RESPONSE OF REINFORCED CONCRETE FRAMES
WITH INFILLED PANELS UNDER
EARTHQUAKE EXCITATION

A Thesis Submitted
in fulfilment of the requirements
for the award of the

degree of
DOCTOR OF PHILOSOPHY

By
HARPAL SINGH

DEPARTMENT OF CIVIL ENGINEERING
THAPAR INSTITUTE OF ENGINEERING & TECHNOLOGY

(DEEMED UNIVERSITY)

PATIALA (INDIA)
March, 1995






CERTIFICATE

Certified that the work presented in the thesis entitled "RESPONSE OF

REINFORCED CONCRETE FRAMES WITH

INFILLED PANELS UNDER EARTHQUAKE

EXCITATION" which is being submitted by Mr. Harpal Singh in fulfillment
of the requirement for the award of the Degree of Doctor of Philosophy

in the Department of Civil Engineering, Thapar Institute of Engineering

and Technology (Deemed University),

Patiala is an authentiec record of

candidate's own work carried out under our supervision and guidance. The

matter presented in the thesis has not been submitted for the award of

any other degree in any University.

IV Sl_@E/__

Prof. V.V. Sastry
Professor,
Dept. of Civil Engg.

Thapar Inst. of Engg.

& Tech.,

(Deemed Univ. ),

Patiala.
(Supervisor)

Dr. D.K. Paul

Professor,

Dept. of Earthquake Engg.
Univ. of Roorkee,
Roorkee.

(Sﬂpervisor]

Dr M.L. Gambhir
Professor,

Dept. of Civil Engg.
Thapar Inst. of Engg.
& Tech. ,

{Deemed Uniwv. ),
Patiala.

(Supervisor)



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude and indebtedness to Dr.
M.L. Gambhir, Professor, Department of Civil Engineering , Thapar
Institute of Engineering and Technology (Deemed Unlversity), Patiala,
Dr. D.K. Paul, Professor, Department of Earthquake Engineering
University of Roorkee, Roorkee and Prof. V.V. Sastry, Professor,
Department of Civil Engineering, Thapar Institute of Engineering and
Technology (Deemed University), Patiala, for their moral, material and
inspiring guidance. Their expert advice and fruitful discussions
throughout the research work lald out to be invaluable and deserve

appreciation.

I am highly indebted to Dr. D.K. Paul especially fer his invaluable
assistance and suggestions from conception te the culmination of this

work.

I acknowledge with thanks the support provided by Dr. M.P. Kapoor,
Director TIET. Thanks are also due to Dr. G. Singh, Deputy Director,
TIET and Dr. C.B. Kukrela, Head, Dept. of Civil Engg., TIET for the

cooperation provided by them.

Thanks are due to Mr. Anil Kumar Tyagi for his assistance, friendship

and cooperation.

It is a distinet pleasure for the author to acknowledge and record
his heartfelt gratitude to his wife Manbir for her moral support,
inspiration, patience and bearing with me the moments of frustration.
Finally the author is grateful to his daughter Gagan for the time she

missed her father.

owrd Sgl

{ HARPAL SIHNCH )

11



ABSTRACT

The studies reported herein focus on the three-dimensional linear
elastic and nonlinear Inelastic seismic response of reinforced concrete
frame structures with non integral masonry infill panels. The infills
provide significant stiffness and strength to the framing structure
characterised by its interaction with the frame. Under the loads, the
mortar may crack causing sliding and separation at the interface between
the infill and the frame. Further the infill may get cracked and/or
crushed which change its structural behaviour and may render the infill
ineffective leaving the bare frame to take all the load which may lead
to the fallure of the framing system itself. A mathematical model for
the inelastic static and dynamic analyses of the inflilled frame systems

has been presented to simulate the above behaviour.

In the investigation, eight-noded panel elements, six-noded interface
elements and three-noded frame elements have been used to ldealise the
infill panel, frame-infill interface and the bounding frame,
respectively. For the infill, smeared crack model has been adopted,
while for the frame, elasto-plastic behaviour with assoclated flow rule
has been assumed. At the interface between the frame and the infill the
tangential stress-strain relationship has been assumed to be elastic
perfectly plastlc. Based on the above model a computer program has been
developed for the elastic and inelastic static and dynamic analyses of
three-dimensional 1infilled reinforced concrete frame buildings. The
mode]l predicts the sequence of formation of plastic hinges in the frame
and cracks in Lﬂe infill, and the entire time history response of the

Infilled frame systems to the earthquake excitation.

The investigation has shown that the stiffness and strength of an
infilled frame system are extremely under estimated on the exclusion of
the effect of infill from the analysis. The seismic response of both the
two and three dimensional infilled frame systems has been discussed in
detail. The computer program has successfully simulated the post
earthquake failure/damage analyses of infilled reinforced concrete

framed buildings. A simplified model has been proposed for the analysis

iii



of the real sized infilled concrete frame systems. In the simplified
model the infill has been idealised as a bilinear diagonal member acting

both as a strut and a tie. The model provides reasonably close results

to the reported experimental results.
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NOTATIONS AND SYMBOLS

The notations used in this study are listed below. Small bold letter

represents a vector and capital bold letter represents a matrix. Some

times,

a symbol

may have an alternate meaning but in such a case, the

context is sufficient to avoid confusion.

|
®x

I
Yy

ZZ

Cross-sectional area.
Shear area.
Flow vector.

Coefficients.

Strain-displacement matrix : general.
Strain-displacement matrix : axial, shear,
torsional, and bending, respectively, for beam
element

Damping matrix of the system.

Material property matrix : general, axial, shear,

tersional and bending, respectively.
Elasto-plastic material property matrix.

Modulus of elasticity.

Axlal foree and axial yield force, respectively,
External applied load vector on structure.

Vector of applied nodal forces for an element.
Vector of equivalent nodal forces for an element.
Yield function.

Applied force per unlt length on beam element along

Jth translaticonal degree of freedom.
Shear modulus.
Hardening parameter.

Identity matrix.
Moment of inertias of beam element about X, Y and 2

axes, respectively.
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T
xy' TxZ

Rotatory inertias of beam element about the X, Y and
Z axes, respectively.
Stiffness matrix of element in local and global

coordinates, respectively.

Stiffness and effective stiffness matrix of the

structure, respectively.

Shear and normal stiffness coefficients
for interface element, respectively.
Axlial, shear, torsional and bending stiffness

matrices of beam element, respectively.

Material parameter.

Mass matrix of element in local and global

coordinates, respectively.

Mass matrix of the system.

Moments for beam element about X, Y and Z axes,

respectively.

Yield moments for beam element about X, Y and Z

axes, respectvely.

Matrix of shape functions.
Exponent
Set of body forces.

Internal resisting force wvector.

Transformation sub-matrix.

Residual force vector.

Shear stiffness coefficients for beam element.
Transfcrmating matrix.

Time

Time increment

Translational degrees of freedom with respect to

X, ¥ and Z axes, respectively.

Displacement, wvelocity and acceleration wvectors,

respectively.

#iil



Newmark's prediction vector of displacement and

velocity, respectively.
Incremental wvolume.

Incremental length along X and Y axes.

-Total load correspending to the ith degree of freedom.

Global coordinate axes,

Local coordinate axes.
Twist, the angle between the normal of crack surface

and the X-axis.
Coefficients.

Rotational degrees of freedom about X, ¥ and 2 axes,

respectively.

Tangential and normal stresses at a Causs point of
interface element.

Stress vectors general, aleong X and Y axes and

stress, respectively.

Strain wvectors general, along X and Y axes and

strain, respectively.
Poission's ratio.
Mass density.

Unbalanced load correspending to lth degree of {reedom.

Displacement vectors : elemental and general.
Axial strain and shear strains for beam element.
Curvatures or'bending strains for beam element.

Tolerance

Coefficient of frictlien for interface element.
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CHAPTER 1

INTRODUCTION

1.1 Prelude

Infill panels are commonly wused all over the world even in the
regions of hlgh selsmiclty to meet archltectural and functional
requirements, particularly where resources and skilled labour are scarce
and masonry construction continues to be economical. Documented reports
about earthquake damage te structures in different regions highlight the
poor performance of structures with infilled frames when subjected to
" strong ground motions [Hansen et al.(1967), Uzsoy (1972), Golagau
(1974), Shephered et al. (1983) and Paul et al.(1991)]. Some of these
reports describe the extensive failure of exterlor masonry infills which
resulted in hazard to life and property. Further some instances of the
reinforced concrete frame buildings in India [Paul et al.(1991)] have
been quoted in which Iimproper infill disposition resulted in damage to
the framlng system. Thus there Is an urgent need for acquiring further
knowledge regarding seismic response of the infilled frames to reduce
the loss of life and property associated with the failure of masonry

infills.

