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Abstract. The soil-structure interaction effect significantly influences the design of multi-storey buildings
subjected to lateral seismic loads. The shear walls are often provided in such buildings to increase the lateral
stability to resist seismic loads. In the present work, the nonlinear soil-structure analysis of a G+5 storey RC
shear wall building frame having isolated column footings and founded on deformable soil is presented. The
nonlinear seismic FE analysis is carried out using ANSYS software for the building with and without shear
walls to investigate the effect of inclusion of shear wall on the moments in the footings due to differential
settlement of soil mass. The frame is considered to behave in linear elastic manner, whereas, soil mass to
behave in nonlinear manner. It is found that the interaction effect causes significant variation in the moments
in the footings. The comparison of non-interaction and interaction analyses suggests that the presence of
shear wall causes significant decrease in bending moments in most of the footings but the interaction effect
causes restoration of the bending moments to a great extent. A comparison is made between linear and
nonlinear analyses to draw some important conclusions.

Keywords: soil-structure interaction; ANSYS; space frame; shear wall; nonlinear analysis; foundation
moments; isolated footings; seismic forces

1. Introduction

RC space frames are conventionally designed assuming the foundations to be resting on
unyielding supports. The analysis is carried out by considering bottom end of the columns fixed
and neglecting the effect of soil deformations. In reality, any building frame resting on deformable
soil results in redistribution of forces and moments due to soil-structure interaction. Thus,
conventional analysis is unrealistic and may be unsafe. The interaction effect is more pronounced
in case of multi-storeyed buildings due to their heavy loads. When such buildings are subjected to
lateral seismic loads, the effect may become further intensified. The shear walls are usually
provided in such situation to increase the lateral stability of the building. The study of role of shear
walls in the space frame under the influence of soil-structure interaction is a matter of great
importance.

In the present work, a G+5 storey RC building frame with isolated footings is considered for 3-
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dimensional nonlinear soil-structure interaction analysis under normal as well as seismic loads
using ANSYS software. The analysis is carried out considering the space frame with and without
shear walls oriented along the direction of seismic load. Analysis is carried out for various
combinations of dead, live and seismic loads, as per IS-1893 (Part-1): 2002. Full 3-dimensional
space frame is considered for analysis, which makes the model easily extendable to any
configuration of space frame and shear wall. The frame is considered to behave in linear elastic
manner, whereas, soil mass to behave in nonlinear manner. The results of non-interaction and
interaction analyses are compared for the space frame with and without shear walls to investigate
the effect of interaction on the moments in the footings. The results show that there is considerable
redistribution of moments in the space frame due to the interaction effect. The provision of shear
walls causes significant reduction in the bending moments in most of the column footings
especially when structure is resting on deformable soil, but the interaction effect causes restoration
of the bending moments to a great extent. A comparison is made between linear and nonlinear
analyses to draw some important conclusions.

2. Literature review

Investigation of effects of soil-structure interaction on building frames and foundations have
been a subject matter of keen interest for the researchers. Several studies have been carried out in
the past and important conclusions are drawn. It is well established that the soil-structure
interaction effect causes redistribution of forces in the superstructure. In most of these research
works, the building frames and soils were approximated or idealised in various ways. Earlier
research considered 2-D idealisation of structure and soil. Research gained momentum with the
advent of more powerful tools like the finite element method. With the availability of increasing
computing power and sophisticated modelling techniques, three dimensional soil-structure
interaction analysis with more realistic idealisation has been witnessed during recent few years.
Still a lot of work need to be done to bring the studies from research to actual implementation
stage in design offices, overcoming various modelling and analysis complexities.

A double storey, two bay plane frame, having combined footing supported on deformable soil,
was considered by Noorzaei et al. (1995) for linear and non-linear soil-structure analyses. An
analytical study on moment resisting RC frame building having soft first storey and brick infill in
the upper storey, with isolated column footings resting on medium soil, was conducted by Arlekar
et al. (1997). Mylonakis and Gazetas (2000) re-explored the role of soil-structure interaction in the
seismic response of the structures using recorded motions and theoretical considerations and
pointed out that the effect of soil-structure interaction may not always be beneficial.

Stavridis (2002) considered an arbitrary structure to present a simplified analysis approach for
layered soil-structure analysis based on a purely analytical treatment of the underlying soil models.
A fifty storey symmetrical building was approximated by a 2-dimensional model by Edgers et al.
(2005) to study the soil -structure interaction effects using ANSY'S software. Hora (2006) proposed
a computational methodology for nonlinear interaction analysis of infilled frame-foundation-soil
system using coupled finite-infinite elements for the soil mass. Yahyai et al. (2008) carried out 2-D
analysis of two adjacent 32 storey buildings, with variable distance, subjected to seismic loading to
investigate the effect of soil -structure interaction between them. Natarajan and Vidivelli (2009)
carried out nonlinear analysis using ANSYS software to examine the influence of column spacing
on behaviour of a space frame raft foundation soil system under static loading. Interaction and
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non-interaction analyses for the space frame-raft foundation-soil system, with varying soil and raft
stiffness, were compared by Thangaraj and Illamparuthi (2010) using ANSYS software.

Effect of differential settlement of foundations on nonlinear interaction behavior of a 2-bay 10-
storey plane frame-soil system was studied by Agrawal and Hora (2010) using coupled finite-
infinite elements. Shakib and Atefatdoost (2011) studied the effect of soil structure interaction on
torsional response of an asymmetrical wall type system having a slab supported on two
asymmetrical walls with foundation resting over soil. Garg and Hora (2012) evaluated the effect of
soil-structure interaction on a 3-bay, 3-storey RCC space frame-footing-strap beam-soil system
using ANSY'S software. Renzi et al. (2013) presented a simplified empirical method for assessing
seismic soil-structure interaction effects on ordinary shear-type buildings. Tabatabaiefar et al.
(2013) implemented finite difference method to investigate the effects of dynamic soil-structure
interaction on seismic behaviour and lateral structural response of mid-rise moment resisting
building frames. Hokmabadi et al. (2014) evaluated seismic-soil-pile-structure interaction of mid-
rise buildings by carrying out experimental and numerical studies. Jain and Hora (2015)
investigated the effect of inclusion of shear walls on the total and differential settlements in the
footings of a space frame due to deformations in the soil mass.

