Total Settlement of Foundation
Table 3 shows the results of total
settlement obtained in gravity as well as seismic
loading.Maximum and minimum values of
settlements are observed as 44.19 mm and 28.05
mm which is neglectedin conventional case. The
variation in values of total settlement is more in
case of seismic loading.
4.2 Differential Settlement of Foundation
The magnitudes of differential settlements
between the footings are calculated in both the
direction (along x-direction and z-direction) in
flexible support system as shown in table 4.
Maximum differential settlement is observed
between C1 and C2 footings (i.e. 8.14 mm) at
section X-X (shown in fig.1 foundation plan) in
seismic loading case.
4.3 Effect of soil flexibility on Support reaction
The comparison of support reaction
between fixed and flexible support system for
various load cases are shown in table 5. The soil
flexibility changes critical value of vertical support
reaction and support moments. The critical values
of vertical support reaction are reduced whereas the
critical values of torsional moment and bending
moments are increased in flexible base system
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compared to fixed base system. The variation in
support moment is much higher than variation in
vertical support reaction which signifies that the
support moments are more influenced by soil
flexibility.
4.4 Effect of Soil Flexibility on Column Forces
The comparison of column forces between
fixed and flexible support system at section X-X
are shown in table 6. The effect of soil flexibility
causes variation in axial force, shear force and
bending moment in columns. The critical values of
shear force and bending moments are found more
in flexible support system compared to fixed
support system. Fig. 2 shows that the flexible base
analysis gives significant values of bending
moment for interior columns which are negligible
in fixed base analysis under gravity loading.
4.5 Effect of Soil Flexibility on Beam Forces
Table 7 shows the comparison of beam
force between fixed and flexible support system at
section X-X. The soil flexibility causes significant
variation in shear force and bending moments. The
critical values of shear force and bending moments
are found to be higher in flexible base system
compared to fixed based system. The variations of
bending moments in beams at section X-X are
shown in fig. 2. This shows that the variation in
bending moments is more at lower storey of
structure compared to upper storey in gravity as
well as seismic loading.
4.6 Effect of Soil Flexibility on Material
Requirement
Material required for fixed base and flexible base
structure is shown in table 8. The table depicts that
quantity of steel is approximately 7% less for
flexible base system compared to fixed base
system.
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Table 3 Vertical settlement Uy (mm) of footings resting on flexible base for different load cases
Footing type
Coordinate
Gravity loading
Seismic loading
(DL+LL)
(DL+LL+EQ+X)
X
Y
Z
A1
0
-1.5
0
-34.93
-28.05
A2
5
-1.5
0
-37.04
-35.08
A3
10
-1.5
0
-37.69
-37.69
A4
15
-1.5
0
-37.04
-38.99
A5
20
-1.5
0
-34.93
-41.80
B1
0
-1.5
5
-37.04
-30.50
B2
5
-1.5
5
-40.29
-38.45
B3
10
-1.5
5
-41.14
-41.14
B4
15
-1.5
5
-40.29
-42.13
B5
20
-1.5
5
-37.04
-43.57
C1
0
-1.5
10
-37.69
-31.19
C2
5
-1.5
10
-41.14
-39.33
C3
10
-1.5
10
-42.05
-42.05
C4
15
-1.5
10
-41.14
-42.95
C5
20
-1.5
10
-37.69
-44.19
Table 4 Differential settlement (mm) offootings resting on flexible support for different load cases
Footing type
Left

Right

A1
A2
A3
A4
B1
B2
B3
B4
C1
C2
C3
C4

A2
A3
A4
A5
B2
B3
B4
B5
C2
C3
C4
C5

A1
A2
A3
A4
A5
B1
B2
B3
B4
B5

B1
B2
B3
B4
B5
C1
C2
C3
C4
C5

Gravity loading
(DL+LL)
Along X direction
2.11
0.66
-0.66
-2.11
3.26
0.85
-0.85
-3.26
3.45
0.91
-0.91
-3.45
Along Z direction
2.11
3.26
3.45
3.26
2.11
0.66
0.85
0.91
0.85
0.66

Seismic loading
(DL+LL+EQ+X)
7.03
2.62
1.30
2.81
7.96
2.69
0.99
1.44
8.14
2.72
0.90
1.24
2.45
3.37
3.45
3.14
1.77
0.70
0.88
0.91
0.82
0.62

Note: -ve sign indicate that left footing settlement is more than that of right footing
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Table 5 Comparisonof support reaction between flexible and fixed base system

Fy- Vertical Support Reaction (kN)
Mx- Torsional Moment (kN-m)
Mz- Bending Moment (kN-m)

Table 6 Comparison of column forces between flexible and fixed base system at section X-X

Fx- Axial Force (kN)
Fy- Shear Force (kN)
Mz- Bending Moment (kN-m)

Table 7 Comparison of beam forces between flexible and fixed base system at section X-X

Fy- Shear Force (kN)
Mz- Bending Moment (kN-m)
Note:- **shows insignificant values,+ve moment value indicates hogging moment, -ve moment value indicates sagging
moment
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Material
Concrete
Steel

V.

Table 8 Comparison of material quantities between flexible and fixed base system
Fixed base
Flexible base
Remarks
system
system
419 m3
419 m3
Quantity of steel is approximately 7% less for
flexible base system compared to fixed base system
451 quintal
420 quintal
[2]

CONCLUSION

A G+7 RCC space frame is analysed in
Staad pro software considering the effect of soil
flexibility. The soil flexibility causes settlementsof
foundations, change in support reactions,
redistribution of forces in beam and column and
also affects the requirement of reinforcement for
design. The following points have been concluded
as a result of present work:
a) The maximum values of total settlement and
differential settlement are obtained 44.19 mm
and 8.14 mm respectively in flexible support
case which is neglected in the conventional
analysis. The values of total and differential
settlements arefound more criticalin seismic
loading compared to gravity loading.
b) Significant variation in support reaction is
observed due to the flexibility of soil. The
flexibility of soil affects the critical value of
support moment and vertical support reaction.
The variation insupport moments are found
more compared to variation invertical support
reaction.
c) The soil flexibility causes redistribution of
axial force, shear force and bending moment in
columns. The variation in critical values of
shear force and bending moment is found more
compared to axial force. Flexible base analysis
gives significant values of bending moment for
interior columns which are negligible in fixed
base analysis under gravity loading.
d) The soil flexibility causes redistribution of
shear force and bending moment in beams. The
critical values of shear force and bending
moment in flexible base system is found more
compared to fixed base system. The variations
in bending moment is found more in lower
storey compared to upper storey of structure.
e) Approximately 7% lesser steel is required for
flexible support system compared to fixed
support system due to the redistribution of
forces. In present case analysis and design of
structure assuming flexible base is found to be
more accurate and economical also.
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