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ABSTRACT

A method of analysis for irregular buildings with rigid floor system where
the centre of mass and centre of stiffness of each floor lic on different
vertical axes is suggested based on transformation of mass and stiffness
matrices about a vertical reference axis. To account for the torsion and
translation, each storey of a building is modelled as three degree of
freedom per floor. Numerical examples on free vibration characteristics of
irregular buildings has been solved and the results are discussed.

INTRODUCTION

Multistoreyed reinforced concerete framed bmldmgs are getting popular in the hilly areas
and many of these are constructed on hill slopes. Hill buildings are very irregular and
generally forms a combination of stepback and setback. These buildings are generally
unsymmetrical in horizontal and vertical planes as shown in Fig. 1 and undergo torsion
during earthquakes Most hilly areas are prone to severe earthquakes specmlly in
Himalayan belt in India. These unsymmetrical buildings require great attention in the
analysis and design. Literature on analysis of such buildings is scanty specially where
centre of mass and Stiffness of various floors lie on different vertical axes.

A full 3D analysis with 6 degrees of freedom({d.o.f.) per node is required for such
buildings for dccurate results. Such an analysis procedure is computation intensive and is
not advisable for preliminary design. The most simple procedure employed is based on one
translational degree of freedom per floor either in x or y direction where only planar mode!
of structure is considered which does not take into account the torsional coupling effects.
The torsional analysis is carried out separately based on codal recommendations which
may not give adequate representation of the actual behaviour of such buildings.

Bulldmgs with setbacks have been studied by many researchers [1,2,4,58,10,14].
Some have proposed complex models needing extensme computing faclhtles and some
have suggested approximate methods for analysis of 'setback buildings. Experimental
studies on seismic response of reinforced concerete setback framed buildings has also been
carried out [15].
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Fig.1: Stepback and setback building

Any direct effort has not been made to develop an analysis procedure for buildings
having both stepback and setback configurations. It necessitates the development of
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Fig. 2! Idealized symmetr.cal setback building
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analysis procedure which takes into account the asymmetry of mass and stiffness
distribution at different floor levels of buildings. Rigid floor idealisation with 3 d.of(two
translational and one torsional d.o.f') per floor is considered in the formulation. Idealized
multistorey building structure studied by Kan and Chopra is shown in Fig 2, where the
centre of mass of all the floors lie on the same vertical axis cc’. This assumption of centres

" of mass of all the floors to lie on the same vertical axis is true only for buildings which has

symmetrical setback on all the sides. Buildings constructed on hill slopes generally do not
fall under this category i.¢. centre of mass of all floors do not lie on one vertical axis.

In this study, an analysis procedure is presented for irregular buildings on hill
slopes which are supported on columns, walls. Floors may be supported by two types of
columns (i) interstorey columns i.e. columns between the floors and (i) columns resting
on the ground directly. The floors has been assumed as rigid there by beams at all the floor
levels are taken as rigid. The flexibility in the structure is due to columns ar< walls.

IDEALIZED BUILDING SYSTEM

~ An idealized multi-storey irregular building structure consisting of rigid floor decks,

supported on massless axially inextensible columns and walls is analysed. The centre of
mass and centre of resistance of all the floors lie on the different vertical axes on different
floors as shown in Fig.3. The kth and Ith storey plans are shown separately in Fig.4(a)
and (b). The d.o.f. per floor are shown in Fig.5. The centre of mass of the floors are lying
on vertical axes such as aa’, bb', cc', dd' shown in Fig.3 which shows that the centre of
mass of all floors does not lie on one vertical axis. OZ as shown in Fig.3 represents.a

arbitrary vertical reference axis.

The mass of each floor is lumped at the centre of mass, The ‘mass in X and Y
directions is m and the mass moment of inertia of storey in z direction is I,

The mass matrix of each storey is known at the storey axis i.e. at the centre of
mass. As the structure is unsymmetrical, the ¢.m. of all the floors lie on different vertical
axes and the stiffness and mass matrices of each storey cannot be superimposed as such.
A procedure of transformation of the matrices to a same vertical reference axis is
suggested. Superposition of these transformed matrices at this reference axis can be
made to get the overall stiffness and mass matrices.

TRANSFO}MATION OF FORCES AND DISPLACEMENT
Transformation of forces

Let S represent the point of member axis and Py', Py’ , P3' are the three forces acting
on it in x, y and z directions respectively which are orthogonal to each other.

Let R represent the point of vertical reference axis, and the effects of forces at
member axis on reference axis be Py ,P; P3 in x, y and z directions respectively and is
given by (1). This reference axis can be suitably chosen any where as shown in Fig.6.
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where p; , pk and pjr, py are the member end actions at reference axis and member axis
respectively, x and y are the distances between member and reference axes in x and y
directions respectively.

If the forces P', P2’ , P3' are known at the member axis, then Py , P, P3 can
be calculated with the help of transformation matrix R,

Transformation of displacement
In the same manner, if u, v and & are the three displacements of a storey i at reference

axis, then u', v' and &' are the three ccrresponding displacements of that storey at
member axis. It is expressed as (2).

u 1 0 -yllu
V=01 x ||v oru'=RTy Q@
d oo 1]e

where uj, ug and uj' , ug are the member end displacement at reference and member
axes respectively.

Transformation of StifTness Matrix from member axis to reference axis

Let P, is the force vector, K¢, is the stiffness ‘matrix, Ucy is the displacement vector
of member i about member axis then

Pem = Kem Uem 3)

Pcm 8and Ugy has been transferred to a reference axis with the help of
transformation matrices, it will lead to

Pr = K Up
where K, is the stiffness matrix at reference axis defined as

K=R,KemRI “)
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The stiffness matrices for all the members can be worked out about the vertical
reference axis. Then the overall stiffness matrix of the structure can be obtained by
superposition method.