The composite behaviour of infilled frames under static and dynamic
leads 1s highly indeterminate In nature. Even though the rigid frame
directly carries some of the load, it primarily serves to transfer and
distribute major portion of the load to the infill. The stiffness of the
composite frame depends to a large extent on the mode of its deformation

and as a result on the response of the infill to the deformation. On the



other hand the strength of the infllled frame is influenced by the
interaction of the frame and the infill which may be monolithic or
separated at some points with the frame. The degree of interaction
controls the stress distribution in the infill and therefore affects the

strength and modes of failure of the composite frame.

Generally the designers tend to ignore the structural contribution of
infill panels te avold complexity in the analysis presuming such an
omission to be safe and conservative. Besides being unrealistic, such an
approach is also likely to lead to lesser safe designs due to improper
distribution of lateral shears among the frames, induction of unintended
shear and axlal forces in frame members, inductlon of torsional

respense, increased Inertial forces ete. [Thiruvengandam (1985)].

IS: 1B93-18984, recommends a use of performance factor of 1.6, if the
deslgner wishes to include the effect of masonry infills in stiffness
and strength calculations. This indicates that the infilled frames are

believed to possess very low ductility,
1.2 Statement of the Problem

Post earthquake damage inspection of framed buildings has helped to
ldentify the reasons of observed damage and to assess the reliabllity of
various analytical models and techniques for predlcting structural
response to earthquake ground motions. The observations have strongly
advocated further investigations into the role played by the infills in
framed buildings [Berterc (1980)]. A number of simplified 2-D nonlinear
finite element analyses of the infilled frames under monotenic and
cycllc loading have been carried out. As a matter of fact, the problenm
is not that simple as it invelves an infill behaviour with several
complexities. The behaviour of infills s primarily of 3-D in nature
even In otherwise symmetrical frames depending upon their disposition in
space. The nonlinear behaviour of the reinforced concrete frame, the
cracking and crushing of the infill , separation and closing of gaps
between the frame and the infill, and slipping are to be accounted for
In an investigation. The following properties of the frame and the

infill need to be suitably modelled:



(1) initial monolithic character of the frame and the infill,
(ii) slipping between the frame and the infill,

(iii) separatlion of the Infill from the frame,

(iv) closing of gap between the frame and the infill, and

(v) cracking and crushing of the infill.

In the investigations reported in this thesis all the above
complexities are included in the numerical procedure adopted by making

suitable assumptions and simplifications.

The infilled frame has been modelled using Isoparametric finite
elements. Elight-noded panel elements, B-noded interface elements and
3-noded frame elements have been used to idealize the infill panel, the
frame-infill interface and the surrounding frame respectively. The frame
element has six degrees of freedom per neode. Suitable yield eriteria for
the frame member sections have been adopted to Iincorporate the
elasto-plastic behaviour. Only in-plane stiffness of infill panels have
been considered, since out of plane stiffness of unreinforced masonry
panel is negligible as compared to the in-plane stiffness. To model the
interface conditions at the interface between the frame and the infill,

the interface element has been used.

A simplified model for the analysis of infilled reinforced concrete
frame systems has been proposed for the use in deslign offlece. The infill
has been modelled with bilinear diagonal member acting both as a strut

and a tie.

1.3 Scope and Objective of the Study

The objective of the study is to investigate nonlinear behaviour of
the relnforced concrete frames with non-integral infilled panels under
earthquake excitatlons. The investigations deal exclusively with ductile
reinforced concrete frames, infilled with unreinforced masonry panels
without any integral connections with the frame. Following are the main

objectives of the present investigation.

(i) to carry out literature survey on the behaviour of the infilled

frame bulldings, and identify the areas where research is required,



(i} to wuse the 2=D and 3-D nonlinear analyses for the infilled
reinforced concrete frames, in order to model their behaviour more

precisely,

(iii) to develop a finite element analysls procedure for the nonlinear

analysis of reinforced concrete frames with non-integral infill panels,

(iv) to develop a computer software for nonlinear analysis of the
infilled reinforced concrete frame building and to check its validity by
comparing the computed response with the published analytical and

experimental results,

[v) to study the wvarlous stages of frame-infill interaction such as
the initial loss of bond at the interface of the frame and the infill,
slipping, separatlon, cracking, yielding, crushing, and numerical

modelling of these phenomena,

(wi) te carry out the post-earthguake damage/failure analyses to
demonstrate the wutility eof the proposed model in predicting the
earthquake damage/failure of the buildings and to establish the
reliability of the proposed meodel,

(vi) and flpally, to develop a simplified model which can be used in
design office for the design of the infilled reinforced concrete frame

systems,

1.4 Layout of the Thesis

The work reported in the thesis is organized in the following manner.

The need and lmportance of the investigation have been highlighted in

Chapter 1 along with the scope of the study.

In Chapter 2, a brief review of the literature is presented. The
review covers the work done on linear and nonlinear, statie and dynamic
behaviour of the frames with infills. Some investigations on nonlinea

solution techniques are also presented.



In Chapter 3, finite element formulations of the frame, the infill
panel and the interface elements are discussed. Nonlinear modelling and
solution of dynamic equilibrium equations are presented. The behavlour
of a number of structures analysed by using the proposed finite element
procedure have been compared with those reported in the literature to

establish the validity of the formulation.

In Chapter 4, nonlinear behaviour of 2-D Infilled frames Iis
presented. Whereas Chapter 5, presents the nonlinear response studies of

3-D frames with the infills.

A simplified model for the analysis of the infilled reinforced
concrete frame systems has been presented in Chapter 6 for the use in

design offlce.

Chapter 7 deals with major conclusions drawn from the investigations
reported In the thesis along with suggestions for further research In

the area,

1.5 Concluding Remarks

In this Chapter, current status as regards toe the evaluation of the
response of the reinforced concrete frames with the infill panels under
earthquake excitation has been described. The need and importance of the
study along with the significance of modelling the infilled frames have
been discussed briefly. The underlying principles of the proposed

formulations are also stated.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 General

A comprehensive review of literature related to the performance of
the infilled frames has been carried ocut. The literature review examines
the concepts behind the major experimental and analytical studies on
linear and nonlinear, static and dynamic behaviour of infllled frames
and other related structural components. The review is made under the

foellowing sub-systems:

(i) bare (unbounded) walls,
(ii) bare frames (without infilled panels), and
(iii) infllled frames.

2.2 Experimental Investigations

In this section experimental  investigations related to the linear
and nonlinear behaviour of bare walls, bare frames and effects of infill
on the frames subjected to both static and dynamic loads have been

reviewed.
2.2.1 Bare Walls under Static Loads
Benjamin et al.(1958) investigated the behaviour of unreinforced

brick masenry walls under pure horizontal racking load. The aspect

ratios of the walls varied from 0.8 to 3.0, The walls were observed to



fail in flexure. They concluded that the pre-cracked stiffness and

failure load could be predicted by the Simple Beam Theory.

Scrivener (19687) tested a series of reinforced concrete masonry
panels subjected to lateral shear and vertical compression. Provision of
peripheral reinforcement along with horizontal and vertical
reinforcements was found to improve ductility and cracking resistance.
As a consequence, the failure load was observed to increase

considerably.

Schnelder (1969) conducted a series of fallure strength tests on full
scale I-shaped concrete block masonry piers with nominal horlzontal and
vertical reinforcements. The failure load was found to increase with
decreasing aspect ratios of the piers. An increase in the strength and
ductility of the plers was observed with the addition of horizontal
reinforcement. However, the wvertlcal reinforcement was found to be

comparatively lneffective.

Borchelt (1970) carried out laboratory studies on clay brick and high
strength mortar panels in dlagonal compression and found that the
fallure by dlagonal tension eoccurred when the principal tensile stress

in the panel reached its critical value.

Negoita (1972) tested plain and reinforced brick masonry wall models
with aspect ratios ranging from 0.23 to 0.7 under lateral shear. The
plain walls were found to fail by cracking along the dlagonal. However,
relnforced brick'masnnry walls subjected to both horizontal and vertical
loads were found to fall due to diagonal cracking and horizontal

rupture.
2.2.2 Bare MWalls under Dynamic Loads

Mallick (1962) noticed that in linear elastic range , masonry walls
developed a damping ranging from 2 to S5 per cent of the critical

damping.

Williams (1971) conducted a series of cyclic and dynamic load tests.

The type of walls exhibiting shear behaviour under cyclic static loads



continue to do so under dynamic loads, but they undergo a high degree of
structural deterioration after one or two cycles. However, the type of
walls exhibiting flexural behaviour under cyclic static leoading suffered

a severe loss of carrylng capacity with the load repetition.

Scrivener and Williams (1971) performed a series of cyclic
quasi-static load tests on reinforced brick and concrete block walls.
Two dlstinet types of behaviours were observed: (a) flexure
characterized by initial cracking in the horizontal mortar Jjelnts and
(b} walls with low aspect ratios carrying high bearing load and having
considerable wvertical reinforcement were found to display 'shear'

behavicur and to possess comparatively low ductility.

