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Abstract

Structures resting on sloping ground are highly vulnerable to earthquakes due to irregularities in plan and elevation. Struc-
tures are often analysed under earthquake loadings, without considering the effect of soil—structure interaction (SSI). This
practice is not advisable from practical point of view. In this present study, an attempt has been made to study the effect
of slope angle variation for the structures resting on sloping ground, considering the base of the structures fixed as well as
flexible (SSI). The analysis is performed in equivalent static force method (ESFM), response spectrum method (RSM), time
history method (THM), nonlinear static method (NLSM) and nonlinear time history method (NLTHM). Results expose the
criticality associated with increment of slope angle, with and without SSI consideration. Importance of considering SSI in

seismic analysis is also revealed.
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Introduction

Strong earthquakes strike frequently at different parts of the
world causing destruction to life and all kind of structures.
All kind of structure is vulnerable to earthquake loading,
but the structures with irregularities are proved to be the
most vulnerable. The insufficiency of plain ground in hilly
region compels for construction activity on hilly slopes.
Formation of plain area by earth excavation for construc-
tion is very costly and time consuming; on the other hand,
it destroys the natural beauty of the landscapes. Financial
development and quick urbanisation in these sloping areas
have been quickened because of the land improvement. As
a result, population density has increased enormously and
unbalanced ratio of land availability to land requirement is
observed in the hilly regions. Therefore, the construction of
multi-storeyed building on hill slopes has gained popular-
ity. While designing, it must be noticed that structures on
inclines are not the same as those in plain land, i.e. they are
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exceptionally unpredictable and unsymmetrical in flat and
vertical planes. Such buildings have mass and stiffness var-
ying along the vertical and horizontal planes; as a result, the
centre of mass and centre of rigidity do not coincide on vari-
ous floors and twisting of structures takes place. Considering
the scenario, it is very important to investigate the responses
of such buildings to make them earthquake resistant and pre-
vent their collapse to save the loss of life and property. Hilly
slopes are inconsistent, so the effect of slope variation on the
structures must be studied under earthquake load. Most of
the time, bases of the structures are considered as fixed, i.e.
bases are assumed to be infinitely rigid. This concept is not
true as the soil under the structure is flexible; so, SSI must
be considered to get the realistic response of the structure.
Prashant and Kori (2013) performed a study on the building
situated on hill slope (27° with horizontal) to bring out the
effect of soft storey on the response of structure. Birajdar
and Nalawade (2004) contemplated the seismic reaction of
three diverse arrangement of structures arranged on slop-
ping ground and found that stepback—setback structures were
more appropriate on inclining ground. Halkude et al. (2013)
performed reaction range investigation on two sort of build-
ing outlines specifically stepback frames and stepback—set-
back building outlines on inclining ground. Stepback and
setback building frames observed to be more reasonable on
slanting ground, contrasted with stepback frames. Kalsulkar
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and Rathod (2015) examined the stepback frames and step-
back—setback frames on the inclining ground by RSM, with
differing number of bays. Stepback—setback frames were
less vulnerable than stepback frames and more noteworthy
number of bays was better under seismic conditions. Arjun
and Arathi (2016) contemplated the conduct of four-storied,
sloped frame building having stepback—setback design for
sinusoidal ground movement with various slope angles by
performing RSM. Short column was damaged more dur-
ing the quake. Thombre and Makarande (2016) made com-
parison between sloping ground, with different slope and
plain ground buildings in response spectrum method. The
displacement of building showed the same behaviour as
of regular building but displacement’s value reduced with
the increment of slopes, due to curtailment of column on
sloping ground. Nagarjuna and Patil (2015) observed that
short columns were affected more during the earthquake,
and for construction of the building on sloping ground, the
stepback—setback building configuration was suitable, along
with shear walls at the corner of the building. Kumar et al.
(2014) performed seismic analysis of a five-storey RCC
building on varying slope angles and compared with the
same on the flat ground using linear static method. The foot-
ing columns of shorter height attracted more forces, because
of a considerable increase in their stiffness, which in turn
increased the shear and bending moment significantly. Khad-
iranaikar and Masali (2014) reviewed number of studies and
found that most of the studies agree that the buildings rest-
ing on sloping ground has higher displacement and base
shear compared to buildings resting on plain ground, and
the shorter column attracts more forces and undergo dam-
age when subjected to earthquake. Stepback building proved
more vulnerable to seismic excitation. Ghosh and Debbarma
(2017) investigated the performance of setback buildings
with open ground storey on plane and sloping ground and
proposed techniques to overcome the risk of their failure.