The present situation demands 3-D soil-structure-interaction analysis of important structures for
more realistic and accurate analysis. The present study is an effort in that direction.

3. Problem for investigation

A six storey RC framed building having isolated column footings and resting on homogeneous
soil mass is considered in this study as shown in Figs. 1(a)-(d). To resist lateral forces, a dual
system, comprising of special moment resisting frames (SMRF) and reinforced concrete shear
walls, is considered. The shear walls are provided on the outer frames along Y-direction i.e., the
assumed direction of lateral seismic forces. Such buildings are very common in urban areas. The
space frame, shear walls and soil mass are considered to act as a single compatible structural unit
for the interaction analysis. The interaction analyses are carried out with and without shear walls.

Table 1 Geometric parameters of the space frame-shear wall-soil system

Description of parameter Value/size
Number of storeys 6
Storey height 3.1m
Slab/ shear wall thickness 200 mm
Column sizes:
(i) Foundation to 3™ floor 500 mmx*500 mm
(ii) 3" floor to 6™ floor 400 mmx*400 mm
Beam size 300 mm*500 mm
Depth of foundation below G.L. 1.5m
Height of Plinth above G.L. 0.6 m

Footing size below column
Footing size below shear wall
Semi-infinite extent of soil mass

3 mx3 mx0.5 m
3 mxX9 mx0.5 m
100 m*100 mx25 m
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Fig. 1 Geometry of space frame with and without shear wall

The building is considered to be situated in seismic zone V of India. For the linear interaction
analysis, super-structure, foundation, as well as soil are considered to behave in linear elastic
manner. Nonlinear stress-strain behaviour of soil is considered in the nonlinear interaction
analysis.

The geometrical properties of the space frame-shear wall-soil system are provided in Table 1.

It is a general practice to reduce the column sizes in upper floors due to lesser loads. Though,
this is not going to make any major difference in the results of soil-structure interaction analysis,
the column sizes are reduced from 3™ floor to 6™ floor to make the analysis even more realistic.

The nonlinear stress-strain curve of soil (Bishop and Henkel 1962), shown in Fig. 2, is
considered for nonlinear analysis. For linear interaction analysis, the initial tangent modulus of soil
is taken as 14.78 N/mm” considering the same curve. The material properties of concrete and soil
are provided in Table 2.

The building is considered to be an institutional building. The live loads are considered as per
IS 875 (Part 2):1987. The live loads of 4 KN/m® on floors and 1.5 KN/m” on roof are considered.
The brick masonry wall on outer periphery of the building and parapet wall on roof are also
considered. The details of various loads considered are given in Table 3. These are in addition to
the self-weight of the structure.
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Fig. 2 Nonlinear stress-strain curve of the soil

Table 2 Material properties of concrete and soil

Property Value
Grade of concrete for all structural components M25
Modulus of elasticity of concrete 25000 N/mm?®
Poisson’s ratio of concrete 0.15
Density of concrete 25000 N/m’
Elastic Modulus of soil 14.78 N/mm®
Poisson’s ratio of soil 0.35

Table 3 Dead load and live load on structure

Description Value
Dead load of floor finish 1 KN/m?
Dead load of finishing and water proofing on roof 2.5 KN/m®
Live load on floors 4 KN/m?
Live load on roof 1.5 KN/m?
Brick walls (only on outer periphery of floor/plinth) 11.362 KN/m
Parapet wall on roof periphery 4.37 KN/m

4. Seismic load calculations

The equivalent static lateral force method [IS 1893 (Part 1): 2002] is adopted for evaluation of
seismic forces:

4.1 Calculation of lumped masses to various floor levels

The seismic loads are calculated for full dead load plus the percentage of imposed load as given
Table 8 of IS 1893 (Part 1): 2002. Accordingly, 50% of live load on floors and 25% of live load on
roof is considered.

The lumped mass of each floor is worked out by adding mass of slab, mass of reduced live load
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on slabs, mass of beams in longitudinal as well as transverse directions at that floor, mass of
column for half column height above and below floor, mass of wall for half height above and
below beams (wall is considered only on outer periphery), mass of parapet wall on outer periphery
beams on roof.

Seismic weight of floor= lumped masses of floors X g

0= Acceleration due to gravity

W=Seismic weight of building (sum of seismic weights of all floors)

4.2 Determination of fundamental natural period of the shear wall-space frame

The approximate fundamental natural period of vibration (T,) of the space frame-shear wall
structure is estimated as per the empirical expression given in the clause 7.6.1 of IS 1893 (Part 1):
2002:

T.=0.075 h"”
Where h=height of building, in m.

No provision exists in IS 1893 (Part 1):2002 to account for the change in fundamental natural
period of vibration due to soil-structure interaction effect. Any such change in natural period and
consequent change in design base shear (up or down, depending on spectral shape) is beyond the
scope of this study.