Shing et al.(1989) found that reinforced masonry wall panels exhibit
a certain amount of ductility and energy dissipation capability under
cyclic displacement reversal. They recommended use of shear panels for
seizsmic reslstance design, provided proper reinforcement pguidelines are
developed and followed. The confinement reinforcement was found to

enhance flexural ductility over diagenal shear cracking

Naraine and Sinha (1991) carried out experimental investigation into
the behaviour of brick masonry under cyclic biaxial compressive loading.

A fallure criterion in terms of stress invariants has been presented.
2.2.3 Bare Frames under Static Loads

Verghese and Krishnamoorthy (1983) studied the nonlinear behaviour
both experimentally and analytically of closed multistorey frames
subjected to a series of static ‘point leoads. They proposed a nonlinear

frame element to model the behaviour of the frame.

Singh et al.(1990) conducted an experimental investigation into the
behaviour of building frames with different reinforcement details and
subjected to torsion. Overall dimensions of the frame in the test series
were kept constant. The effect of amount and type of reinforcement on
the torsional resistance and cracking pattern were studied. The
development of strains in the columns of the frames was also

investigated. The results indicated that the design carrying capacity as



stipulated by IS: 456-1978 clause 38.6 was slightly conservative.

2.2.4 Bare Frames under Dynamic Loads

Some of the Important contributions through  experimental
investipations into the behaviour of bare frames under dynamic or cyclic

loads are outlined below:

Bertero and McClure (1964), Brown and Jirsa (1971), Gulkan and Suzen
(1971), and Otani (1974) made =a comprehensive experimental and
analytical study of the dynamic Iinelastlic response of relnforced

concrete and steel frames.

Chen and Powell ([18B2) studied both experimentally and analytically
the elastic and post-elastic behaviour of 3-D frames. A compariscon with
generalized plastic hinge concepts for 3-D beam-column elements has been

presented,

2.2.5 Infilled Frames under Static Loads

In this section investigations regarding the behaviour of steel and
reinforced concrete frames with integral or nonintegral masonry,

reinforced or unreinforced concrete infills have been reviewed.

Ockleston (1955), Read (1965) and Fiorato et al.(1970) investigated
the effect of infill on the lateral stiffness and strength of
multistorey reinforced concrete frames. Both the stiffness and strength
were found te increase the latter by a factor of the order of seven.
However, a reduction in the ductility of the infilled frame as compared

to a nominally identical assemblage without infill has been reported.

Benjamin et al.(1958) studied the behaviour of reinforced masonry and
concrete shear panels enclosed in reinforced concrete bounding frames.
Variation In the amount of steel has not been found to influence the
rigidity of whole system significantly. The Simple Beam Theory including
the effect of shear flexibility was feund to predict the behaviour

satisfactorily.
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Smith (1966) studied the behaviour of sguare infilled frames loaded
diagonally. The frame got separated from the infill over a part of the
length on each side depending upon the relative stiffness of the frame
and the infill. The part of the infill in contact with the frame behaved
as a diagonal strut in compression. The equivalent strut model has been
reported to glve good results in both single and multistoreyed frames.
Two types of failure were observed (a) local crushlng of loaded corner
of the infill and (b) tenslion cracking along the compression diagonal of
the panel.

Mallick and Severn (1967) studied a series of pairs of rectangular
and square steel frame models with plaster infill (aspect ratios varying
from 0.5 to 1.0) placed back to back and leaded in lateral shear along
the commen frame member. [t has been reported that the common fallure
points were either the point of maximum principal tensile stress or the

poeints of contact between the frame and the infill.

Wood (1978) noticed a considerable gain In the shear strength
assuming a composite action between the wall and the frame. The
composite design was found to be more realistic as compared to the bare

wall or the frame designs. Simplified design methods were also proposed.

Liauw and Kwan (1984) investigated the behaviour of steel frame model
infilled with non-integral micro-concrete panel and proposed an

equlvalent strut width.
2.2.6 Infilled Frames under Dynamic Loads

Investigations inte the behaviour of steel or reinforced concrete
frames with integral or non-integral masonry, plain concrete and
unreinforced infills have been reported in the following section:

Muto (1968), dnd DelLisle and Heiderbricht (1371) studied the response
of frames with slitted panel wunder cyclic load. For a panel

reinforcement (0.25 per cent), an increase in energy dissipation per

cycle with vertical load has been reported.
Mallick and Garg (1871) obtained values of equivalent viscous damping

11



by a variety of static and dynamic tests on multistorey models. Dampling
was found te increase with increased amplitudes of vibration. They
attributed the development of damping due to internal molecular
frietion, frictlon between the frame and the infill, friection between
pieces of the infill material itself following onset of cracking, and

racking between the frame and the infill.

Mallick (1972) investigated the elastic dynamic response of small
scale multistorey steel frame model with cast-in-place infills of plain
concrete. The results were compared with the analytical predictions
obtained by meodelling the infills as equivalent dlagonal compression
struts, The elastic propertles used in the analysis were determined by
finite element analysis of a single infilled frame subjected to lateral

load.

Yamaguchl and Araki (1973) carried out experimental and analytical
investigations into the strength and stiffness characteristics of the
Infilled frames made of pre-cast relinforced concrete panels connected to
the steel bounding frames by flexible connecteors. In elastic range the
results were found to agree Wwith those obtained using a finite element

analysis.

Klingner and Berteroc (1978) reported several advantages of infilled
frames designed and constructed according to ductility requirements over
the comparable bare frames. The increase in strength and energy
absorption and dissipation capacities achieved by addition of engineered
infills 1s so large that it far exceeds the detrimental effects of
possible increase in inertial forces due to increased stiffness and

consequent decrease in the period of vibration.

Tomii et al.(1988) found that the ductility of framed shear walls can
be improved by lncreasing the confining reinforcement of end columns or
by using steel tubes for end columns. It was also observed that by
selecting a particular wall thickness and amount of longitudinal
reinforcement bars in the end columns such that the lateral shear
capacity, dominated by slip failure is larger than that dominated by
tensile yielding of longitudinal bars in end columns and by confining

the potential shear fallure regions at the top and bottom ends of end

12



columng In steel tube, it is possible to improve drastically the

deformation capacity of shear walls reinforced by hoops.

Fukuzawa et al.(1988) studied the inelastic behaviour of framed shear
wall governed by slip failure of wall panel. To obtain ductile restoring
characteristic by slip fallure of wall panel, sufficlent reinforcement
for shear and tensile forces of surrounding frame were needed. They
proposed an analytical method whereln the wall panel after cracklng, was

replaced by tensile and compressive braces.

2.3 Analytical Investigations

Analytical investigations into the linear and nonlinear behaviour of
bare walls and frames, and effect of infills on the frames subjected to

both static and dynamic loads are presented in the following section.

2.3.1 Bare Walls under Static Loads

Benjamin and Williams (1957) analysed walls with The Simple Beam
Theory in elastic range, which was found to be inadequate in case of

cracked wall or pierced wall

Fosenhaupt (1962), and Rosenhaupt and Muller (1863) analysed the

pierced wall with truss analogy.

Singh et al.(1994) used finite element method to study the response
of shear walls with large openings. VYariation of stress across the
section was found to be parabolic. The maximum stresses were found to be

near outer edges. Stress concentrations were observed near openings.
2.3.2 Bare Walls under Dynamic Loads

Heiderbrecht and Raina (1971) evaluated the natural frequency and
corresponding mode shapes by assuming the walls to behave as thin

plates,

Williams (1871), and Scrivener and Williams (1971) studied the

ductility requirements of short period single degree of freedom (SDF)
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system. The SDF model with flexural mode and stiffness degradation was

found to predict the observed behaviour satisfactorily.
2.3.3 Bare Frames under Static Loads

Some of the important studies on the linear and nonlinear static

behaviour of plain frames are reported below :

Cohn et al.(1983) developed a computer program to predict elastic,
inelastic and total responses of reinforced concrete structures. The
program assumed the displacements to be small, material to be elastic

perfectly plastic, and plasticlty belng lumped at the ends of element.

Creus et al,(1984) presented an approximate method for the analysis
of elasto-plastic plane frames. Finite displacements, nonlinear tangent
stiffness and generalized plastic hinges at concentrated critical

sectlions were assumed.

Zaupa et al,(1984) proposed a pseudo-nonlinear design program, which
includes moment-rotation relationships and redistributlion of moments at
the ends of the beams. The program incorporates generalized limit-states
safety check for normal stresses on cross-sections of the specified

members,

Rankovic and Corlc (1984) used the incremental numerical analysis
technique for stability analysis of reinforced concrete members with
concrete cracked on tenslon side. Both the nonllnear bending moment
curvature relationship and member curvature were included in the

analysis.

Erbatur (1984), and Carcl and Murcia (1984) presented technigues and
programs for nonlinear analysis of frames and 1illustrated their

applications.

Scholz and Faller (1988) presented a computerised version of an
approximate second-order, elasto-plastic analysis of multistorey sway

frames. The technique greatly reduced the analysis time and simplified

the optimization of members in the design of large multi-storey frames.