Details of building and modelling
of structure

Five-storey (G +4) residential building of 15-m height and
15 mx 15 m square plan, with 5 Nos. of bay (each bay @
3 m) is considered for analysis. The 3D view and plan of the
building are shown in the Figs. 1 and 2.

Seismic design data are as follows:
Seismic zone: V, zone factor (Z2): 0.36, soil type: medium
soil. Damping ratio: 5%, frame type: special moment resist-

ing frame, response reduction factor (R): 5, Importance fac-
tor (I): 1.
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Fig. 1 3D view of the building

Fig.2 Plan of the building

Material properties are taken as, unit weight of concrete:
25 kN/m?, characteristic strength of concrete: 30 MPa, char-
acteristic strength of steel: 415 MPa.

Structural elements are, beam: 250 mm X 300 mm, col-
umn: 350 mm X350 mm, slab thickness: 150 mm, parapet
height: 1000 mm.

The types of load considered during the analysis are dead
loads (DL) of beams, columns, slab, wall load (WL), live
load (LL) of 3 kN/m? at floors and 1.5 kN/m? at roof, mass
source (1DL+ 1WL +0.25LL).

Description of models

Total 8 Nos. of bare frame models are studied. Models
are considered on the 0°, 15°, 30° and 45° slopes, respec-
tively, with and without SSI considerations. Descriptions
and names of the models are given in Table 1. The central
panels (Panel C) of models are shown in Fig. 3.
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Details of SSI spring modelling 2GL
= i 9 [0.73 + 1.54X°7], (1)
The effect of SSI at the base of the structure is simulated by
assigning total 6 nos. of springs at the footings of each col- 2GL
umn for 6 df. Spring stiffness for each individual column is S ao9 [2 +2.5x°%], )
calculated using formulas proposed by Gazetas 1991, as given
below (Egs. 1, 2, 3,4, 5, 6).
(q ) ‘- 0.2GL [1 ] \
X y (0 75 - 9) 3
Table 1 Description of different model G L% B
able escription of different models K, = =9 2x75( ) [2.44_0'5(2)]’ 4)
SLno. Nameof  Description of the model
the models
3G L\"7
1 MFO Bare frame model with fixed base in 0° slope ty = 1-9 133,75 ( E) ) )
2 MF15 Bare frame model with fixed base in 15° slope
3 MF30 Bare frame model with fixed base in 30° slope
4 MF45 Bare frame model with fixed base in 45° slope K = 3.5G/°75 B\ (1, 02 6
5 MSO Bare frame model with SSI at base in 0° slope tT T e (Z) B+ ’ )
6 MSI15 Bare frame model with SSI at base in 15° slope
7 MS30 Bare frame model with SSI at base in 30° slope where
8 MS45 Bare frame model with SSI at base in 45° slope A
=t
412
MFO0 MF15 MF30 MF45
R PR
Pl
1 sm s
e T
P = P s v
P 1
2 "w:r Vﬁ M &
Pl AR e Lﬂ{‘n PP PRt B B " [—~ B s o -
MSO0 MSI15 MS30 MS45

Fig.3 2D view of the central panels of different models
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A, =area of foundation, /,, = moment of inertia about lon-
gitudinal axis, /,,=moment of inertia about lateral axis,
I,, = moment of inertia about vertical axis, B= half of the
width of foundation, L= half of the length of foundation,
K, = translational stiffness in vertical direction, Ky: trans-
lational stiffness in lateral direction, K, = translational stiff-
ness in longitudinal direction, K, = rotational stiffness about
longitudinal axis, K, = rotational stiffness about lateral axis,
K,= rotational stiffness about vertical axis

The soil properties are taken as per Chougule and
Dayavanal (2015).