4.3 Determination of design base shear

The design base shear is calculated as per clause 7.5.3 of IS 1893 (Part 1): 2002:
The design seismic base shear is Vg=A, W
Ap=Design horizontal acceleration spectrum coefficient, as per clause 6.4.2 of IS 1893 (Part 1):
2002.
W=Seismic weight of the building
A=(Z/2)<(IIR)X(S4/9)
Z=Zone factor [Table 2 of IS 1893 (Part 1): 2002].
I=Importance factor [Table 6 of IS 1893 (Part 1): 2002].
R=Response reduction factor, depending on the perceived seismic damage performance of the
building [Table 7 of IS 1893 (Part 1): 2002].
Sa/g=Average response acceleration coefficient for soil for 5% damping [Fig. 2 of IS 1893 (Part
1): 2002] for the natural period as worked out above.

4.4 Determination of vertical distribution of base shear to different floor levels

The design seismic base shear, Vg is distributed to different floor levels along the height of the
building as per the clause 7.7.1 of IS 1893 (Part 1): 2002

(A%
=W .
C=Ve T W
Where,

Qi=Design lateral force at floor i’,
Wi=Seismic weight of floor i’,
hi=Height of floor i measured from base, and
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Table 4 Parameters for Lateral Seismic Load calculations on the structure

Parameter Value
Earthquake zone A%
Zone factor ‘Z’ 036
(Table 2 of IS 1893 (Part 1): 2002) ’
Importance factor ‘I’ 15
(Table 6 of IS 1893 (Part 1): 2002) ’
Response reduction factor ‘R’ 50

(Table 7 of IS 1893 (Part 1): 2002) (Ductile shear wall with SMRF)
Approximate fundamental natural period of vibration (T,)
T.=0.075 h®7=0.075 (20.7)"7°=0.728 0.728 sec
(as per clause 7.6.1 of IS 1893 (Part 1): 2002)
Average response acceleration coefficient (S4/Q)
S./0=1.36/T,

(for soil for 5% damping, as given in Fig. 2 of IS 1893 (Part 1): 2002, for the natural 1.868
period T, of 0.728 sec)
Table 5 Lateral seismic loads at various floor levels
Intensity of seismic load (KN)
Floor level - .
Space frame without shear wall Space frame with shear wall

6 1181.5 1185.4
5 899.6 906.6
4 610.6 615.4
3 382.4 385.4
2 205.4 206.9
1 80.6 81.2
0 39 4.1

n=Number of storeys in the building is the number of levels at which masses are located
4.5 Distribution of design lateral force at floor level to different frames of the structure

The design lateral force at floor level is distributed amongst the frames in the direction
considered for seismic load (i.e., Y-direction in present analysis) in proportion to their stiffness
[clause 7.7.2.1 of IS 1893 (Part 1): 2002].

The parameters used for the calculation of seismic load are shown in Table 4.

The calculated values of design lateral seismic loads are as shown in Table 5.

5. Finite element idealization
The finite element modelling is carried out using ANSYS software. It has wide range of inbuilt

elements and material models suited for the problem under consideration.
Table 6 shows the elements adopted for modelling various structural components and soil mass.
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Table 6 Details of elements

Structural El.erneI.lt No. of
designation Sketch
component nodes/DOF
and type
2 nodes I

BEAM 4 (Six DOF at each node) i
Columns and !
beams 3D elastic  (translations in the nodal X,
beam y and z directions and
rotations about the nodal X,
y and Z axes)

4 nodes

Floor slabs SHELLG63 (6 DOF at each node)

and sﬁear Elastic shell (translations in the nodal X,

walls ashic she y and z directions and
rotations about the nodal X,

y and z axes)
8 nodes
SOLID 45
Footings and (3 DOF at each node)
Soil mass 3D structural —

solid (translations in the nodal X, /'1/ Z
y, and z directions) |
Y
"

Element designation in ANSYS, its type, number of nodes and degrees of freedom (DOF) at each
node are described in the table.

To establish contact/ interface between foundation and soil, surface to surface contact elements
namely CONTA174 and TARGE170 are used. Contact behavior is set as “standard’ to allow
sliding and lifting of footings. Coefficient of friction between concrete and soil is taken as 0.5.

5.1 Semi-infinite extent of soil mass

Homogeneous isotropic soil mass with nonlinear elastic stress-strain relationship is considered
in the study. Bed rock is very often encountered at many sites at varying depth. It is assumed that
bed rock is available 25 m below top of the soil in the present case.

To decide the horizontal extent of soil in the X and Y directions, numerous trial analyses were
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carried out with different soil extents considering linear interaction analysis. It is found that the
displacements in the soil gets reduced to less than 5% of the maximum value at a distance of
nearly 25 m from the building line under worst combination of vertical loads and about 30 m in
case of worst combination with lateral loads. These values of displacements become negligible as
we move further away from the building line by nearly 10 to 15 m. Therefore, horizontal extent of
100 m in X as well as Y direction is adopted by considering the soil participating volume of 100
mx100 mx25 m, which is sufficient enough to capture the dominant effect of soil-structure-
interaction for the problem under consideration.

5.2 Mesh optimization and boundary conditions

The finite element discretization is achieved through the mesh tool of ANSYS. The extensive
mesh refinement has been carried out for the structure as well as for the soil mass through several
trial runs to achieve the most efficient mesh giving converged results with least processing time.

Several mesh sizes were tried for the structural components to observe the effect of increasing
number of mesh division on maximum displacement and maximum stresses. No appreciable
change in results is observed beyond 10 divisions. To capture reasonably accurate results about 8
to 10 divisions are found sufficient. The finer meshing consumes considerable execution time for
the interaction analysis. Finally, the mesh size of 500 mm is adopted for beams, slabs, shear wall
and footings resulting in 12 to 13 divisions. For the columns 12 mesh divisions are found suitable
with a mesh size of about 300 mm. The discretization of the structure is shown in Fig. 3.