14



Chandra et al.(1930) studied both geometrical and material nonlinear
models for steel skeletal space frames. In geometric nonlinear analysis,
the effects of instability preoduced by axial forces, the bearing of
deformed member and finite deflections were included. PFlastic hinges

were assumed to be concentrated at the ends of the elements.

Ziemian et al.(19892) presented computer applications for the
inelastic analysis and design of plane and space steel structures in

conjunction with load factors and serviceability criteria.

Singh and Singh (1992) presented a simple technlque for second-order
analysis of frames. The technique used an iterative process with
modification of the stiffness matrix as well as the load vector. Both

static and sway effects were included.

King et al.(992) presented simplified methods for second-order
inelastic analysis of steel frames termed ‘Modified Plastic-Hinge and
the Beam-Column Strength approaches’'. The techniques alleviated the
problems associated with over prediction of stiffness and strength by
the wusual elasto-plastic hinge analysis methods, since the model
included the degradation of stiffness as the cross-section's strength
approached the critical value at locations along the member length. The
beam-column model included equations for the strength of the overall
member rather than the expressions for the creoss section's strength.
The proposed methods were improvements over the conventional

elasto-plastic models which consider only sectional stiffness.

Wood (1992) investigated the seismic behaviour of reinforced concrete
frames with setbacks. Symmetrical and unsymmetrical arrangements of
setbacks were tested. The displacement, acceleration and shear responses
of the setback frames during earthquake simulations were compared with
those of seven previously tested frames with uniform profiles. The
setback frames were observed to be lesser susceptible to damage or
lesser susceptible to the higher mode effects than the frames with

uniform profiles,

Pankaj and Singh (1992) proposed a method to identify the most
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unfavourable direction of seismic excitation for various modes in
unsymmetrical as well as symmetrical structures having pure torsiocnal
modes. The mass perturbation procedure together with critical directlon
alleviates the need for dual dynamic and statlc analyses to model the
torsional response as all the effects are accounted for within the realm

of dynamic analysis only.

Hartley and Abdel-Akher (1993) studied the behavicur of flat-plate
structural system, comprising of thin Kirchoff plates (the floor slabs),
which are interconnected by one dimensional flexural elements (the
columns and column walls) of various shapes and layout. Direct boundary
element methed (DBEM) was used to generate the stiffness properties of
the slab (thin plate) element and to calculate the internal actions. The
proposed model was recommended to be used for both research and deslign

practice,

Kuo et al.(1993) presented =a model for nonlinear analysis of
rigid-jointed space frames to include finite rotations, based on Euler's
finite rotation formula. Unique analytlecal expressions wvalid for
updating the geometry of the frame element invelving finite rotations
were used, The displacement increments cbserved from the solution ef
equations of equilibrium at each incremental step were decompesed into
rigid body modes and member deformations, there by providing a basis for

reckoning and updating the element forces.

2.3.4 Bare Frames under Dynamic Loads

Cheng and Botkin (1972) presented a numerical method for the analysis
of tall bulldings subjected to wvarious time-dependent excitations. The
damping, nonlinear material behaviour and geometric nenlinearity were
considered. The displacement response associated with nodal matrix
damping was observed to be greater than that associated with the damping

preoportional to mass and stiffness matrices.

Gillies and Shepherd (1981) developed a computer program to predict
the time-history response of elasto-plastic three dimensional frame
structures subjected to earthquake ground motions. Bands of plastic

hinges have been found to move up and down the structure and the model
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period got elongated in comparisen with the initial elastic period

during cycles of yield.

Chen and Powell (1982) and Powell and Chen (1986) developed
generalized plastic hinge concepts for the 3-D beam-column elements.
Models with both lumped and distributed plasticity have been presented
and relative study of wvarious models for static and dynamic load

applications have been presented.

Gillies and Shepherd (1984) presented a three dimensional neonlinear
model with wvarious types of yield criteria for inelastic dynamic

analyslis of reinforced concrete frame.

Shi-Ping and Ju-Min (1984) proposed a generalized method taking into
account geometrical and material nonlinearities for full range analysis
of reinforced concrete frames under cyclic loading. The technique

included the effect of slippage of main bars in column-beam joint area,

Anagnostides (1988) used the ‘Timoshenko Beam Theory' to compare
experimental and analytical results of a steel frame subjected to
harmonie excitation. Good agreement between the experimental and

analytical results has been reported.

Sedarat and Bertero (1980) studied the effects of torsion on the
three dimensicnal linear and neonlinear seismic response of multistorey
building structures. It was found that most of the present building

codes are nonconservative.

2.3.5 Infilled Frames under Static Loads

Investigations inte the behaviour of steel or reinforced concrete
frames with integral or nonintegral infill panels are reviewed in the

following section.

Holmes (1961) proposed the concept of infill as an equivalent
compression strut of thickness equal to that of the panel and a width
equal to one third of the length of the diagonal of the panel. An

infilled frame or assemblage of such frames would then be i{dealized as =a
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pin Jointed truss having rectangular panels braced by compression
diagonals. Effective elastic modulus for the equivalent struts were

computed on the baslis of varlous model tests.

Smith (1962, B8, B68) suggested that the width of the equivalent strut
varied with the applied loading and relative stiffness of the frame and
the infill. Assuming neo bond between the frame and the infill, the
empirical relations for contact length have been developed. This concept
did not lead to the results consistent with the experimental
observations. The discrepancy has been attributed to the Iincorrect

boundary stress distribution.

Mallick and Severn (19687) wused finite element analysis with
rectangular finite element for the panel and a number of link elements
capable of taking compression and shear for interface between the frame
and the infill. The result cbtained for a two storeyed Infllled frames

were found to be consistent with those obtained experimental ly.

Franklin (1970) studied the behaviour of infilled frames, taking into
account the material nonlinearity, cracking of plaln concrete infill,

separation, and slip between the frame and the panel.

Liauw (1970, 73, 73) analysed the frame with infill assuming the
panel to be lisotropic and homogeneous and using an eight-term stress
function to satisfy the boundary condition of continuous compatibility

between the frame and the infill.

Liauw and Kwan (1984) examined the nonlinear behaviour of nonintegral
infilled frames using finite element method. The nonlinearities of
material, structural interface, effects of initial lack of fit and
friction at interface were taken into account. It was shown that the
stress redistributions towards collapse were significant and the
strength of nonintegral infilled frames was very much dependent on the

flexural strength of the frame.

Rao and Seetharamulu (1983) used elements which included inplane

rotation to study the behaviour of staggered shear panels in tall
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buildings. A good agreement between experimental and theoretical results

has been reported.

May and Ma (1984) used a nonlinear finite element model for the
analysls of infilled frames. An eight noded Isoparametric membrane
element with two degrees of freedom at each node was used to model the
infill. Two noded bar elements with two degrees of freedom per node were
used to model the behaviour at the 1infill frame Interface. The
theoretical results were reported to be in good agreement with those

obtained experimentally.

Papia (1988) used boundary element to model the behaviour at the
infill frame interface. A comparison of the results with those of the

equivalent strut model was made.

May and Naji (1991) carried out nonlinear analysis of the infilled
frames under monotonic and cyclic loading using finite element method.
The skeletal frame was modelled with 3-noded frame element and the panel
with B8-noded isoparametric element. A B-noded interface element was used
to model the interface between the frame and the infill. The analysis
provided good results up to the failure load but predicted lower

carrying capacities for given displacements.

Haddad (19891) analysed cracked frames with masonry infill using the
finite element method and fracture mechanics. The model takes into
account the effec¢ts of crack size and its locatlion, relative stiffness
of infill and frame, gecometry of the frame and frame-infill contact

length.

Singh et al.(1993) studied the shear wall frame system using finite
element analysis. The distribution of lateral forces and their effect on
the resisting elements of bulldings braced with shear walls was

presented. The medification in existing methods of design were also

suggested.
2.3.8 Infilled Frames wunder Dynamic Loads
Studies of the behaviour of steel or reinforced concrete frames with
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integral or non-integral panels under cyclic and dynamic loads

are reported in the following section:

Mallick and Severn (1968) determined the natural frequencies of an
infilled frame treating it as an assemblage of linear elastic frame and
panel element jointed together along a continuous interface. The natural
frequencies were found to be in pgood agreement with those obtained

experimentally as long as vibration amplitudes were kept small.

Kost (1972) developed a computer program considering linear elastic
behaviour with the known inltial separation between the panels and

the frames.

Wilson et al.(1975) idealized the building system as a combination of
independent frame and shear wall elements Interconnected by floor
diaphragms which were rigid in thelr own plane. Based on this model they
developed a three dimensional linear structural analysis program for

static and dynamic loads.

