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Dynamic Analytical Observations of RC Frame
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Abstract: RC structures on sloping ground take columns of
different height within one storey. Brittle shear failureisgenerally
observed in short columns of RC frame as it takes the maximum
shear during severe dynamic excitation by earthquake forces.
Hence due to thisimmense problem, it isimportant to investigate
practical and effective methods to rehabilitate these columns and
the building as such. The objective of this research program isto
assess the performance enhancement of short columns when
strengthened with shear walls at specific locations of RC frame
and with bracings exclusively. The strength attained with these
two methods has been compared with one another assessment
where most of the columns of RC frame are moved outside to the
periphery, transforming the traditional grid of columns, which
might demand the flat slab on each floor. It is possible that all the
three might provide Solution for improvement in strength and
stiffness of short columns of an RC frame on a sloping ground,
but then these methods are compared and the one has been
suggested which is cost effective. For this purpose 6 RC buildings
aretaken into consideration to carry out this research program, 3
on flat ground and 3 on sloping ground, one regular and one
setback for each of the cases of ground geometry considered. The
slope of the ground is taken as 16 degrees. Using Staad Pro v8i,
the Response Spectrum Method for linear and Time History
Analysis for non Linear dynamic analysis of these buildings can
be done, to investigate various dynamic response characteristics
and the respective strengthening technique can be applied and
suggested as such.

Keywords : Short column, earthquake, sloping ground, level
difference, brittle shear failure, dynamic excitation,
strengthening, shear wall, bracings, stiffness, response spectrum
analysis, conventional column grid.

. INTRODUCTION

The north and northeast states of Indiaare categorized in zone
IV and V, and have a history of earthquakes that have proven
catastrophic and have caused loss of precious lives and
destruction to the RC structures..
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Theseregionsgenerally have ahilly landscape available for
the development of infrastructure. Hence RC structures are
more prevalent on hilly ground in these regions. RC structure
on hilly ground has foundation at different levels and hence
the successive building floors tend to step back towards the
rise of dope of hill. This leads to a peculiar irregular
symmetry of building in both the horizontal and vertical
directions
The stepping back of building gives rise to the formation of
short columns within the same storey which induces the
variation of stiffness and mass along the height of building
and horizontal direction as well. Thus there is a mismatch of
the stiffness and mass along vertical and horizontal directions
of RC frame. Hence there is a prevalent inconsistency in
centre of mass and centre of stiffness along the successive
floors of the RC frame on doping ground. This discrepancy
resultsin torsional stress and hence demands special attention
in this regard during its design. The short columns on the
uphill side of storey tend to evoke the major percentage of
storey shear which usually tends to its threshold capacity and
hence makes the short column the most vulnerable structural
component. Now adays, the setback configuration of building
iswell received compared to that of step back building. Inthis
research study the two can be analysed on the same sloping
ground and the response to a specific frequency of earthquake
can be compared for which one is safer. In case of sethack
buildings, the centre of mass and centre of stiffness
conseguently tends to decrease aong the height of building,
as there is consequent drop in floor area along the height of
RC frame. The seismic behaviour of RC structures has been
far and wide subject matter since last decade; however the
response enhancement and improvement of short columns of
RC dtructures on doping ground by comparing the
strengthening methods mentioned in the objective below is
still very limited. Rather considerable work is there for
rehabilitating the short columns by adopting different
retrofitting techniques which is of course useful for
post-earthquake damages or overcoming the weakness of
short columns after a certain period of time. The column shear
failureisthe most concerning and commonly observed failure
in RC structures. Columnswith low shear span-depthratioi.e.
short columns are more vulnerable to shear failure [3]. In
seismically active zones, the short column is a menace and
even if short columns are avoided but there are large number
of columns that are susceptible to non-ductile shear failure.
These columns originally designed as long columns are
transformed to short columns due to Partial height of masonry
infill walls between adjoining RC columns to leave space for
windows. During earthquake these columns behave as fixed
and exhibit stiffness and thus display low shear ratio.
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Thisresultsin the damage of these columns during earthquake
of threshold frequency corresponding to the lateral load
resistance of these columns and can result in partial or total
collapse of the structure. It has been observed that the short
columns when subjected to cyclic horizontal displacement,
there is an increased initial stiffness and shear response i.e.
they resist it actively.

However when the displacement is higher, maximum shear
response is reached which causes stiffness degradation and
low energy dissipation capacity [3]. Hence there is a grave
need to even evaluate the RC structures on flat ground and to
investigate effective methods for the rehabilitation of these
columns to make the building safe to earthquake.