It is found that keeping equal mesh size for entire soil domain, results in inefficient model,
consuming excessive processing time even for preliminary results. The graded meshing is,
therefore, adopted, keeping finer mesh for soil in nearby region of building (in view of
deformations and stresses being of higher order) and increasing mesh size for soil mass away from
the building line. Several different graded mesh sizes were tried and it is found that mesh size of
500 mm near building region, though consumes somewhat more processing time but provides
efficient and better converged results. The finite element discretization is shown in Fig. 4.

Fig. 3 Finite element discretization of structural components of the interaction system
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Soil mass —.

Fig. 4 Finite element discretization of space frame-shear wall-soil system

The vertical displacement at the bottom and horizontal displacements at the side boundaries of
the participating volume of soil mass (100 mx100 mx25 m), are restrained.

6. Nonlinear interaction analysis

The linear and nonlinear interaction analyses of the space frame-soil system and space frame-
shear wall-soil system are carried out assuming the structure, shear wall and soil to act as a single
compatible structural unit. The linear analysis is carried out assuming that all components of the
interaction system behave in linear elastic manner, whereas, in the nonlinear analysis, the soil
mass is considered to behave in nonlinear elastic manner and stress-strain curve (Bishop and
Henkel 1962) is adopted. The non-interaction analysis (with and without shear wall) are also
carried out for comparison of the results with the interaction analyses.

The following analyses are carried out for the structural system,;

Case 1: The conventional (non-interaction) analysis of space frame without shear wall (NIA-
SW) considering columns fixed at their bases.

Case 2: The conventional (non-interaction) analysis of space frame with shear wall (NIA+SW)
considering columns fixed at their bases.

Case 3: The linear interaction analysis of the space frame-soil system without shear wall (LIA-
SW) considering the columns supported on isolated footings and resting on deformable soil.

Case 4: The linear interaction analysis of space frame-shear wall-soil system (LIA+SW),
considering the columns supported on isolated footings and resting on deformable soil.

Case 5: The nonlinear interaction analysis of space frame-soil system without shear wall
(NLIA-SW) considering the columns supported on isolated footings and resting on deformable
soil.

Case 6: The nonlinear interaction analysis of space frame-shear wall-soil system (NLIA+SW),
considering the columns supported on isolated footings and resting on deformable soil.

For each of the these analyses, the following combinations of dead load (DL), live load (LL)
and seismic load (EL) are considered as per Clause 6.3.1.2 of IS 1893 (Part 1): 2002, as shown in
Table 7.
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Table 7 Load combinations

S. No. Load case Load combination

1 LClI 1.5(DL+LL)

2 LC2 1.2(DL+LL+EL)
3 LC3 1.2(DL+LL-EL)
4 LC4 1.5(DL+EL)

5 LC5 1.5(DL-EL)

6 LC6 0.9DL+1.5EL

7 LC7 0.9DL-1.5EL

One of the purposes of this study is to compare the effect of inclusion of shear walls in the
space frame in the structurally weaker direction (i.e., Y-direction) in resisting seismic forces. To
accomplish the same, the analyses are carried out for the seismic forces assumed to act in the Y-
direction only.

The positive sign of seismic load shows that it is applied from front whereas negative sign
shows that it is applied from back i.e., from the opposite direction.

7. Results and discussion

The results of non-interaction, linear and nonlinear interaction analyses are compared to
investigate the following;

- Bending moment in the footings about x-axis (My)

- Bending moment on the footings about y-axis (My)

The results are discussed to highlight the effect of shear wall. The results are tabulated taking
advantage of symmetry and hence only quarter portion of the problem is considered for tabulation
of results. Thus, the bending moments are tabulated for the footings F1, F2, F3, F6, F7, F8 and
SF1, owing to the symmetry.

Due to interaction effect, differential settlements take place in the footings, which results in
redistribution of moments in the footings. Figs. 5(a)-(d) show the settlements in the footings for
NLIA-SW and NLIA+SW systems, under vertical and seismic loads.

7.1 Bending moment My in footings

Table 8 shows the comparison of bending moment My in the footings for NIA-SW, LIA-SW
and NLIA-SW systems.

Under vertical loads (Load case LC1), LIA results in highly significant increase in the values of
M in all the footings. The maximum increase of nearly 23 times is found in the footing F3 and the
minimum increase of nearly 2.5 times is found in the footing F7. NLIA also results in highly
significant increase in the values of My in all the footings except footing F7 in which marginal
decrease is found. The maximum increase of nearly 17 times is found in the footing F3 and the
decrease of nearly 13% is found in the footing F7. Change of sign in the value takes place in the
footing F6.

For most of the seismic load combinations, the LIA results in significant increase in the values
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Unit mm Unit mm

(a) NLIA-SW system : load case LC1 (b) NLIA+SW system : load case LC1

Unit mm Unit mm

(c) NLIA-SW system: load case LC6 (d) NLIA+SW system: load case LC6
Fig. 5 settlements in the footings under vertical and typical seismic loads

of My in most of the footings but decrease is also found in some of the cases. The maximum
increase of nearly 92% and the maximum decrease of nearly 14% is found in the footing F3 under
different seismic load combinations. The NLIA results in significant increase in the values of My in
all of the footings under all seismic load combinations. The maximum increase of nearly 84% is
found in the footing F3 and the minimum increase of nearly 7% is found in the footing F8.

NLIA causes further significant changes in the values in many cases as compared to LIA.

The comparison of bending moment My in the footings for NIA+SW, LIA+SW and NLIA+SW
systems is provided Table 9. Highly significant increase is found in the bending moments in all
footings due to the interaction effect.

Under vertical loads (load case LC1), the maximum increase of nearly 23 times in LIA and
nearly 17 times in NLIA is found in footing F3. The minimum increase of nearly 3 times in LIA
and nearly 50% in NLIA is found in footing F8.