Klingner and Berterc (1976) investigated the effects of engineered
masonry inflll panels on the seismic hysteric behaviour of reinforced
concrete frames subjected to quasi-static cyclic loads. The equivalent
strut ldealization for an infilled frame provided an excellent

predictions of observed response,

Rao et al.(198B4) used finite element to study frames with staggered

panels and compared the results with those obtained experimentally.

Thiruvengadam (1985) evaluated first few natural frequencies and
assoclated mode shapes of infilled frames by uslng shear-flexure
cantilever, finite element method and multiple strut analogy. In the
multiple strut analogy, the Infills were modelled by a set of equivalent
multiple struts, which were found to prediet the best observed

behaviour.
May and Naji (1991) carried out nonlinear analysis of infilled frames
under monotonic and cyclic loadings using finite element method. The

skeletal frame was modelled with 3-noded frame element and the panel was
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modelled with B-noded isoparametric element. A B-noded interface element
was used to model the interface between the frame and the infill. The
results obtalned by the program were in good agreement with those
obtained experimentally for first cycle of leoads, but in successive

cycles the predicted loop was narrower.

Paul et al.(1991) made post fallure/damage studies of bulldings
situated in India subjected to severe earthquakes. The improper infill
disposition has been reported to result in the damage to the framing
system. The 3-D dynamic analysis was proposed for the design of such

buildings.
2.4 Nonlinear Analysis

Studies of the static or dynamic elasto-plastic behavicour of the
frame and the infill elements are reviewed in this section. The contact
problem between frame and infill exhibiting separation, sliding, opening

and closing of initial gaps is also discussed.
2.4.1 Frame HNonlinearity

Johnson and Brotten (1966) analysed space frames considering the
effects of finite deflections but neglecting the bending and instability

effects.

Nigam [1967) proposed a section model with plastic hinge of zero
length for inelastic dynamic analysis. The associated flow rule with the

element was used to model post yielding response.

Chen and Powell (1982), and Powel and Chen (18988) presented a 3-D
beam-column element for the concept of generalized hinge accounting for
interaction among axial, torsional and biaxial bending effects. Both
distributed and lumped plasticlty models taklng into account the effect
of strain hardening and stiffness degradation were presented. The

element behaved excellently for both static and dynamic loads.

Carel and Murcia (1984) developed an iterative method for nonlinear

analysis of frames which Included time-dependent behaviour of materlals
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and second order effects. Longer elements could be used to discretise
the structure without any loss of accuracy, which resulted in to greater

economy in the analysis.

Creus et al.{(1984) proposed an approximate elasto-plastic frame
analysis with generalised yield function and finlte dlsplacements using
a nonlinear tangent stiffness matrix. The Iinteraction between bending
moment, shear and axial forces at the critical sections was taken into

account .

Gillies and Shepherd (1984) proposed five yield surfaces based on the

interaction of:

(i) bending moment about principal axis,
(ii) bending moment and axial force,

(i11) blaxial bending and axial load,

(iv) finite post-elastic characteristics, and

(v) combination of all the above.

These yield surfaces were used successfully for the analysis of
post-elastic dynamic response of three dimensiconal building frames
subjected to seismic excitation represented by the concurrent

application of orthogonal displacement-time historles.

Chandra et al.(1990) presented a second order analysis procedure for
steel space frames taking into account both geometrical and material
nonlinearities with plastic flow of discrete hinges with instantaneous
secant stiffness. The plastic hinges were assumed to be concentrated at
the ends of the elements.

2.4.2 Infill Nonlinearity

Little information is available in the literature on three

dimensional nonlinear analysis, yield surfaces and nonlinear technigues.
Ilyushin (1958) presented approximate forms of yield surfaces for

shell analysis involving the interaction of both in-plane and out of

plane lorces.
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Dinis et al.(1980) used a semi-loop shell element to model plates and
shells considering the material and large displacement nonlinearity.
Both Lagrangian and updated formulations were used for describing large
displacement response. An Initial stiffness conventional plasticity
algorithm and an elasto-viscoplastic models were considered for material
nonlinear analysis. The accuracy of the solutions obtained using coarse
mesh subdivisions indicate good convergence characteristics of the

element.

Naralne and Sinha (1991) reported an experimental investigation into
the behaviour of brick masonry wall under cyclic biaxial compressive
loading. They proposed a fallure criterion expressed In terms of

principal stress invariants.

2.4.3 Interface Nonlinearity

The techniques wused for modelling the interface between two

nonconnected elements are reviewed here:

Goodman et al.(1968) formulated a four noded 2-D interface element
having two translational degrees of freedom per node. The element models
the separation, sliding, opening and closing of initial gaps between two
elements. The element was used to model the cracks between rocks and

masonry Jjeints.

Liauw and Kwan (1984) and Thiruvengadam (1985) studied the effect of
initial lack of fit and friction at the interface between non-integral

infills and frames using bar elements between the frame and the infill.

Papia (1988) proposed the use of boundary element to study the

interface conditlions between frame and nonintegral infill.

May and Najl (1991) modified Goodman's interface element which takes
into account rotational degree of freedom on frame side of the interface
element to Investigate the effects of separation, sliding and initial

lack of fit between the frame and the infill.
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2.4.4 Nonlinear Solution Techniques

The nonlinear computations are always tedious and time consuming on
arrival at convergence at each time step. Some of the Important
contributions for accelerating nonlinear convergence have been reviewed

below:

Wempner (1971) and Riks (1973) have developed a procedure which can
be looked upon as an extenslon of the displacement contrel method. The
procedure 1s advantageous both near the vicinity of critlcal points and
allows for automatic step size adjustment in the entire range of load.
Due to modifications of the original method the constraint equation does

not need to be solved simultanecusly with equilibrium equations.

Crisfield (1873} presented an accelerated modified Newton-Raphson
iteration in which the iterative deflection change is a scalar times the
previous iterative change plus a further scalar times the wusual
un-accelerated change. The method was based on Secant Approach and leads

to a significant reduction in the required number of literations.

Owen and Hinton (1980) discussed in detail various techniques for
handling both material and large deformation nonlinearities under static
and dynamic loads. The algorithms and computer programs were presented
for wvarlous nonlinear solution techniques. The elastcoc-plastic plane
stress/strain and plate bending programs were discussed in detail. For
elasto-plastic dynamic response, explicit and explicit-implicit

algorithms and programs were also presented.

Crisfield (1982) proposed the Secant-Newton methods for nonlinear
solution procedures. The Secant methods are closely related with
re-started single-cyclic forms of vectorised Quasi-Newton methods. As a
consequence, in contrast to simllar Conjugate-Newton methods, the
Secant-Newton methods do not require accurate line searches. So these
methods are efficlent as compared to the popular modified Newton-Raphson
method,
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Bergan (1980) and Bergan (1982) proposed an automated incremental
iterative solution scheme which could handle limit peoints and
bifurcations also. With this method, it is possible to choose between
load incrementation and displacement incrementation. The method iterates
simultanecusly for an optimal load and its corresponding equilibrium

configuration.

2.5 Concluding Remarks

Based on the above review of literature, the following main points

emerge:

O In the dynamic analysis of a complete building system, the inclusion
of the effect of the infills is essential for a reallstic prediction of
the behaviour, even though, it complicates the problem and increases the

computational effort.

O Only few investigations on dynamic response of 3-D infilled concrete

frames have been reported in the literature,

o Amongst the models for 3-D analysis, the seection models with three
dimensional point hinges at the ends or Gauss peints are prevalent. The
peint hinges are modelled either on plasticity concepts with different
yield surfaces and corresponding flow rules, or are based on
force-deformation characteristics of 1inelastic springs assumed to

represent inelastic element characteristics.

o Infilled frames have been mainly analysed by using finite element
method. The skeletal frame, the panel and the Iinterface have been
modelled by 3-noded frame element, B-noded isoparmetric element and
E-noded interface element, respectively. The results obtained by this
finite element model are reported to be in good agreement with the

experimental results,
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CHAPTER : 3

STRUCTURAL MODELLING OF THE SYSTEM

3.1 Introduction

The behaviour of an infilled frame depends upon interaction between
the infill and the frame. The composite action depends upon the quality
of bonding between the two, and the stress-strain relationships of the
materials. Initially the infill may be bonded to the frame by mortar.
With the increase of lead, the mortar may crack and there may be
sliding at interface. The reversal of loading may cause opening and
closing of gaps. In addition the infill may get cracked and-/or crushed
resulting in change in its structural behaviour. Cracking and crushing
may render the infill ineffective leaving the bare frame to take all
the load which may lead to the fallure of the framlng system itself.
The modelling of all characteristics of infilled frame buildings is
quite complex and requires nonlinear analysis  wusing numerical
techniques such as the finite element method. In the present

investigation finite element models have been used.

3.2 Finite Element Idealisation

Two dimensional infilled frames have been analysed by using the
finite element method. The skeleton frame, the panel and the interface
have been modelled by 3-noded frame element, 8-noded isoparametric
element and 6-noded interface element, respectively [May and Naji

{1991), Choubey (1990) and Dhanasekar et al. (1985) ]. The results
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obtalned by this flnite element model are reported to be in good
agreement with the experimental results. In the present study, the
above model has been used for both 2-D and 3-D analyses of infilled

reinforced concrete frames.