Transformation of mass matrix from storey axis to reference axis

Transformation of mass matrix from storey axis to reference axis can be carried out in
the same manner as has been done for stiffness matrix, Let M; represent the mass matrix
of floor i about the reference axis, My, represent the mass matrix of floor i about the
storey axis then

Mr =R Mcm Rr " (S)
m 0 -my,
M= 0 m mx, (6)

-my, mx, (mx,‘+my,’+1_)

Where xj and y; are the distances between centre of mass and the vertical reference axes
in x and y directions respectively. The mass matrix of the overall structure can be
worked out about the same reference axis by superposition method.

EQUATION OF MOTION

The free vibration equation of motion for the building can be written as
MU+CU+KU=0
U=(U; Uy Uy Ggomm Un )

Uy =(u) ¥, &

M and K are the overall mass and stiffhess matrices about reference axis. C is the
damping coefficient matrix. ‘ ‘

The eigen value problem is solved to get the frequencies of vibration and mode
shapes at the reference axis.

Three different problems has been solved with the proposed method to show that
the results obtained by the proposed method compares exactly with the results of Kan and
Chopra's method for buildings having center of mass lying on the same vertical axis, the
reference axis can be chosen anywhere wiithout affecting the results and to study the
seismic response of buildings with unsymmetrical setbacks.
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F:gure 7 shows the two storey r.c. frame with stiff floor system. The complete data is
indicated in the figure itself. This problem has been solved by Kan and Chopra's method

and the proposed method.

E=25491 N/mmd

v:0.8%
/ /’, /’/
First storey: Second storey:
1 =o-27515u10" mmé 1,20.1904217X10" mmt
1,20-275754x10" mm* 1y50.1904217% 10" mmé
Kt =2-5870010'7 Nemmyrotation Ky %1 76662102 N-mm/rotation
€ =188 mm x 5188 mm
¢v=282 mm ¢v=2l2 mm

Fig.7: Two storey r. c. setback frame

The time period of vibration in the first six modes are worked out as 0.1355$,
0.11098,0.11030, 0.05114, 0.05081, 0.03492 secs by both the methods of analysis.

From the solution of the above example, in which the centre of mass of floors lie
on the same vertical axis, it is observed that the results of the natural time periods
obtained by the present study agrees exactly with the results obtained by the method
suggested by Kan and Chopra,

| Figure 8 shows the two storey r.c. symmetrical and unsymmetrical setback frame. Size
of columns is 500 mmx500 mm. Given E=25491 N/mm?2 , v=0.15.
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Fig.8: Two storey r. ¢. setback buildings

The time periods of vibration and mode shapes for the above cases are shown in
Figs. 9 and 10. It shows that the symmetrical setback frame is subjected to pure translation

or torsional motion whereas the unsymmetrical setback frame is subjected to coupled
translational and torsional motions.

A multistoreyed frame structure located on hill slope as shown in Fig. 11 is analysed by
taking vertical reference axis at four different locations.

(i) Along the centre of mass of roof,

(i) Along the centre of mass of Hnd floor.

(iii)Along the centre of mass of Ist floor.

(iv) Along the centre of mass of the whole structure which is located at 900 mm from
centre of mass of roof along x-axis.
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Given E = 25491 N/mm2, y =2.4 ym? , L =3500 mm, mass of 3.5mx4.0m slab = 5.14 N-
s2 /mm , size of column = 350 mmx250 mm _ :

The resuits are shown in Table 1.
Table 1. - Natural Time Periods of Vibration

MODE Time periods with reference axis at
i ii iii iv

1 0.33722 0.33722 0.33722 0.33722

2 (.22838 0.22838 0.22838 0.22838

3 0.20466 0.20466 0.20466 0.20466

4 0.13019 0.1301% 0.13019 0.1301%

5 0.10328 0.10328 0.10328 0.10328

6 0.09204 0.09204 0.09204 0.09204

7 0.07893 0.07893 0.07893 0.07893

8 0.07828 - 0.07828 0.07828 0.07828

9 0.07092 0.07092 0.07092 0.07092

10 0.06284 0.06284 0.06284 0.06284

11 0.05643 0.05643 0.05643 0.05643

12 -1 0.05091 0.05091 0.05091 0.05091

Results of time periods of vibration shown in Table 1 indicates that these are
exactly the same. It shows that the vertical reference axis can be suitably chosen
anywhere.
DISCUSSION OF RESULTS

The analysis of building when the centre of mass of the floors lie on the same vertical
axis indicates that the results obtained by the proposed method and Kan and Chopra's
method are exactly the same. Results indicate that the regular setback structures are not
torsionally coupled whereas the irregular setback structures are torsionally coupled as
evident from the mode shapes. The reference axis can be suitably chosen anywhere
specially for those irregular structures where the centre of mass axes of all the floors do
not lie on the same vertical axis. Results shown in Table 1 indicate that time periods are
exactly the same for different location of reference axes there by suggesting that the
method can be used for the analysis of such buildings. It demonstrates that the transfer of
stiffness and mass to any convenient vertical reference axis can be successfully applied
for analysis of irregular buildings on hill slopes or any other similar structural problem.

CONCLUSIONS

The methodology for the analysis of irregular buildings with rigid floor system on hill
slopes where the centre of mass of the floors do not lic on the same ventical axis is
presented here. The analysis using this simplified method takes care of the torsional
coupling effect in such buildings. The method does not require the computation of centre
of rigidity of the storey. This methodology requires much less computation effort as
compared to the 6 d.o.f'node analysis procedure. This method can be employed in design
offices for buildings with rigid floor system having centre of mass lying on different
vertical axes as there is no other simplified straight forward method available for such
irregular buildings.
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