Due to all combinations of seismic loads (LC2 to LC7), the maximum increase of nearly 12.5
times is found in the footing SF1 (under column C6) and the minimum increase of nearly 6 times
is found in the footing F8 in LIA. Under NLIA, the maximum increase of nearly 15 times is found
in the footing SF1 (under column C6) and the minimum increase of nearly 7 times is found in the
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footing F1.

NLIA causes significant change in the values in many cases as compared to LIA.

Table 10 shows change in bending moments M in the footings under various load cases due to
presence of shear wall in the space frame.

Table 8 Comparison of bending moment (My) in the footings for NIA-SW, LIA-SW and NLIA-SW systems
under various load cases

Footing  Coordinates (m) Analysis Bending moment My for various load cases (KN-m)
Desioc. —
S X Yz type  LCI  LC2 LC3  LC4 LGS LC6  LCT

nation
NIA-SW  15.74 -325.09 350.00 -407.85 436.02 -413.56 430.32
LIA-SW 14331 -383.35 626.64 -507.54 756.46 -522.98 724.81
F1 00 00 00 %diff# 81025 17.92 79.04 2444 7349 2646 68.44
NLIA-SW 100.83 -464.05 623.49 -603.39 758.41 -559.12 719.03
% diff# 54043 4275 7814 4794 7394 3520 67.09
NIA-SW 1039 -344.34 360.69 -433.50 447.78 -436.43 444.86
LIA-SW 22544 -314.80 680.07 -441.39 800.74 -492.38 742.85
F2 65 00 00 %diff# 2070.20 -858 8855 1.82 78.82 12.82 66.99
NLIA-SW 163.29 -395.82 658.31 -532.38 789.53 -529.23 729.56
% diff# 147191 1495 8251 2281 76.32 21.26 64.00
NIA-SW  10.09 -344.94 360.81 -434.20 447.99 -437.03 445.16
LIA-SW 24568 -296.59 691.95 -424.93 808.84 -484.71 745.27
F3 13.0 0.0 0.0 %diff# 2334.64 -14.02 91.78 -2.13 8055 1091 67.42
NLIA-SW 176.69 -379.54 664.33 -516.05 793.61 -521.89 729.82
% diff# 1650.97 10.03 84.12 1885 77.15 1942 63.95
NIA-SW 2.00 -374.77 377.85 -470.13 470.65 -470.26 470.51
LIA-SW 1241 -408.39 426.40 -513.33 532.02 -527.79 538.17
F6 00 6.0 00 %diff# 520.12 897 1285 9.19 13.04 1223 14.38
NLIA-SW  -3.51 -466.67 459.27 -578.39 580.42 -562.67 570.31
% diff#  75.50* 2452 2155 23.03 2332 1965 21.21
NIA-SW 748  -386.27 398.13 -486.12 494.38 -487.80 492.71
LIA-SW 2452 -376.94 413.03 -475.42 509.87 -496.79 514.59
F7 65 6.0 00 %diff# 22792 -242 3.74 -2.20 3.13 1.84 4.44
NLIA-SW  6.53  -438.38 446.53 -543.64 563.64 -531.41 54895
% diff# -1270 1349 1216 11.83 1401 8.94 1141
NIA-SW 741  -386.73 398.49 -486.70 494.83 -488.35 493.18
LIA-SW  28.18 -368.13 409.86 -465.54 504.53 -488.91 509.16
F8 13.0 6.0 0.0 %diff# 280.36 -4.81 2.85 -4.35 1.96 0.11 3.24
NLIA-SW  9.23  -430.77 443.04 -534.58 558.97 -523.36 543.57
%diff# 2457 1139 1118 9.84 1296 7.17 10.22

# %difference with NIA-SW results; *with reversal of sign
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Table 9 Comparison of bending moment (M) in the footings for NIA+SW, LIA+SW and NLIA+SW
systems under various load cases

Footing Analysis Bending moment M, for various load cases (KN-m)

Designation type LCl LC2 LC3  LC4 LC5  LC6  LC7
NIA+SW 2085 -3944 7226 -51.54 88.08 -58.98 80.64

LIA+SW 147.22 -336.51 593.37 -447.46 71476 -439.89 671.42

Fl1 % diff# 606.12 753.28 721.16 768.16 71148 64579 732.62
NLIA+SW 111.05 -396.70 572.13 -521.15 685.92 -470.20 647.48

% diff# 432.64 905.91 691.77 911.14 678.74 697.18 702.94

NIA+SW  10.02  -30.61 46.65 -41.23 5535 -4405 52.53

LIA+SW 226.70 -245.73 60542 -357.22 70620 -423.30 647.60

F2 % diff# 2163.15 702.67 1197.85 766.49 1175.86 860.98 1132.87
NLIA+SW 168.22 -316.11 591.93 -43480 700.05 -455.85 641.29

% diff# 1579.35 932,57 1168.93 954.67 1164.75 934.87 1120.85

NIA+SW  10.10 -30.57 46.74 -41.24 5540 -44.07 52.57

LIA+SW 244,68 -227.83 613.50 -340.85 71020 -416.98 646.35

F3 % diff# 2322.33 645.18 1212.69 726.46 1182.04 846.13 1129.60
NLIA+SW 177.01 -303.09 594.19 -420.83 700.88 -450.23 639.74
% diff# 165240 891.33 1171.38 920.39 1165.22 921.58 1117.02

NIA+SW  16.72 -97.37 124.05 -127.41 149.37 -131.82 144.96
LIA+SW  101.57 -1297.40 1458.40 -1646.90 1794.50 -1712.40 1795.80
SF1 (below column C6) % diff.# 507.44 1232.42 1075.65 1192.60 1101.38 1199.04 1138.82
NLIA+SW 104.22 -1524.50 1688.20 -1921.90 2070.80 -1824.60 1906.60
% diff# 523.29 1465.65 1260.90 1408.44 1286.36 1284.16 1215.26