Bearing capacity of soil (¢) = 160 kN/m?

Density of soil (y) = 18 kN/m?

Angle of repose (@) =29°

Poisson’s ratio (9)=0.45

Elastic modulus of soil (E) = 50,000 kN/m?

Shear modulus of soil (G)=17,241.38 kN/m?

Methods of analysis

In this study, all the models are analysed in linear static
method which is known as ESFM, linear dynamic
method, which is known as RSM, linear time history
analysis method and NLSAM, which is known as pusho-
ver analysis. Linear analysis is performed using the soft-
ware ETABS 2015 and for nonlinear analysis SAP2000
is used. Default nonlinear hinges are assigned in columns
and beams as per American Society of Civil Engineers,
ASCE/SEI 41-13 (2014) or Federal Emergency Manage-
ment Agency, FEMA-356 (2000) for pushover analysis.
ESFM analysis and RSM analysis are carried out and
results are compared to study the seismic behaviour of
the structures. In modal analyses, mode shapes are gener-
ally obtained in normalised form, for that the results of
response spectrum method need to be properly scaled. In
the present study, the scaling has been done by equating
the base shears obtained from ESFM and RSM as per IS
1893 (2002). In ESFM analysis, different combinations
like dead load (DL) and earthquake load (EL) as sug-
gested in IS 1893 (2002) are created and the combina-
tion 1.5 (DL + EL) has given the maximum effect. Real
earthquake data of Kobe earthquake are used for time
history analysis.

Results and discussion
The results of ESFM and RSM analysis for different mod-

els, considering different parameters are initially com-
pared and effect of slope angle variation along with SSI
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consideration is explored. Time history analysis results
and results of pushover analysis are presented thereafter.

Time period

Fundamental time period of the models are presented in
Fig. 4. Percentage variations of time periods due to imple-
mentation of SSI are given in Table 2, according to differ-
ent slope angles.

It is noticed that with the increment of the slope, the
fundamental time period of the models gets reduced. The
reduction of column length increases the structural stiff-
ness; as a result, the time period reduces. Models on 45°
slope (MF45 and MS45) show marginal increase of time
period compared to the models on 30° slope (MF30 and
MS30). The models on 15° slope (MF15 and MS15) and
30° (MF30 and MS30) slope have intermediate column
length (in between 0 and 3 m) in different storey levels
along the height, which does not allow the storeys to
vibrate freely as a complete storey. These intermediate
columns provide additional stiffness to those storeys and
reduce the time period of the models, but the models on
45° slope (MF45 and MS45) get a complete storey on each
level, which results in a minor increase in flexibility as
well as in time period.

All the models, where SSI has been considered, exhibit
a larger time period compared to the fixed base models,
due to increased flexibility of the base of the structures.
Interestingly, the percentage increment of time period due
to SSI implementation has also increased with the increase
in slope angle.

Base shear

Base shear is a function of spectral acceleration, which
depends on mass and stiffness of the structure, and these are
presented in Fig. 5.