Finite element approach based on a displacement field within the
element is used. The required relations are [Hinton and Owen (1977) and
Zienkiewicz (1977) |

K°5® = % + £° (3.1
P
where f: = | N'pdv and e B
Y
k° = | BTDBdv . (3.3)
S

Here fe is a wvecter of nodal forces, Se is a wvecter of nodal

displacements, f; ls a vector of equivalent nodal forces due to a set of

body forces p, KB is the stlffness matrix of the element, B is the
strain matrix, D is the materlal property matrix and N is the shape

function.

3.3 Modelling of Infilled Frames

In the present study, the infilled frame is modelled with
isoparametrlic finite elements as shown in Fig. 3.1. Eight-noded panel
elements, B-noded interface elements and 3-noded frame elements have
been used to idealise the infill panel, frame-infill interface and

surrounding frame, respectively, as have been shown in Fig. 3.2.

3.3.1 Frame Element

The frame element used has six degrees of freedom per node

[ Hughes (1987)]. The displacement vector is:

T
& = [u VoW ax ey ez } N . 1
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The strain vector is expressed as

T
= [exx ¢xy ¢xz “ I":xz kxy
where
d ¢
E - £ Axial Strain
Hx dx
dv
éxy Tax T %
Shear strains
dw
 —
rlr":-cz dx By
dﬁx
ax = e Twist
day
kxz = ax
A Curvature or bending strain
T
xy dx

For the 3-noded lsoparametric frame element shown in Fig.

shape functions are expressed as:

1
2 ece-1)
1-£2

N, (€)

NE{E}

Ny(€) = 5 £(g+1)

The stiffness matrix of a 3-D frame element is expressed as:

e _ & [ e e
K = Ha + Ks + Kt + Kb
e aT a_a
where Ka = Jﬁ DB dx [axial stiffness)
e [ sT s 8
Ks = |B” D B dx ({shear stiffness)
i
e y TS I .
Kt = [B DB dx (torsional stiffness)
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... (3.9)
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bbb
I{: = [B D B dx (bending stiffness) T A Ly

The equivalent nodal force vector of an element is given by :

f"={f"} ... (3.16)
P P
e _ o EE
where fp = Nle dx for p = Bi-6B+]j
TG i
e _ = B
and fp = Nick dx for p = Bi-3+k

o

where 1 < 1 < n, n is the number of element nodes, Fj is the applied
force per unit length along Jth translational degree of freedom (1 < j

< 3) and C, is the applied couple per unit length along kth rotational

k
degree of freedom (1 = k = 3 ).

The axlal, shear, torsiconal and bending strain-displacement matrices

are defined as follows :

B* = :B? 1 B] .e(3.18)
B® = -B: B‘: ..... B: | i +:(3:19)
Bt = :B: B; ..... E; ... (3.20)
B® = :B]; L — sz | ... (3.21)

where n ls the number of element nodes and

; )
B?= N, 0 0 0 0 O w9 92]

= I =
0 N, 0 0 0 =N
i i

B, = ; ...(3.23)

‘D0 0 N, 0O H, 0
i i

BT



B, = 0 0 0 N o 0 Jais k324

B: = p . {3.25—]
0 0O 0 0D 0O N1
y dn,
where N, = — and 1 s1i =n
i dx

The material modulli matrices are defined as:

® = EA ... [3.28)
s
i R ... (3.27)
0
HEZ
where 5. =5 =CGA and A = AS1.2 (for rectangular section)
®y Xz s s
t
D" = Gl L (3.28)
i
El 0
b ¥y
D = P e =
0 El
22

However the concrete is not a purely elastic material. The plastie
flow (creep ) has been observed in it. The modulus of elasticity varies
Wwith stress rate and magnitude of the stress. The effective reinforced
concrete section alse varles with the stress level. Both the modulus of
elasticity and the effective cross section decrease with the increase
in stress level. In the ‘elastic’ range, elther thelr values should be
varied or an average value may be used. The reduction of the elastic
rigldity EI by S0 per cent has been suggested by many researchers to
define an average value [Anderson and Townsend (1977), Saatcioglu
(1984), and Moazzami and Bertero (1987)]. In the present study, S0 per
cent reduction in the short term value of static modulus of elasticity

of concrete and effective sectional properties both calculated as per
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1S: 456-197B have been assumed for the entire ‘elastic’ range prior to

the development of ultimate yield surface,

The element stiffness matrix has been calculated using selective
integration. The non-shear terms are integrated using normal
integration with three peint GCauss quadrature. The shear terms are
evaluated using reduced integration ( two point Gauss quadrature ) and

are extrapolated to match with the integration of other terms.

The stiffness hatrix of the beam element in glebal coordinate system
is given by

T

K= TK®° T N o

where T iIs a diagonal transformation matrix of size equal to the size

of the element stiffness matrix and is defined as:

v _ v $3UEH)

The sub-matrix R (3x3) is the member rotation matrix which can be
obtained by successive planer rotations from the reference axes (X, Y,
2] to the member axes {xm, Y zm]. Figure 3.3 shows Y-Z2-X
transformation [Beaufait et al.(1970), EKrishnamoorthy (1987)]. The
reference axes are rotated through angles £, 7 and « successively as
shown 1n the Fig. 3.3 to make them colncide with the member axes. The

sub-matrix R is then obtained as;

C
® Cy_ Cz
-C C cosae - C_sinax - +
*xCy . — C Czcosa stina
R = sz HE sz o 13.32)
Excysinu - Ezcasu ‘ Cyczsina + CXCDSR
c -Cx251na c
®Z HZ
where C =(¥X 6 -X J/L , C=(Y, - Y, )/ g = -
- i ; iy ( F TI} L and Cz {ZJ ZIJKL are the
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directlion cosines of the member i-j having {Ki. Yi‘ 21} and {XJ, |

o
Ej] as the coordinates of 1lts ends 1 and j. The term Exz is equal to
2 2.152
fo+ Cz} . The angle « is the angle between the YB and y, axes or

between the zﬁ and zm axes measured in a counter-clockwise direction

while wviewing the c¢ross-section of the member in a negative X

direction as shown in Fig. 3.3.

If a member is positioned in the frame of the reference axes such
that its longitudinal axis X corresponds to the Y-direction of the
reference coordinate system, the rotation matrix for Y=Z2=%
transformation given by Egn (3.32) can not be defined due to the fact

that Cx and Cz become zero. In such cases the rotatlon matrix iIs glven

by,
] C 0
¥
R = —Cycusa 0 sing ... 12.33)
Cysina 0 cosx

It is seen that when describing the orientation of a particular
structural member in the frame of the X-¥-Z global axes, the three
direction cosines Cx, Cy and Cz define the locatlion of the longitudinal
X axls and the « or u angle defines the location of the miner

principal axis.
3.3.2 Panel Element

The out-of-plane stiffness of the unreinforced masonry panels is
very low as compared to its in-plane stiffness. In the present study
only in-plane stiffness has been taken into consideration. For the
panel element two in-plane translational degrees of freedom per node

have been considered. The displacement vector is

Ce e e

The strain vector is defined as:

r
£ = [Ex Ey ?xy] ... (3.35)
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For small displacements the strains are given as

i e i fpa et suce L 6]

and the shear strain is given as :

du av
i e AT
vy T By T 3% [ }
o = De ... (3,.38)
T
where o= [m o T } ... 13,39)
by Y Xy

in which ﬁx and U? are the normal stresses and TXF is the shear stress.

For linear elastic analysis the stress-strain or constitutive matrix is

given by:
1 v 0
D = [E/(1-02)] > 1 0 ... (3.40)
0 0 [(1-u)s2

in whieh E and v are the elastic modulus and Poisson's ratio

respectively. The stiffness of panel element is given by

K® JETDB dv ... (3.41)

=~
1]

or [ETDB b dxdy Lo (30a2)
where t 1is the thickness of the element. The stiffness of the panel

element in global coordinates is given by

k%= TIK°T ... (3.43)

where T is the transformation matrix defined by Eqn. (3.31). For the
B-noded isoparametric element shown in Fig.3.2(d) used in the present

study, the shape functions of the element are given by

42



for corner nodes :

NS = 2 (14€€,) (1omm ) (€€ +nm -1) i =1,3,6,7
.. (3.44)
for mid side nodes:
£ Ef 2 ﬂ? 2 S
Ni =3 EleEi]{I-n ]+§ [1+nni)(1—E ) i=24,868
...(3.458)

Normal integration of an order of 3x3 is performed to calculate the

stiffness matrix of the panel element.

