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Abstract-This paper presents a numerical method based on a straight forward linear finite element
response spectrum method for the analysis of infilled R.C.C. frames subjected to earthquake excitation. The
Finite element method has been used to develop stiffness matrix and consistent mass matrix of infilled
frame.Finite Element Method(F.E.M.) is more correct method of analysis of infilled frame than equivalent
strut method which has traditionally been used by most of the researchers for analysis of infilled frames.
Consistent mass matrix is diagonalized by using Hinton E., Rock T. and Zienkiewicz O.C.(
H.R.Z.)method[9] as diagonal mass matrix derived from consistent mass matrix is more sophisticated than a
lumped mass matrix. This type of diagonal mass matrix gives more accurate mode shapes and the
frequencies of structure. The stiffness matrix and diagonal mass matrix are put into dynamic equation of
motion and this dynamic equation is solved by using a subroutine based on Jacobi’s iteration method. By
solving the dynamic equation, eigen values and eigen vectors are obtained. These eigenvalues and
eigenvectors are used in response spectrum method of analysis to calculate seismic loads (one vertical, one
horizontal and a moment) at each nodal points. These seismic loads are then applied on each node and
principle stresses at gauss points and deflections at nodal points in infill panels are obtained by static
analysis.

The above procedure is implemented into a computer program which is developed by the author using
Fortran-77 This program has been used to solve 17 cases of bare and infilled frames ranging from three story
to seven story in order to assess the effect of different factors such as the presence of infill panels, the height
of structure, infill material, panel thickness, rectangularity ratio. Results show that infill panels have a great
effect on the behavior of structures.
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1. Introduction

Plane frame analysis of multi story buildings does not reflect their actual behavior when openings are filled
with masonry or with precast prefabricated wall panels. The tendency of designers to consider such walls as
non-structural element and in turn neglect their effect in the structural response of buildings is a practice
which is far from reality. Various experimental studies on R.C.C. and steel frame infilled with masonry have
proved that infilled frames exhibit resistance to lateral and vertical loads more than similar frames without
such infill walls.

It is a common practice to consider only the bare R.C. frame- the mass of the masonry infill is
considered, but their stiffness and strength contributions are neglected. Furthermore, infill alters
the behavior of buildings from one of predominantly frame action to one of predominantly shear
action ,and also carry the lateral seismic force as compression axial loads along their diagonals.
Structural damage reports on recent and past earthquakes have clearly stated that non-structural
infill elements often have a primary effect on seismic response and should be considered in design
or adequately isolated. If ignored in design, such infills can lead to unanticipated and potentially
catastrophic modes of structural behavior.[1,2].

2. Objectives
Author feels that the problem of dynamic analysis and behavior of infilled frame subjected to seismic
excitation still needs more consideration, even in the elastic range. Therefore, the objectives of the study may
be summarized as follows :
1. To present a numerical method for the seismic elastic analysis of the infilled multistory frame problem.
2. To develop a computer program to solve this problem.
3. To study the effect of different parameters on the behavior of infilled frames.
4. From the results obtained, to draw a set of conclusions that are believed to be useful for the structural
engineer.

3. Proposed Method of Analysis
Thus the proposed mathematical model for the infilled frame is composed of two types of structural
elements to solve it by finite element method.
These are as follows:
1. The frame elements (beams and columns) .
2. The infill panels are considered as a plane element of thickness t. Each single infill panel is considered as
a single rectangular plane element in plane stress condition, with four corner points are allowed three nodal
degrees of freedom u,w and 6 at each node in contact with the joint of the rigid building frame as shown in
fig. 3. By introducing an in- plane rotation component 8 as a degree of freedom at each of four corner nodes

of plane element at junction with rigid building frame, it is possible to maintain an angle of 900 at the four
corners which are consistent with the assumption of the rigidity of the frame. Further, when a beam element
with two degrees of freedom w and 6 deforms as shown in Fig. 3 (c), the resulting configuration associated
with each of these generalized displacement components is described by a cubic polynomial. Similarly in
columns also at its nodes, there are two degrees of freedom u and 8.