Base shear is increased with the increment of the slope
angle due to increased spectral acceleration and reduced time

Time Period (s)

MFO0O MSO MFI5 MSI15 MF30 MS30 MF45 MS45

Fig.4 Fundamental time periods of models
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Table 2 Percentage variation of

time periods slope angle (%)

Percentage reduction of time period with increase in

Percentage increment of time period due to SSI
implementation (%) along slope angle

12.686 0° 15° 30° 45°
26.545 7.675 10.378 19.158 21.774
20.682

MFI15 15.242 MS15
MF30 35.681 MS30
MF45 32.794 MS45
2500 - Base Shear (kN)
®ESFM
2000 ERSM
1500 -
1000 -
500 -
0 4

MFO MF15 MF30 MF45 MS0 MS15 MS30 MS45

Fig.5 Base shear of models

period, except models on the 45° slope. The models on 45°
slope have marginal increase of flexibility and time period, but
maximum decrease in the floor area and mass. The base shears
of these models are dropped for this reason. Implementation of
SSI at the base of the structure reduces the base shear due to
increased flexibility of the structures. Percentage reduction of
floor area with increase in slope angle and base shear reduction
due to SSI consideration is given in Table 3.

It is noticed that percentage reduction of base shear due
to SSI consideration is increased with the increase of slope.

Displacement

Displacement profiles in major direction (X direction) and
minor (Y direction) direction of force, with the storey height
for different models in ESFM and RSM are shown in Fig. 6.
Displacements in the direction of force (X direction),
increased along the storey height and reduced with the incre-
ment of the slope. Bidirectional displacement (X and Y direc-
tion) for unidirectional force (in X direction) is noticed for the
models resting on slope but here the displacement values got
increased with the increment of slope. The displacement of the
taller side of the models has been found larger in comparison
of the shorter side of the model, which means taller side on

the lower level of slope is more flexible than the shorter side
at the higher level of the slope. The models with SSI show
comparatively larger values of displacement from the model
with fixed base in both directions.

Column bending moment

A central panel (C panel) is selected for presenting variation
of column bending moments of every model, which is shown
in Fig. 7.

It is observed that in both methods, the amount of bending
moment, in every column of each individual storey is almost
similar for the models of 0° slope (MFO and MSO0). Maxi-
mum bending moment is at ground storey (GS) columns and
the value of bending moments reduces with the increment of
storey height in models of 0° slope. But in the models other
than 0° slope, the columns of the shorter side of the struc-
ture at the higher level of the slope is facing higher bending
moment compared to the columns of taller side at lower level
of the slope. So in models resting on sloping ground, within a
particular storey there is huge variation of column forces and
the columns with higher bending moment at the upper side of
the slope are affected severely during earthquake. Increment
of the column bending moment in the upper side of the slope
is noticed with increase of slope angle. Slope angle variation
results in the formation of intermediate column lengths (in
between 0 and 3 m) at different storey level of models resting
on 15° and 30° slopes. These reduced columns carry higher
bending moments compared to full-length columns.

Interestingly, despite having full length of column
in upper storey level at higher side of slope, the column
bending moments increased just due to increment of slope
angle. Bending moment variation of column C6 of 5th storey
(C6S5) and column C5 of 4th storey (C5S4) is presented in
Table 4.

The columns C6S5 and C5S4, which are taken for
example, have full column length in every model. Bending
moments in these columns have increased not because of

Table 3 Reduction of floor
area due to slope increment and

Percentage reduction of floor area in different slope

Percentage reduction of base shear due to SSI
implementation (%) along slope angle

1
base shear reduction for SSI angle (%)
consideration 0° 150 o
0 16.67 26.67

45° 0° 15° 30° 45°
33.33 7.67 10.37 19.15 21.77
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Fig.6 Displacement of models
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length reduction, but because of increment of slope angle
of the models. Even, the torsional moments in the columns
of the structures resting on sloping ground have been ampli-
fied, with the increment of the slope angle, which is shown
in Table 5.

Models with SSI consideration show almost same nature
of bending moment variation along the slope, but value of
bending moment compared to fixed base models is relatively
lower. These results clearly indicate that whether there is
reduction of column length or not, but there is definite
increment of column bending moment with the increment
of slope angle.