NIA+SW 739  -37.09 4892 -49.66 57.86 -51.30 56.22

LIA+SW 3221 -309.20 358.44 -391.80 440.06 -416.56 445095

F7 % diff# 33570 733.56 632.68 688.90 660.61 71198 693.25
NLIA+SW 16.25 -367.04 395.33 -457.50 492.81 -448.72 47548

% diff# 119.89 889.49 708.08 821.19 751.79 774.66 745.78

NIA+SW 743 -37.12  49.01 -49.69 5797 -51.34 56.32

LIA+SW  28.45 -308.68 350.98 -390.98 430.71 -415.97 436.72

F8 % diff# 28271 73157 616.20 686.90 64296 710.18 675.49
NLIA+SW 1091 -363.54 38240 -451.78 478.73 -445.00 464.86

%diff# 46,76 879.36 680.31 809.27 72580 766.72 725.46

# %difference with NIA-SW results

Under load case LC1, the presence of shear wall causes highly significant increase of nearly 7.5
times in the bending moments My in shear wall footing SF1 (below column C6) for NIA, nearly 7
times in case of LIA and nearly 29 times (with change of sign) in NLIA. Insignificant change is
found in footings F2 and F3. In remaining footings lesser significant changes are found.

Due to all combinations of seismic loads, the NIA suggests that the presence of shear wall
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Table 10 Change in bending moments (M) in the footings under various load cases due to presence of shear
wall in the space frame

Footing % change in bending moment M for various load cases
Desig- Cases compared
LC1 LC2 LC3 LC4 LCS LC6 LC7

nation

NIA+SW and NIA-SW 3243  -87.87 -79.35 -87.36 -79.80 -85.74 -81.26

F1 LIA+SW and LIA-SW 2.73 -12.22  -531 -11.84 -5.51 -15.89 -7.37
NLIA+SW and NLIA-SW 10.14  -1451 -824 -13.63 -9.56 -1590 -9.95
NIA+SW and NIA-SW -3.57 -91.11 -87.07 -90.49 -87.64 -89.91 -88.19

F2 LIA+SW and LIA-SW 0.56 -21.94 -1098 -19.07 -11.81 -14.03 -12.82
NLIA+SW and NLIA-SW 3.02 -20.14 -10.08 -18.33 -11.33 -13.87 -12.10
NIA+SW and NIA-SW 0.10 -91.14 -87.05 -90.50 -87.63 -89.92 -88.19

F3 LIA+SW and LIA-SW -0.41 -23.18 -11.34 -19.79 -12.20 -13.97 -13.27
NLIA+SW and NLIA-SW 0.18 -20.14 -10.56 -18.45 -11.68 -13.73 -12.34
NIA+SW and NIA-SW 735.67 -74.02 -67.17 -72.90 -68.26 -71.97 -69.19

F6
(SF:below ~ LIATSWand LIA-SW  718.58 217.69 242.03 220.83 237.30 22445 233.69
column C6)  NLJA+SW and NLIA-SW 28?3)'23 226.68 267.58 23228 256.78 224.28 23431
NIA+SW and NIA-SW -1.15 -9040 -87.71 -89.78 -88.30 -89.48 -88.59

F7 LIA+SW and LIA-SW 3134 -17.97 -13.22 -17.59 -13.69 -16.15 -13.34

NLIA+SW and NLIA-SW  148.99 -16.27 -11.47 -15.85 -12.57 -15.56 -13.38
NIA+SW and NIA-SW 0.34 -90.40 -87.70 -89.79 -88.28 -89.49 -88.58

F8 LIA+SW and LIA-SW 0.96 -16.15 -1437 -16.02 -14.63 -14.92 -14.23
NLIA+SW and NLIA-SW 1821  -15.61 -13.69 -1549 -1435 -14.97 -14.48

*with reversal of sign

causes significant decrease of nearly 65 to 90% in the values of bending moments in the footings.
However, the interaction effect causes substantial reversal effect (restoration) in the bending
moments except in the shear wall footings in which increase of nearly 2 to 2.5 times is found. The
significant decrease of nearly 5 to 23% in LIA and 8 to 20% in NLIA is found in the footings other
than shear wall footings.

Thus, it is noticed that the interaction effect causes significant change in the value of Myin the
footings. The results obtained from NIA may be highly misleading in deformable soils as moments
in the footings do not actually get reduced to that extent as that in case of NIA. Therefore, the
footings of shear wall space frame, designed on the basis of NIA, may be more vulnerable.

Figs. 6(a)-(d) show variation of bending moment M, in the footings with load increments for
the vertical loads (load case LC1). The corner footings F1 and the inner footing F7 are selected for
the comparison. Both, the space frame-soil system as and space frame-shear wall-soil system are
considered. The results of NIA, LIA and NLIA are plotted for comparison. It can be seen that LIA
results in highly significant increase in the values of My in the footing F1 and significant increase
in the footing F7 as compared to NIA. NLIA also results in highly significant increase in the
footing F1 but to somewhat lesser extent as compared to LIA. Up to about 40% load increment,
the results of LIA and NLIA are almost the same. Thereafter, with each further load increment, the
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Fig. 6 Variation of bending moment M, in the footings with the load increments under load case LC1

difference in results go on increasing in a nonlinear manner.
7.2 Bending moment My in footings

Table 11 shows comparison of bending moment (My) in the footings of NIA-SW, LIA-SW and
NLIA-SW systems.