3.1 Development of Stiffness Matrix[k] and Consistent Mass Matrix|M] for Infill Panel
Element

Fig.4 shows an idealized infill panel element of size LXD surrounded on all sides by beams and
columns elements. The dotted line 1234 shows centre line position of beams and columns. We also
call it as virtual panel as its deformation is well consistent with deformation of actual panel of size

LXD.Also we assume in the derivation of stiffness matrix that there is no separation between infill
and surrounded beams and columns within elastic limit. We consider degree of freedoms u,v&8 of
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beams and columns and panel at node points 1,2,3&4 only. Since deflected mode shapes of
virtual panel are well consistent with real panel, so we shall consider virtual panel for derivation of
shape functions of real panel but integrations are done within boundary LXD of real panel for derivation of
stiffness matrix[k] and consistent mass matrix[M] of real panel. Value of [k] and [M] of infill panel derived
in this way are given in APPENDIX-A.
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Fig.3 Mathematical Modeling of Infilled Frame
3.2 Diagonalization by Hinton E., Rock T. and Zienkiewicz O.C. method [6,9]
A diagonal mass matrix that is more sophisticated than a lumped mass matrix, can be

derived from a consistent mass matrix. [6,9]. Diagonal mass matrix greatly facilitates matrix
calculations.
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Fig. 4 Idealization of Panel Element in Natural and Global Coordinate System
frs

Where | =L+-

1 & d=D+r"+“

to=depth of bottom beam,t:=depth of top beam
ti=depth of left column,t.=depth of right column
C=Centre of natural coordinate system,

O=origin of global coordinate system

3.3 Stiffness Matrix of Frame Elements
Members of the frame are treated as beam elements neglecting shear deformation. Therefore, the
element stiffness matrix may be found to be [3], considering three degree of freedom u, w and 6 at

each node,
0 12E1 6EL 0 — 12EI — 6EI
I 1? 1 1’
0 6EI 4ElL 0 — 6E1 2EI
[k]= 1? 1? 1 1
—EA 0 0 % 0 0
— 12EI — 6EI 12EI — 6EI
& 7 ° T T
0 6EI 2EI 0 — 6E1 4ElL
L 1’ 1 1° |
where | = length of member

E = young's modulus

I = moment of inertia of cross section

A = area of x-section of members
Consistent mass matrix for frame elements is given by:
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where E = mass per unit length of member

| = length of member
The stiffness and mass matrix with reference to the global system of axes can be found from.

[K|-[rTK]ir]
M= [T ] fr]

where [T] = transformation matrix given by

Cos 6 -Sin 6 0 0 0 0
Sin 0 Cos 6 0 0 0 0
0 0 1 0 0 0
[T]= ,
0 0 0 Cos 8 -Sin6 O
0 0 0 Sin 6 Cos 6 0
0 0 0 0 0 1

where 6 = inclination of members with global X-axis..

3.4 To solve equation of dynamic motion by Generalized Jacobi Method
In the absence of any exiting force, the equation of motion becomes
Ko =o’Mg ------~(1)
Author has used Jacobi method for the Numerical solution of the eigen value problem given by
equation
(1) to calculate N-natural frequencies wn and the modes of vibration ¢n.
3.5 Calculation of earthquake forces using Response Spectrum Analysis[4,5,7,8]
The spectrum used in the present Analysis is an idealized spectrum obtained from
the
ground motion data for the EL centro earthquake of 1940.

3.6 Computer Program
The proposed method of analysis described above from art 3.1 to 3.5 is coded by FORTRAN 77
and can be run on personal computer using compiler FORTRAN 77 V 3.31. The program consists of
the main segment and five subroutines. The main segment create input and output files and
control all subroutines. The program can perform static as well as dynamic analysis of bare frames

as well as frames with infills.
4.0 Input Data

A number of infilled framed structures with different configuration has been solved. Using the
computer program mentioned in Ar3.6, following typical data have been considered unless
otherwise shown on each respective case
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Frame width = 50m

Story height = 27m

Column dimensions = 0.50 mx0.60 m
Beam dimensions = 0.25mx 0.60 m
Wall thickness = 0.30m

No. of considered mode shape = 3

Damping coefficient = 10%

Applied earthquake =30% of EL — Centro
= 030g

Poisson’s ratio for infill material = 0.20

Modulus of elasticity of concrete = 2x10° N/mm?
Modulus of elasticity of reinforced infill brick wall = 7 x 10* N/mm?
N —sec’

m4

Unit mass of concrete = 2500.00

N —sec?

m4

Unit mass of Reinforced brick work = 2000

4.1 Parameters Studied
In order to thoroughly understand the effect of infill on structural system responses under seismic
excitation the following parameters have been considered.