Torsion

Torsional effect arises from the eccentricity in a building,
when the centre of mass of the building does not coincide
with its centre of rigidity. If there is torsion, the building
rotates about its centre of rigidity, due to torsional moment
about the centre of structural resistance. As the structures are
resting on sloping ground, these are irregular in vertical and

% @ Springer

(d)

horizontal planes, in terms of mass, stiffness, and layout. As
a result of this, the torsional response is recorded and storey
rotation about vertical (Z) axis is shown in Fig. 8. It is noticed
that torsional response increases with the increment of slope
and storey height, but for models resting on 0° slope (MFO
and MSO0), rotational response is absent. The models with SSI
at base have higher torsional effect compare to the fixed base
models.

Results of linear time history analysis

Time history analysis is performed using the real ground
motion data of Kobe earthquake, as shown in Fig. 9. Results
are given in the Figs. 10, 11, 12.

Results show that maximum displacement in the direc-
tion of force (X direction), is in the models of 0° slope
(MFO and MSO0) and displacement values decreases in
other models with increment of slope. Displacement in
the minor direction of force (Y direction) is highest in the
models of 45° slope and values decrease with reduction
of slope angle. Same nature of variation is observed in the
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Fig.7 Column bending moment
of models a in ESFM, b in

RSM
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Table 4 Change of bending moment of column due to variation of
slope angle

Models Bending moment in columns (kN-m)

C6S5 C5S84

ESFM RSM ESFM RSM
MF45 77.843 53.641 105.799 86.244
MF30 18.874 24.213 72.408 63.812
MF15 14.908 17.740 54914 44.986
MFO0 13.776 14.920 49.125 37.613

Table 5 Change of column torsional moment due to variation of
slope angle

Models Torsional moment in columns (kN-m)

C6S5 C584

ESFM RSM ESFM RSM
MF45 6.847 10.508 6.328 10.232
MF30 0.053 2.432 0.274 5.022
MF15 0.009 1.017 0.024 0.496
MFO0 0.001 0.003 0.002 0.002

case of torsional response and torsional response becomes
nil in the models of 0° slope. Models where the SSI is
considered always show higher responses compared to the
fixed base models due to increased flexibility.

Results of pushover analysis

The nonlinear static analysis is performed by displace-
ment control technique in capacity spectrum method, as
per guidelines of Applied Technology Council, ATC-40
(1996). In this method (Capacity Spectrum method, as

Fig. 8 Torsional response of
models a in ESFM, b in RSM

1.2 kobe Earthquake

Acceleration

Time (s)

Fig. 9 Ground motion data of Kobe earthquake

per ATC-40), the capacity spectrum of the structure and
demand curve, generates in a spectral displacement ver-
sus spectral acceleration domain. Capacity spectrum is
nothing but the base shear versus roof displacement curve
(capacity curve or pushover curve) plotted in a spectral
displacement versus spectral acceleration domain. The
intersection point of capacity curve of the structure and
displacement demand curve is known as the performance
point (PP). PP defines the overall performance of the struc-
ture under earthquake loading.

The pushover curves of all the models along with their
PP are shown in Fig. 13, and displacement and base shear
values at PP are given in Table 6.

Pushover curves reveal the vulnerability of all the mod-
els as the capacity curve of the models meets the displace-
ment demand curve, far beyond the linear range (at PP)
in the nonlinear stage with a large displacement value.
Higher base shear carrying capacity is noticed with the
increment of slope at 15° and 30° as the initial stiffness of
the models increased. Models resting on 45° (MF45 and
MS45) show lesser base shear carrying capacity compared
to models on 30° slope and 15° slope due to marginal
increase of time period and maximum floor area reduction.

0 0.0005
Rotation about Z axis (rad)

(a)
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Fig. 12 Torsional response in time history analysis
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Fig. 13 Pushover curves including PP of different models

Models with SSI consideration give even more poor
results compared to the fixed base models, because of

higher displacement demand and lower base shear carry-
ing capacity.

Results of nonlinear time history analysis

Nonlinear time history analysis, which explores more
accurate responses of structure, is performed for all the
models by direct integration technique, using the real
ground motion data of Kobe earthquake. Results are pre-
sented in the Figs. 14, 15, 16.