II. ANALYTICAL STUDY AND SIMULATION

In the present investigation, a G+10 RC frame has been taken
into consideration, one on a plane ground and the other on a
dloping ground respectively as shown in figure. The dynamic
response of the two buildings under certain seismic excitation
is compared with one another where the plan of both the
buildings is kept same. The dynamic behavior of two RC
structures is compared using two different lateral force
resisting systems including shear wall and bracings at certain
locations shown in the fig. The building on flat ground with
shear wall for the purpose of liftsisrepresented asmodel M-1.
The same provided with shear walls in definite locations and
then replaced with X-bracings at the same locations besides
the shear wall for the purpose of lift is represented as model
M-2 and M-3 respectively. The configuration of these latera
resisting force systems in case of building on soping ground
is step back at a constant slope of 16° and is represented as
models M-4, M-5 AND M-6.

Fig. 1: Plan of building
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Fig. 2: Along slope orientation on sloping ground
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Model M-1 Model M-2/3

Fig. 3: (a) Building on flat ground with lift shear wall, (b)
Building on flat ground with lift shear wall plus shear
wall at corners.

The formation of short columns is evident as the building is
stepping back along the slope, while the height of first three
columns along the slope is utilized to formation of floors as
the beams here act astie beams and can help in strengthening
of these columns along the slope.

The RC buildings taken into consideration are designed for
seismic zone-V (seismic zone of parts of J&K and Himachal
Pradesh) as per 1S-1893 (part 1): 2002. For facilitating the
comparison of the dynamic response of these models,
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the beam and column sizes are taken constant throughout as
350x350 and 450x450. The properties of shear wall and
bracingsistaken as 230mm and 1-824 of class B respectively.
Therigid diaphragm constraints have been used for providing
the in-plane rigidity to the floor dabs. The foundations of all
the models has been considered fixed at a depth of 1.5m,
considering the nature of soil as medium.

M odel M-4/5/6
Fig. 3: Building on sloping ground with lift bracings plus
bracingsat corners.

A.Analytical Characteristic Behavior

The fundamental periods and the frequency of models on
plane and sloping ground for the first three modes are
mentioned in the tables below. It can be observed that the
fundamental time period for models M-1 and M-4 are quite
similar. The fundamental period for fundamental mode of
model M-5 dlightly higher than model M-2, while it is vice
versafor model M-3 and M-6 where M-3 has dightly higher
fundamental period to that of model M-6. The building on flat
ground is vulnerable to less frequency compared to that of
building on sloping ground as depicted by the graph below. It
is concluded that the shear wall increases the frequency of
building on flat ground while as it is reduced in case of
bracings provided to building on flat ground. However
frequency of building on sloping ground is increased by
bracings compared to that of shear wall.

Table-1: Fundamental Time Period and Frequency for

modes
Model M-1 Model M-2 Model M-3
Mode
T v (Hz) T v T v (Hz)
(Sec) (Sec) | (Hz) | (Sec)

1 2739 | 0.365 | 1.819 | 0.550 | 2.066 | 0.484
2 2727 | 0.367 | 1.713 | 0.584 | 1.839 | 0.544
3 2482 | 0403 | 1.154 | 0.866 | 1.322 | 0.757

The frequency of model M-1 aso increases by providing
bracings by 14.02% in the fundamental mode of model M-3.
The frequency of model M-4 on sloping ground increases by
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8.18% in the fundamental mode as that of model M-1 on flat
ground. The frequency of model M-5 with shear walls on
doping ground decreases by 11.68% in the fundamental mode
as that of model M-2 with shear walls on flat ground.

The frequency of model M-6 on sloping ground with bracings
increases by 11.68% in the fundamental mode as that of
model M-3 with bracings on flat ground.

Table-2: Fundamental Time Period and Frequency for

modes
Model M-4 Model M-5 Model M-6
Mode
T v (Hz) T Y T v (Hz)
(Sec) (Sec) | (Hz) | (Sec)