The footings F3 and F8 are not subjected to moment My, as they exist on the line of symmetry.
Significant increase in the values of My is found in all the footings under all the load cases under
LIA except in the footing F2 under load case LC7. The maximum increase of nearly 14.5 times is
found in footing F6 and the maximum decrease of nearly 20% is found in the footing F2. Under
NLIA also significant increase is found in most of the footings under most of the load cases.
However, in a few cases decrease is also found. The maximum increase of nearly 12 times is found
in the footing F6 and the maximum decrease of nearly 75% is found in the footing F7. The highly
significant increase in otherwise meagre values converts them into significant values.

Reversal in the sign is found in footing F2 under LIA and NLIA for certain load cases, as
compared to NIA.

The comparison of bending moment My in the footings of NIA+SW, LIA+SW and NLIA+SW
systems is shown in Table 12.

The footings F3 and F8 are not subjected to moment My, as they exist on the line of symmetry.
The interaction effect causes significant increase in values of My in all the footings except F7 in
which increase/decrease is found under different load cases. The maximum increase of nearly 88
times in footing F2 and the maximum decrease of nearly 94% in footing F7 occur under LIA.
Whereas, the maximum increase of nearly 30 times in footing F2 and the maximum decrease of
nearly 54% in footing F7 occur under NLIA. The highly significant increase in otherwise meagre
values converts them into significant values.
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Reversal in the sign is also found in the footings F2 and F7 under some load cases.
Table 13 shows change in bending moments My in the footings under various loads due to
presence of shear wall in the space frame.

Table 11 Comparison of bending moment (M,) in the footings for NIA-SW, LIA-SW and NLIA-SW
systems under various load cases

Footing Desig-  Analysis Bending moment My for various load cases (KN-m)
nation type LClI LC2 LC3 LC4 LC5 LC6 LC7
NIA-SW  -1891 -14.07 -1621 -1536 -18.03 -8.68 -11.35
LIA-SW -128.55 -82.53 -109.43 -72.75 -105.82 -24.03 -58.87
1 F1 % diff# 579.76 486.51 575.20 373.74 487.07 176.73 418.50
NLIA-SW -8440 -70.38 -73.32 -64.63 -69.96 -22.85 -47.31
% diff# 346.31 400.16 352.39 32090 288.10 163.10 316.69
NIA-SW  -2.65 -1.05 -3.22 1.17 -1.54 1.24 -1.48
LIA-SW  -16.34 -12.39 -958 -11.87 -7.98 -3.13 -1.16

Sr. No.

b F2 % diff.# 517.24 108159 197.62 91(4;)53 416.92 15(i';'2 -21.66
NLIA-SW 8.27 -0.35 9.58 -4.65 7.19 -2.79 5.13
. 212.08 19752 29744 366.88 125.00 246.62
% diff.# -66.56
’ (*) *) *) (*) (*) *)

NIA-SW 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LIA-SW 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 F3 % diff.# 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NLIA-SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
% diff.# 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NIA-SW  -14.25 -11.57 -11.22  -10.01  -9.57 -6.09 -5.66
LIA-SW  -197.90 -147.70 -15598 -138.01 -148.25 -69.96 -79.39
4 F6 % diff# 1288.87 1176.58 1289.82 1279.27 1448.67 1048.95 1303.58
NLIA-SW -140.86 -115.53 -119.20 -111.62 -116.51 -68.12 -74.57
% diff# 888.56 898.53 962.10 1015.53 1117.11 1018.82 1218.46
NIA-SW  -10.89  -8.88 -8.54 -6.30 -5.87 -3.86 -3.44
LIA-SW  -28.55 -21.65 -20.35 -19.60 -17.97 -9.09 -7.56
5 F7 % diff#  162.09 143.69 138.22 21119 206.09 135.33 119.94
NLIA-SW  -2.68 -4.73 -2.04 -9.22 -6.16 -8.02 -4.54
% diff# -75.41 -46.76 -76.17 46.48 492 10747 32.08
NIA-SW 0.00 0.00 0.00 0.00 0.00 0.00 0.00
LIA-SW 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6 F8 % diff.# 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NLIA-SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
% diff.# 0.00 0.00 0.00 0.00 0.00 0.00 0.00

# %difference with NIA-SW results; * with reversal of sign
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Table 12 Comparison of bending moment (M,) in the footings for NIA+SW, LIA+SW and NLIA+SW

systems under various load cases

D.K. Jain and M.S. Hora

Footing Desig- Bending moment My for various load cases (KN-m)
nation LCI1 LC2 LC3 LC4 LCS LC6 LC7
-18.87  -15.07 -15.17 -16.62  -16.74 -9.96 -10.08
-124.04 -7834  -105.40 -68.61 -101.94 -20.40 -56.82
Fl1 557.48 419.76  594.79  312.83 508.92 104.77 463.48
-80.23  -64.34 -72.40 -58.48  -69.81 -19.54 -48.41
32525 32684 377.26 251.88 317.01 96.17 380.12
-2.58 -2.08 -2.13 -0.14 -0.21 -0.09 -0.16
-13.32  -12.31 -4.86 -12.34 -2.92 -2.85 1.70
F2 417.04 493.32  127.93 8805.57 1276.94 3061.77 962.5(*)
12.89 5.64 10.03 0.98 6.58 -2.44 3.07
% diff 39(2.)61 17(1;)15 37((’);)89 6‘22;) 30?3).33 2600.35 18%13).75
NIA+SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
LIA+SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
F3 % diff#. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NLIA+SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
% diff#. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NIA+SW  -15.71 -14.36 -10.74 -13.10 -8.58 -8.76 -4.23
SF1 LIA+SW -212.56 -149.37 -172.51 -135.77 -165.06 -56.61 -94.69
(below column % diff#. 1253.02 940.18 1505.94 936.33 1824.07 546.50 2136.20
C6) NLIA+SW -154.57 -129.09 -133.49 -12296 -130.72 -56.26 -89.19
% diff. 883.90 798.96 1142.69 838.55 1423.77 542.42 2006.47
NIA+SW  -11.35  -10.70 -7.44 -8.69 -4.60 -6.02 -1.94
LIA+SW  -9.84 -3.16 -9.58 -0.49 -9.09 7.24 -6.79
F7 % diff. -13.32  -70.48 28.86 -94.36 97.42 20.27(*%) 249.75
NLIA+SW  16.32 20.66 3.42 17.22 -3.69 8.61 -7.56
% difft.  43.79(*) 93.08(*) -54.03(*) 98.16(*) -19.93 43.02(*) 289.58
NIA+SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
LIA+SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
F8 % diff. 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NLIA+SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
% diff#. 0.00 0.00 0.00 0.00 0.00 0.00 0.00