Non-recoverable permanent deformation is noticed in
most of the models by nonlinear time history analysis.
After reaching the maximum responses corresponding to
input acceleration, the models deform permanently and fail
to regain their original phase. The variations of maximum
responses for all models are extracted from nonlinear time
history results and shown in Figs. 16, 17, 18, 19 and 20.

Extracted results from nonlinear time history imply that
with the increment of slope angle, displacement in the
direction of force (X direction) reduces for both fixed and
flexible base. But displacement in the transverse direction
of force (Y direction) goes on increasing with the incre-
ment of slope. Similar nature is noticeable in the case of
maximum inter-storey drift at X and Y directions. Maxi-
mum torsional response also increases with the increment
of slope angle. For each case, model with SSI exhibits
more structural responses than the fixed base models
(Fig. 21).

Conclusions

In this paper, the seismic analysis of the structures resting
on different slope angle with and without SSI considera-
tion is performed in static and dynamic methods as well as
in linear and nonlinear methods. Structures on the sloping
ground are found as more vulnerable than the structures on
the plain ground, and the degree of vulnerability increases
with the increment of slope angle. Under unidirectional
force, orthogonal movement has been recorded for the
structure on sloping ground. These structures on slop-
ing ground also reflects differential movement of either
sides of the structure, as the taller side moves more than
the shorter side in the direction of force. This incident
indicates the stiffness concentration on the shorter side of
the structure on the higher level of the slopes. Due to the

Table 6 Base shear and

; Models MFO MFI5  MF30  MF45  MS0 MS15  MS30  MS45

displacement at performance

point (PP) of the models Displacement (m) ~ 0.107  0.088  0.080  0.078  0.112 0096  0.089  0.093
Base shear (kN) 3865 5403 5532 3417 3881 4923 5524 3260
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Displacement in X direction
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Fig. 14 Displacement in X direction by nonlinear time history analy-
sis
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Fig. 15 Displacement in Y direction by nonlinear time history analy-
sis

0.015 4 Torsion
ER
N
‘é €0.005
2 x
<
=< 0
2
& -0.005
=]
& 01 -
0 10 20 30 40 50
Time (s)

Fig. 16 Torsional response by nonlinear time history analysis

variation of mass, stiffness and geometry of the structures
resting on slope, the twisting of the structure also takes
place. Thus the columns on the higher side of the slope
are subjected to heavy torsional force and these are also
subjected to increased bending moment due to reduction
of column height. The amount of bending moment on the
columns of shorter side of the structure at higher level
of slopes increases with the increment of level as well as
slope angle, even if there is no reduction of column length.
The importance of SSI is also revealed here, as the struc-
tures without SSI consideration overestimate the forces
(base shear and bending moment) and underestimate the

* @ Springer

Maximum Displacement in X
direction
MS45
MS30
MSI15
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Fig. 17 Maximum displacement in X direction from nonlinear time
history

Maximum Displacement in Y
MS45 direction
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Fig. 18 Maximum displacement in Y direction from nonlinear time
history

Maximum Drift in X direction
MS45

MS30
MSI15

MSO0
MF45
MF30
MF15

MFO0

0 0.01 0.02 0.03 0.04
Fig. 19 Maximum drift in X direction from nonlinear time history

responses (time period, displacement and torsion). This
improper estimation of forces and responses can affect the
structure very badly. So, this paper reflects the adverse
effect of slope angle increment on the structures resting
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Maximum Drift in Y direction
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Fig.20 Maximum drift in Y direction from nonlinear time history
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Fig.21 Maximum torsional response from nonlinear time history

on sloping ground and recommends taking special care
during the design of columns on the higher level of the
slope of structures. This paper also emphases for consider-
ing SSI during the analysis of structures under earthquake
load. There are few limitations of the work such as plan
irregularity is not considered here, and only one-way slope
is considered. These limitations are included in the future
scope of the work.
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