1. The presence and type of infill panels.
2. The height of the structure.

3. Frame support conditions.

4. Thickness of infill panel.

5. The rectangularity ratio of the frame.

4.2 Cases Considered
The above mentioned parameters have been grouped into three groups. These are as

follows:

Group A: This group comprises of two cases as shown in Fig. 5. Case-1 is a bare frame,
Case-2 having infill material of reinforced brick masonry. The objective of this group is to
study the effect of infill on structural system response as a whole as well as on individual
members under seismic excitation.

Group B: This group includes four cases of 7-storey buildings. The objective of this group
is to study the effect of frame height on the response (Fig. 6).

Group- C: This group includes four cases, as shown in Fig. 7and Fig. 8 in order to study
the effect of thickness of infill panel, frame support conditions, the frame rectangularity
ratio (r) and strengthening technique of soft storey frame. Cases -7 and 8 are similar to
case -2 except that the infill panels in case 7 have thickness varying from 0.350 m to
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0.200 m while case-8 having hinged supports. Case -9 is one storey infilled frame. Case-
9 has a different rectangularity ratio (r) whereas in case 10 a method has been suggested
by author to strengthen soft storey building having no infill at bottom story.

7777 777777
CASE-1 CASE-2

Fig-5 Cases of Group-A Infill Frames
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CASE-3 CASE-4 CASE-5 7 CASE-6

Fig-6 Cases of Group-B Infill Frames

4+

772 R

) @)
CASE-7 CASE-8 CASE-9 CASE-10
Fig-7 Cases of Group-C Infill Frames Fig-8 Strengthening of Soft Story

5. Conclusions

With numerical method based on Linear Finite Element Response Spectrum Method of Analysis of Infilled
frames subjected to seismic loading, the following conclusions have been drawn by author:

1. Presence of infills increases the stiffness of the structure.
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2. Presence of infills reduces shear forces and bending moments in columns and beams.

3. Presence of infills reduces joint displacements of the frame upto 90%.(Fig.9)

4. Presence of infills increases axial loads in columns and hence stresses in columns.

5. Thickness of infill greatly affects lateral loads, deflection of structure and shear forces and bending
moments in columns. An optimum value of thickness may be obtained which attracts least lateral loads,

deflections and straining actions in columns during earthquake excitation.(Fig.10, Fig.11)

6. Rectangularity ratio also affects system response. An optimum value of r may be obtained of panel which
attracts least earthquake loads and deflection on structure.(Fig. 12, Fig. 13)

7. Period of vibration reduces as height of infilled frame increases

8. With the increase in height of infilled frames all straining actions in members of frames also increase.

9. The period of vibration of infilled frame remains unaffected by the introduction of hinges at supports.

10. Use of high performance concrete in beams and columns of frame, increases stiffness of infilled frames

tremendously. It also makes structure light in weight by reduction of sizes of beams and columns which
attracts less earthquake loads particularly lateral loads and lateral deflection on structure.(Table.1)
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FIG.9 STORY DISPLACEMENTS OF SEVEN STORY FRAME OF GROUP-B
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RESULTS OF SOFT STORY STRENGTHENING-As value of modulus of elasticity and splitting

tensile strength of concrete depends on grade of concrete, so value of modulus of elasticity of

concrete Ec as per Art 6.2.3.1

of 1IS456-2000 is given by

E,=5000/f,

and splitting tensile strength = %xO]O N

For Mgo grade of concrete

Ec = 5000~/80 = 4.47 x 10* N/mm?
Take Ec = 4.4x10* N/mm?

OF PERFORMANCE BETWEEN ORDINARY SOFT STORY
INFILLED FRAME AND STRENGTHENED SOFT STORY INFILLED FRAME

TABLE 1: COMPARISON

PERFORMANCE ORDINARY SOFT STORY INFILLED STRENGTHENED SOFT STORY
FRAME IN M, GRADE CONCRETE INFILLED FRAME IN Mgy GRADE
CONCRETE.
1) Beam size 0.25x0.60m 0.25x0.50m
2) Column size 0.50 x 0.60m 0.50x0.50 m
3) Infill thickness 0.300 m 0.300 m

4) Values of E& v

Ec=2.00x10* N/mm?