3.3.3 Interface Element

This element has been used between the frame element having six
local degrees of freedom per node and the panel element having two
local translational degrees of freedom per node to model the interface
conditions between the two types of elements. For compatibility only
two in-plane translational degrees of freedoem per node have been
consldered. The ‘thickness’ of the element has been taken egqual to the
distance of the panel edge from the neutral axis of the adjacent frame
element to incorporate the moment induced at the neutral axis of the
frame due to the friction on the edge of the panel. The displacement

vector is

az[u V] ...(3.48)

The strains are the relative displacements at the top and the bottom of

the element. The strain vector is defined as

.
£ = [ﬁu Av ] v 13047)
h_ = - = -
where Au utop Ut Nitutcp]i Nitubot]i
A = - = G
v Yeop ™ Yhot: ™ M Wiop)i T N Moty ve+ (3. 48)

where Nl is shape function.

The relevant stress vector is
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T
o= Er o ] ...03.49)
u v

The material modulus matrix is defined as

k., O
B s ...13.50)

Q k
n

where ks and kn are the shear and the normal stiffness coefflclents,

respectively. The strain matrix is defined as

E = [—IN1 -IN2 -IH3 Ii‘~!3 IN2 IN1 ] a3 81)

where 1 is lidentity matrix eof order 2x2. The stiffness matrix is

calculated as

K& = [ﬁTDde ... (3.52)

and the stiffness matrix in global coordinate system is calculated as

K®= T'K°T ...(3.53)

where T ls transformation matrix defined by Egn. (3.31). The three

point Gauss quadrature rule is used to calculate the stiffness matrix.

3.4 Non-linear Analysis

The response of an infilled frame depends upon the interaction
between the infill and the frame. There can be separation, closing of
gap and slipping between the frame and the infill. The frame and the
infill may exhibit material nonlinearity. To incorporate all these

rhenomena of interaction a nonlinear analysis has been adopted.
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3.4.1 HReinforced Concrete Frame

For reinforced concrete frames section models have been used in
preference to the fibre models because of their computational
efficiency [Chen and Powell (1982)]. A 3-noded 3-D beam-column element
with selective integration has been used. The element stiffness has
been calculated using the selective integration. The non-shear terms
are integrated using normal integration (three point Gauss guadrature).
The shear terms are evaluated using the reduced integration ( two point
Gauss gquadrature ) and are extrapolated te match with the integration
of other terms. Hinges have been assumed to form at the points of
integration which are distributed over the length of the element. One
Gauss point is in the centre of the element and other twe near the
ends. In reinforced concrete framed structures, the frame elements are
stiffer near the ends due to Joint stiffnesses. So it is appropriate to

assume the formation of hinges near the ends of the elements.

Yield Surfaces: Inelastic behaviour of the element is governed by
the axial force, two flexural moments and a torsional moment. Chen and
Powell (1982), proposed flive yield (interaction) surfaces. The surfaces
differ, however, mainly in the manner in which the axial force
interacts with the three mements. Powell and Chen(1986) have shown that

the yield surface given by:

> 5 2 1/2 n
f = [{M M7+ (MM 17+ (MM ) ] + [ F /F ]
® XU ¥ o yu Z. Z X XU
... (3.54)
gives acceptable results in a wide range of practical domaln. Here Hx'

My. Hz are the moments about the X, Y and Z axes, respectively, Fx is

the axial force, and qu, : Mzu are the corresponding yield moments;

M

¥u
qu is the axial yield force; and the exponent n is of the order of 2.
This yleld surface has been wused in the investigations reported in the

thesis.

Matrix Formulation: The yield criterion determines the stress level

at which plastic deformation begins and is written in the general form

flo) = kix) samal i D)
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where o

is the stress wvector,

K

is the hardening parameter which

governs the expansion of the yleld surface.

Rearranging Eqn.

(3.585);

Floe,k) = flo)-kik)

By differentiating

or

where

and

or

where g

=0
_ daF dF _
dF-—Eda‘+ﬁdK—D
mde~ A dk = 0
T _ 8F _ _ 1 4F
a = e and A = I e di
J-|oF @ oF  aF
dF dF dF dM
| % v z "
- n-1
T an Mx
: 7 n o . CM
F MU
L xu

- [(M /M ]‘3 + (M /M J2
- { Y o yu

The complete elasto-plastic

dor
where D
ep
ith
with dD

+ [M_/M
-

R e BT

g [ o

172
JE]

incremental stress-stralin relatlionship can
be written as [Owen and Hinton (1980)]

]
=
|

]
ey
"]

plastic strain e

st 59

... (3.860)

tangent to the effective

stress-plastic strain curve and is a function of accumulated effective
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In the present study, the yield moments and axial forces for the
reinforced concrete section have been calculated from the appropriate

charts glven in SP: 16 (1980).

3.4.2 Brick Masonry Infill

Masonry is a complex material consisting of an assemblage of bricks
and mortar Jjoints, each with differing properties. Its behaviour Iis
made more complex by the mortar joints acting as planes of weakness due
to their low tensile, shear and bond strengths. The material Iis
assumed to be linearly elastic till failure. In compression, on

crushing the stress-straln matrix is

¢E 0 0
D = |0 $E 0 I =
ep
0 0 e

where all stresses are reduced to zero. In tension, on cracking the
stiffness normal to crack is reduced to =zerec but along the crack
partial shear stiffness is maintained. The material property matrix

used is:

-
o O

T SRS 72 o S|

(]

0 B

, . . . .. =3
{in the present investigations the coefficients used are ¢ = 10 and

B = 0.25)

Cﬂsza Sﬁnza Sin « Cos o
where T = Sinza . Cosza - Sln &« Cos o
-2 Sin x Cos o 2 5%in ¢ Cos « Cosza- Sinza

ARl ot bl S|
Here o is the angle between the normal to the crack surface and the
¥-axis. The stress normal te the crack is reduced to zero, however, a
partial shear transfer due to interlocking between the particles is

maintained. The " stiffness and stresses along the crack are also

maintained.
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3.4.3 Concrete Mortar Interface

There can be different interface conditions between the Infill and
the frame. The different interface conditions can be modelled by
adjusting the interface stiffness co-efficlients. When the normal strain
is tenslle, a separation is assumed to be taking place and normal
stiffness, kn is taken to be zero. Since a separated interface cannot
take up any shearing stress the shear stiffness ks' is also taken to be
zero. If normal strain is compressive, the interface is assumed to be

in contact and a very high value is assigned to kn.

The tangential stress-strain relationship is assumed to be
elastic-perfectly plastic [Choubey (1990), and May and Naji (1991)]
using a Mohr-Coulomb yield criterion with zero cohesion. When Iwul <
lucvl, firm contact is assumed and kE is assigned the wvalue obtained
from the tangential stress-relative displacement curves resulting from
shear box tests [Choubey (1980), and May and HNaji (1991)]. Here u is
the coefficlent of friction. Slip takes place whenever |¢u] exceeds
Ipcvl. In such a case ¥ is reduced to pe, and ksis taken as zero,
Values of stiffness ceoefficlents ks and kn used in the analysis for

different interface conditlons are listed in Table 3.1

Table 3.1 : Selection of Interface Stiffness Coefficients

Interface conditions Stiffness coefficients
k k
=1 n
Firm contact: Experimental Very high wvalue

<
lo | < |po

Contact with slip: Very low value Yery high wvalue
Av-compressive

T > i
lo,| e |

Separation or initial Very low value Very low value |
lack of fit:
Av-tensile |

3.4.4 Inelastic Analysis

Fer the inelastic static analysis, an incremental iterative
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procedure has been adopted while for dynamic analysis, the procedure
presented in Sec. 3.5 1is followed. Initially, element forces or
stresses are calculated assuming an elastic behaviour for each element.
The stress components and-or strains at Gauss points are examined and
cracking, ylelding, and separation is checked. When any of the above
events has occurred, the forces/stresses are reduced to the yleld
surfaces and the equivalent nodal forces for the element are calculated

as

f; = { By .. {3.84)

W

The equivalent nodal forces for the system are given as
e
£o=) &, o L HB5)
Jd J
The residual force vector at an iteration is calculated as
| R L 3 ...(3.886)

where f is the load wvector at the current iteration and fj is the
equivalent nodal load wvector due to the internal stresses reduced

within the yield surface.

Convergence Criterion: The convergence criterion employed is based
on the ratlio of the norms of unbalanced load to the norms of total load

i.e.

11/2

= P ... (3.87)
e ka

where rqi and Qi are unbalanced load and total load corresponding to

.th
the 1 degree of freedom and €0 is the tolerance,
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The analysis is terminated when the stiffness matrix becomes

non-positive definite indicating a condition of mechanism.