1 232 | 0430 | 229 | 043 | 163 | 0.612
4 6 5 4

2 227 | 0440 | 156 | 0.63 | 1.54 | 0.648
3 9 7 3

3 203 | 0492 | 1.25 | 0.79 | 1.08 | 0.925
1 9 4 2

B.Dynamic Response Characteristics

The fundamental mode shapes of models M-1, M-2, M-3,
M-4, M-5, and M-6 are represented by figure in both
directions i.e. Along Slope orientation and Cross Slope
orientation. The modal participation of M-1 for fundamental
modeis69.427% along Z, while asthe Modal participation of
M-4 for fundamental mode is 13.851% aong X. In case of
M-2 Modal participation for fundamental mode is 65.703%
along Z, while asitis64.927% along Z direction for M-5. The
Moda Participation for fundamental Mode for M-3 is
65.142% along Z, while as that of M-6 is 64.175% along Z
and 0.001% aong Y direction. This concludes that Modal
participation of M-4 model on sloping ground is 55.576% is
less compared to that of model M-1 on flat ground because of
the RC frame configuration irregul arity and higher stiffness of
model M-4 on doping ground provided by varying height of
columns along the slope in each floor. However it is evident
that this difference is quite lesser in case of models
strengthened by lateral force resisting systems i.e. (M-2 &
M-5) and (M-3 & M-6) and is amost the same participation.
It is observed that there is pure trandational movement in
fundamental modes along dope orientation of models while
as in cross slope orientation, the movement of frame can be
witnessed to be coupled with torsion effects.
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Fig. 4: Fundamental mode shapes of model M-1: (a)
Along Slope orientation (b) Cross Slope orientation.
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Fig. 5: Fundamental mode shapes of model M -2: (a)
Along Slope orientation (b) Cross Slope orientation.
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Fig. 6: Fundamental mode shapes of model M -3: (a)

Along Slope orientation (b) Cross Slope orientation.
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Fig. 7: Fundamental mode shapes of model M -4: (a)
Along Slope orientation (b) Cross Slope orientation.
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Fig. 8: Fundamental mode shapes of model M -5: (a)
Along Slope orientation (b) Cross Slope orientation.
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Fig. 9: Fundamental mode shapes of model M -6: (a)
Along Slope orientation (b) Cross Slope orientation.
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The deformation configuration of the buildings on plane and
sloping ground is represented by the different modesin along
dlope orientation and cross slope orientation vis a vis the
respective excitation consideration. It has been observed by
simulation that there is less significant deformation of
structural frame on sloping ground compared to that of
building on plane ground due to the presence of short columns
along the variation of height, which tend to increase the
rigidity and stiffnessto the structure on sloping ground. It has
been observed that the shear on columns of building on
dloping ground is comparatively less apparent to that of the
columns of building on plane ground. The less apparent shear
on columns of building on sloping ground is because the short
columns tend to resist the shear forces to a larger extent
compared to the columns of building on plane ground. The
mode shape observation shows that the deformation pattern of
the building on sloping ground is different with respect to the
deformation pattern shown by the regular building on flat
ground. The linear dynamic analytical study further indicates
the varying shear stressinduced in the columns of higher and
lower storeys of building on sloping ground, where it is seen
lower shear stress is induced to the lower most columns as
compared to the upper columns due to the presence of short
columns of building on sloping ground.

I1l. SHEAR MAXIMUM IN LOCAL Y

Table-3: Maximum shear in columnsin local y.
Mazimum Shear in Local Y in KN |

MODELS

1 c2 Cc3 4 2] C6 C-7 ]

M1
M2
M3
M4
M5
M-6

Note: Green representation of column shear values are safe
for design consideration while as the shear values in red
representation impliesthat these columns suffered non ductile
shear failure to the design consideration. Column
representation C-1 isthe extreme left column to C-8 being the
last column on extreme right on side view of all models.

It can be observed that the shear in column C-1 in model M-4
on sloping ground is 10.89% higher as that of shear in the
same column in model M-1 on plane ground. However it is
observed that the column shear in columns C-2, C-3, C-4,
C-5, C-6, C-7 and C-8 in model M-4 on doping ground
decreases by 16.39%, 34.17%, 83.85%, 86.52%, 14.05%,
15.61% and 12.08% as that of shear in the same columns in
model M-1 on plane ground. the shear in columns in model
M-5 on sloping ground C-1, C-2, C-3, C-4, C-5, C-6 and C-8
decreases by 39.89%,52.02%, 24.99%, 69.74%, 94.77%,
59.63% and 58.48% respectively as that of model M-2 on
plane ground. However it can be observed that the shear in
column C-7 in the model M-5 increases by 21.09% as that of
model M-2.1t isclear from the graphical representation below
that the shear in columns C-1 to C-8 in model M-6 on sloping
ground strengthened by bracings decreases by 45.83%,
42.68%, 46.92%, 77.04%, 82.05%, 21.24%, 24.48% and
51.54% as that of model M-3 on plane ground strengthened
by the same strengthening system.
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Graph 4.6; Maximum Shear in columns in Local Y for
models on plane ground and sloping ground.
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Graph 4.6: Maximum Shear in columns in Local Y for
models on plane ground and sloping ground.
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Graph 4.6: Maximum Shear in columns in Local Y for
models on plane ground and sloping ground.