# %difference with NIA-SW results; * with reversal of sign

The significant change in moments My take place due to presence of shear wall. Under NIA the
maximum increase of nearly 98% and the maximum decrease of nearly 93% is found in the
footing F2 under different load cases. Under LIA the maximum increase of nearly 47% is found in
the footing F2 and the maximum decrease of nearly 98% is found in the footing F7. Under NLIA
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Table 13 Change in bending moments (My) in the footings under various load cases due to presence of shear
wall in the space frame

Footing % change in bending moment My for various load cases
. ; Cases compared
Designation LCl LC2 LC3 LC4 LC5 LC6 LC7
NIA+SW and NIA-SW -0.24 7.11 -6.40 822 -7.12 1470 -11.19
Fl1 LIA+SW and LIA-SW -3.51 -5.08 -3.68 -5.69 -3.67 -15.13 -3.49
NLIA+SW and NLIA-SW  -4.94 -8.59 -1.25 952  -021 -1448 2.33
NIA+SW and NIA-SW -2.70 9791 -33.72 _8(1';)3 -86.25 _9(2*')74 -88.90
F2 LIA+SW and LIA-SW  -1850  -0.62 -4924 391 -6338 -88l 4?,;35
NLIA+SW and NLIA-SW 5578 1> E,,})"B 473 '7(%;)9 2 845 -12.66 -40.12
NIA+SW and NIA-SW 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F3 LIA+SW and LIA-SW 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NLIA+SW and NLIA-SW  0.00 0.00 0.00 0.00 0.00 0.00 0.00
F6 NIA+SW and NIA-SW 1025  24.11 -429 3093 -10.38 43.82 -25.14

(SF1:below  LIA+SW and LIA-SW 7.41 1.13 10.60 -1.62 1134 -19.07 19.27
column C6) NLIA+SW and NLIA-SW  9.73 11.74 1199 10.16 1220 -17.42 19.61
NIA+SW and NIA-SW 418 2047 -12.96 37.92 -21.60 5591 -43.53

-20.35

- LIASSWand LIA-SW  -65.55  -8541 -52.92 -97.50 -49.44 (1 -1020
NLIA+SW and NLIA-SW  ° O(i')% 33(3;)7 ? 6;;?4 8%7 40.17 7('3)6 66.57

NIA+SW and NIASSW 000 000 000 000 000 000 0.0

Fs LIA+SWand LIA-SW 000 000 000 000 000 000 0.0

NLIA+SW and NLIA-SW 0.00 0.00 0.00 0.00 000 0.00 0.00

*with reversal of sign

the maximum increase of nearly 15 times is found in the footing F2 and the maximum decrease of
nearly 79% is also found in the footing F2 under different load combinations.

The reversal in the sign of bending moment takes place in the footings F2 and F7 under some
load cases.

Figs. 7(a)-(d) show variation of bending moment My in the footings with load increments for
the vertical loads (load case LC1). The corner footings F1 and the inner footing F7 are selected for
the comparison. Both, the space frame-soil system as and space frame-shear wall-soil system are
considered. The results of NIA, LIA and NLIA are plotted for comparison. It can be seen that LIA
as well as NLIA results in highly significant increase in the values of My in the footing F1 as
compared to NIA. The extent of increase is more in LIA than NLIA. In the footing F7, LIA causes
significant increase in space frame-soil system and significant decrease in space frame-shear wall-
soil system, whereas, NLIA results in significant decrease in both the systems. Up to about 40%
load increment, the results of LIA and NLIA are almost the same. Thereafter, with further increase
in load increment, the difference in these quantities increases in nonlinear manner.
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Fig. 7 Variation of bending moment M, in the footings with the load increments under load case LC1

8. Conclusions

The important research findings are summarized below:

» The interaction effect causes significant redistribution of moments in the footings of space
frame-soil and space frame-shear wall-soil systems.

* Significant difference is found in the values of footing moments between linear and nonlinear
interaction analyses.

* The interaction effect significantly increases the value of bending moments My in all footings
of space frame-soil system under most of the load cases for both the interaction analyses.
However, it causes manifold increase in the value of bending moments in all footings for all load
cases in the space frame-shear wall-soil system. The nonlinear interaction analysis causes further
significant changes in the values in many cases as compared to linear interaction analysis.

* Both of the interaction analyses suggests that due to the presence of shear wall, bending
moments My in the footings do not actually get reduced to that significant extent as found in case
of non-interaction analysis. Therefore, the footings of a shear wall-space frame, designed on the
basis of non-interaction analysis, may be more vulnerable.

* The interaction effect causes highly significant increase in values of bending moments M, in
most of the footings for both linear and nonlinear interaction analysis. The highly increased values
may require revision of design for biaxial bending.

* Up to 40% of the load increment the results obtained for linear and non-linear interaction
analysis are almost same. Thereafter, with further load increment the values of bending moments
vary in nonlinear manner.

* More realistic and rational design of multi-storey space frame buildings, with and without
shear walls, can be effectively achieved by carrying out the interaction analysis using the proposed
methodology.
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