Ec = 4.4x10* N/mm?

v =020 v=0.17
5) Period of vibration 0.112 sec 0.0489 sec, reduction = 56%
6) Net reduction in concrete NIL 0.93 Cu-m, reduction = 9.40%
per frame
7) Net reduction in weight NIL 23.250KN
8) Horizontal deflection at top | 42.47 mm 6.76 mm, reduction 84%
story
9) Maximum B.M. in column 3689.9 KN-m 506.82 KN-M, reduction 86%
10) Maximum S.F. in columns 2419.3 KN 296.80 KN, reduction 88%

11) Maximum axial load in
columns

31149 KN (Comp.)

7467.50 KN (Comp), Increases to
139%

12) Principal stresses in bottom
panel

(01)0 = 7-77 N/mm2 (tensile)

(01) ey = 177 N/mm2 (tensile)

(0'2 )max = 7.62 N/mm2 (Comp.)

(0'2 )maX = 1.78 N/mm2 (Comp.),
reduction = 76%

10

© The 17th World Conference on Earthquake Engineering -3e-0011 -




36'001 1 The 17th World Conference on Earthquake Engineering

17" World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

APPENDIX-A

STRAIN DISPLACEMENT MATRIX OF INFILL PANEL IS
B, B, B, B, B B, B, B, B, By, B, B

[B]=|B,, B,, B,, B,, B,; B,, By, B,, B,, By, B,, B,
B,, B,, B,, B,, B, B, B,, By, B,, B, By, By,

‘Where Bl’z =Bl’5 =B1’8 =B1,11 =0 and NZ(Z):(%)[_d+n.D+](:j)_:.nz ];_23 an
1 3z 2z —=(z)
2 2d d° :
B, =B,y =By; =B, =0 1 3z 22 = 1 2D D’
= ; ’ ’ —+ = - =N,(z N, =—|1+=—=n-3—7°
22 T S I e
Bl,l =§1,X'N1(Z)s B1,3 =§l,x'N2(Z) N . (x :(l_ix+gx3j N :l 2+£ _D_S. 3
N PR TRRNT e
= = 2
Byy =Naw Ny(@) By =Now Ny(2) | oqyoi oo N, :(ij 1—D—2~n2
3 6 ’ 2d d
Nix= (_§+1_3X2) Similarly
= = 3 2 3
B,;, =Nix-N (Z),B =Nix-N (Z) _ I_X_Xz X N _1 d+D- _D® 2_D" 3
17 3 19 4 N,(x) = g Z E—’_ = 4(2) S +D-n 4 n 42 n
B =§2sx ‘N;(2). B, , =§2,X ‘N, (2) N, = I x 3 N _1 1_2_D. _3p° 2
’ ’ (x| T Tt 4z = n 2
4 1 1 4 d d
B =§1,Z‘N (2).B,, =§1,Z'N (x) (1.3 _2X3 Wher zzorizH
” R SN T - TTp D2
B..= 1? ,-N.(x).B,, = I? LN 3 6X2 |I=L+depth of column,
25 L ’(X) 2,6 B 4(X) N3,x= T3 d=D+depth of beam
21 1 Element stiffness matrix is derived from
following expression
— = 3 T
B,s =Nz, ’NI(X)asz =N, 'Nz(x) N,(x) = _l_i_,_ﬁ_l_x_ [K]:_[V[B] lEIJ'[B]dV
! 8 4 21 I
_ _ | 3 2 Where
B, =N "N, (x), B, 1, =Na, N, (x ad Ny = ——+§+L2
g 4 1 . I v 0
[El]:l v1oo
v 0 0 I-v
2
= = 3 E = modulus of elasticity of material
B3,1 :Nl(x)'Nl,za B3,2 =N1(Z)'N1,x’ NI(Z) 21(2_32.11 +D_3.n3J vV = poisson ratio
— = 4 d d
B, :NI(X)‘NZ,Z +N1(Z)'N2,x
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= = 2 1 WHERE
B3,4 :NZ(X)'NLZ,Bs,S :NI(Z 'N3,x’ N :(ij _1+D_n2

— — o lad d’ = 13 2
B,, = N2(x)-N,, +Ni(z)-N, Ni(x)=|=——=-x+—2—1|

’ ’ ’ 2 21 I’

B;, :=1(X)‘N3,za Bis :§2(Z) Niy: | Bsgo :§2 (X)’N3,za B;i :ITZ(Z)'Ns,x’ ?2(x)=(l+i. 2X3J

— = = 2 21 I’
B;o = NI(X)'N4,Z +N2(Z)'N2,x Biin = NZ(X)'N4,Z +N2(Z)'N4,x
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