IV. RESULTANT DISPLACEMENT

100 RESULTANT DISPLACEMENT

302.936

-100 t

RESULTANT DISPLACEMENT

MODELS
—4— RESULTANT DISPLACEMENT —— Linear (RESULTANT DISPLACEMENT)

Graph: Comparison for Maximum Resultant
Displacement.

From the graph, it is clear that model M-6 with bracings on
doping ground depicts minimum resultant displacement as
that of al the other 5 models on plane and sloping ground.
This least resultant displacement can be attributed to the
stiffness of the building provided by unequal height of
basement columns on each floor to the step back building and
by itsirregular configuration.
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Model M-1 on plane ground is observed to be vulnerable to
the maximum resultant displacement with an increase in
resultant displacement by 86.20% as compared to that of
model M-6 on sloping ground strengthened by bracings. The
resultant displacement of model M-2 with shear wall on flat
ground reduces sharply by 24.06% as that of model M-1 on
flat ground. The resultant displacement of model M-5 with
shear wall on sloping ground reduces sharply by 50% as that
of model M-4 on sloping ground. The resultant displacement
of model M-6 with bracings on sloping ground reduces by
11.06% as that of model M-5 with shear wall on sloping
ground and hence the bracings reduce the resultant
displacement by 61.06% as that of model M-4.The resultant
displacement of model M-4 on sloping ground is 56.44% less
as that of model M-1 on flat ground. The resultant
displacement of model M-5 with shear wall on sloping ground
is 73.49% less as that of model M-2 with shear wall on flat
ground. The resultant displacement of model M-6 with
bracingson sloping ground is 77.94% less compared to that of
model M-3 with same strengthening system on flat ground.

V. RESULT AND DISCUSSION

The building on flat ground is vulnerable to less frequency
compared to that of building on sloping ground as explored
through the dynamic analysis and formation of mode shapes.
It is concluded that the shear wall increases the frequency of
building on flat ground while as it is reduced in case of
bracings provided to building on flat ground. However
frequency of building on sloping ground is increased by
bracings compared to that of shear wall. It is observed that the
storey drift of each storey of models on plane ground is higher
as compared to the storey drift experienced by the storeys of
models on sloping ground. The lesser storey drift of models
on soping ground is due to its higher stiffness of floors
generated by the unequal height of columns on the same floor
and irregular orientation of building on dloping ground. It is
seen that the storey drift reduces after providing the lateral
force resisting systems to buildings on plane ground. The
shear wall has reduced the storey drift more than that reduced
by providing bracings but the resultant reduction in the drift is
closein both the cases. It can be observed that bracingsin case
of building on sloping ground is more effective in reducing
the storey drift as compared to that of shear wall in the
building on plane ground. It is observed that a building
strengthened with bracings on sloping ground depicts
minimum resultant displacement as that of all the other 5
buildings on plane and sloping ground. This least resultant
displacement can be attributed to the stiffness of the building
provided by unequal height of basement columns on each
floor to the step back building and by its irregular
configuration.

VI. CONCLUSION

Past Earthquakes have depicted unusual failure patterns of
buildings on soping ground to various linear and nonlinear
dynamic excitation. The response to dynamic excitation of
building on sloping ground varies sufficiently as compared to
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the building on flat ground. The buildings on sloping ground
experience sufficiently high torsion moments when subjected
to excitation in cross slope orientation. The similar building
on sloping ground experience lesser torsional moments when
subjected to dynamic excitation in along slope orientation,
due to the linearly varying stiffness of short columns along
slope orientation. The short columns along slope orientation
resist most of the shear stresses to a larger extent, where the
high rigid nature of columns remains a concern for failure
without buckling which is mitigated by using the lateral force
resisting systems and following the ductile detailing for its
transverse and longitudinal reinforcement.The linear dynamic
analytical study further indicates the varying shear stress
induced in the columns of higher and lower storeys of
building on sloping ground, whereit is seen lower shear stress
is induced in the lower most columns as compared to the
upper columns due to the presence of short columns of
building on sloping ground. It is observed that the story drift
of each storey of models on plane ground is higher as
compared to the storey drift experienced by the storeys of
models on sloping ground. The lesser storey drift of models
on doping ground is due to its higher stiffness of floors
generated by the unequal height of columns on the same floor
and irregular orientation of building on sloping ground.
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