3.5 Time Integration Scheme

The equation of motion for an elasto-plastic system obtained from

the consideration of equilibrium of forces is given by :

Mu+ qlu, ;J =f ... (3.68)

where ¢ is the wvector of internal resisting forces which depends upon
the displacement u and veloclty 4, M is the mass matrix of the system,
ﬁl i= the acceleration wvector and f is the externally applied load
vector. The internal resisting forces are defined by the stiffness
matrix K and damping matrix C. The direct integration of Eqn. (3.68)
has been carried out using a numerical step by step procedure.
Newmark's predictor-corrector (implicit method) has been selected for

dynamic solution.
3.5.1 Newmark's Predictor-Corrector Implicit Scheme

In the Newmark's scheme, the following relations are defined :

M

Speat * W¥aar Yeear) = Freat ...(3.869)

s 2. 7
where . TR ut+ﬁ.t+ (AL)T"R uth&t . (3.70)
Meant™ Ypam® A0 T Yon, (3.71)

= u+ At ug+ 0.5(at)%(1-28) u

Teear” Yt ¢ . (3.72)

U at= Wt At(l - 7] u, ARl e oy 8
Here 3 and y ware the parameters which control the accuracy and
stability of the method. In this thesis, B and ¥y are assumed to be

equal te 0.25 and 0.5, respectively (as used in average-acceleration

method)., The uant it u
} quantities u, ., u ..

are the historical walues and

u d £
CiEE an ut+ﬁt are the corrector values,



For starting the algorithm, the initial values of accelerations u,

are obtained by solving Eqn.(3.68) at time t = 0 as
u = W F -qlu,u)] RO N
0 o G'o

where fD is the applied load vector at time t=0,

The solution for the linear case is obtained by reducing the
relations (3.69) to (3.73) to a recurrence relation which involves
effective static solutions at intervals of 4t apart. The lnelastic
splution is obtained in the same way as explalned above except that the
stiffness matrix and damping matrix are reformulated to take into
account the effect of any topologlical change in the structure due to
formation of plastic hinges in the frames and/or post cracking and/or

yielding that may occcur in the infills.

3.5.2 Newmark's Implicit Predictor-corrector Algorithm [Owen and

Hinton (1980)1

The Newmark's algorithm for each time step 1is applied as

follows:
1. Set iteration counter j=0.
2. Fredict displacements, wveleocities and accelerations by using past

history at the previous time step as:

J s ) . .2 o
Uy, At U L at u, + At u + 0.5(at7)(1 EB}uL ... [3.75]
w o= u o= u +at(1-7)y, (3.76)
t+AL t+AtL t t Y '
o) = Pk 2.1 =
Ul LAt {ut+ﬁt ut+ﬁtJ/{ﬁt 31 =0 W 03TT)
3 Evaluate residual forces rJ using the following equations:
Fo SR s w2l T B |
r ft_"'ﬂt M ut_-{-ﬁt c ut+ﬂt K ut"'ﬂt --.-{:].TE]



The matrix K is evaluated by considering new events (plastic

hinges, cracking, ylelding and crushing etc. ) In the structure,

4. If required, form the modified effective stiffness matrix using

the relation:

L]
K = w(atZp) + v clsiat ) + K ... (3.79)
i Solve for the incremental displacements
K' duJ = FJ i 3 80)
B Update the displacements, velocities and accelerations as
G ot J 9
ut,at = Yieat du ... 13.81)
AL _ J+1 _ o= 2 4 g2
L i {ut+ét ut+ﬂt}/tat 7l ... [(3.82)
“had “ ied .
Upeat™ UYeat™ AU 7 Yilat sl B
T If du’ and/or rJ do not satisfy the convergence condition then set

J=Jj+1 and go to step 3, otherwise centinue.

J*1 : g+l i o gl

i 77 Beane - “eam

8. 90 Wonp T Msgt 0 Meane ©

for use

in the next time step. Also set t= t+At to begin the next step.

3.5.3 Element Mass Matrix

If the shape functions used to describe the wvarlation of the
acceleration field over the element are the same as those used to
describe the displacement variation then the correspending mass matrix
is known as the consistent mass matrix. The consistent mass matrix for

an element is given by

M- = [ﬁTpHdu ...[3.84)

W

where N is a matrix of shape functions and g is mass density.
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For lumped mass matrix the diagonal elements of consistent mass
matrix are scaled [Hinton et al. (1976)] to preserve total mass

corresponding to each degree of freedom.

The mass matrix of an element corresponding to fthe global

coordinates is glven by

T

M= T M°T wion {3:88)

where T is the transformation matrix for the element defined by Eqn.
{3.311.

Forr the panel elements the consistent mass matrix glven by

Eqn. (3.84) can be expressed as

o ptj[ NN dudy ...(3.88)

where t is the thickness of the element.

For the beam elements the consistent mass matrix can be calculated

as

M° = J(HTE Ndx ... (3.87)

here C is a diagonal matrix given by

C = p Diag [ﬂ AA T ]y I2 ... (3.88)

where A 1s the area of cross section, Ix' I and Iz are rotatory

inertia about X, Y and 2 axes, respectively.

3.5.4 Damping Matrix

Very limited information is available on damping in linear solid

mechanics problems and there is even less data avallable for damping in
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nonlinear sclutions. If the total damping in a structure ls assumed to
be the sum of the damping of the individual modes present in the system
response, a reascnable numerical damping matrix can be derived [Wilson
(1a72)].

If two representative modes are considered then so called Rayleigh's
damping is a linear combination of the mass and stiffness matrices so

that

C=a M+ ak .. (3.89)
[s] 1

The maln advantage of Rayleigh's damping is that it leads to a banded
damping matrix, with the same structure as that of stiffness matrix,
Thus, consideration of damping does not cause any Iincrease in
computational effort while solving the resulting set of equations,
However, the use of Rayleligh's damping results in higher damping in the
higher modes. This implies that higher modes in the response of the
structure will be artificially filtered out., In the investigatlons

reported in the thesis Rayleigh's damping has been assumed.
3.6 Computer Codification: The Program NIFAF

The algorithms described in the previous sections have been codified
and a finite element program (NIFAP - Nonlinear Infilled Frame Analysis
Program ) has been developed for the static and dynamic analyses of
three dimensional infilled frame systems of arbitrary configuration

The analysis options provided are:

(1) linear static,

(ii) nonlinear static,

(ii1) frequency calculation,

{iv) linear response history analysis using step-by-step direct
integration, and

(vl nonlinear response history analysis using step-by-step direct

integration.

Twe independent horizontal plus a wvertical ground motions may be

specified. The block diagram of the program has been presented in the



Fig. 3.4.
The program presently contains the following types of elements:

(a) three dimensional three noded frame element,
() three dimensional eight noded plane stress element,
{c) three dimensional six® noded interface element, and

(d) three dimensional truss element.

These structural elements can be used for linear elastic and nonlinear
inelastic static and dynamic analyses. The capacity of the program
depends mainly on the total number of nodal points In the system, the
number of eigen wvalues required in the dynamic analysis, operating
system and type of computer used. The program can efficiently use
either consistent or lumped mass matrix for the structural system. Each
nodal point in the system can acquire degrees of freedom ranging from
zero to six. The element stiffness and mass matrices are assembled in
condensed form, therefore the program is equally efficient in the

analysis of one, two or three dimensional systems.

The program uses the profile solver [Bathe (1990)]. For eigen value
solution, the subspace iteration method [Bathe (1971) and Bathe (19930)]
has been wused. For nonlinear response history analysis HNewmark's
Fredictor-Corrector Implicit scheme [Paul and Hinton (1980) and Owen
and Hinton (1980)] has been used. The Newmark method [Newmark (1953)

and Bathe (1880)] has been used for linear response history analysis.

The program indicates formation of hinges in the frame and cracks in
the infills at the Causs points. It calculates plastic strains, if any,
at these points and modifies the stiffness matrix accordingly. It
calculates displacements and acceleration history at all and the
specified nodal polints and stress history at the Gauss points at the
speciflied time intervals.

3.7 VYalidation of Computer Program

To establish the validity of the proposed formulation a number of

different types of structures which have been previously studied by
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other investigators have been analysed. The analytical results have
been compared with experimental results reported in the literature. The
structures studied include, bare space and infilled 2-D frames. Dynamic
analysis has been performed to check the wvalidity of the time

integration algorithm implemented in the program.

3.7.1 Elastic Analysis

O Space Frame: The space frame shown in Fig. 3.5(a) has been
analysed to check the wvalidity of the time-integration formulation,
This 3-D structure has been previously investigated by Weaver and
Johnston (1987). The frame has prismatic members havling solid =square
cross-sectlons with sides equal to 2.54 mm. The plot in Fig. 3.5(b)
represents the forcing functicon of the ground acceleration in the
#-direction which is used in the analysis. The geometric data used is
shown in the figure. The previous investigators used normal mode
method to calculate the dynamic response. In the present study the time
step 4t equal to 0.002 S has been used to perform the time integration
analysis. The plots in Flg. 3.5(¢) represent the translation response
at node 2 In the X, Y and 2 directions. A good agreement with the

reported results has been observed.

O Two-Storey Infilled Frame: The two-storey infilled frame shown
in Fig. 3.6 has been analysed to check the mass matrix formulations and
elgenvalue solution. Thls example has been taken from the experimental
and analytical investigations reported by Mallick and Severn (1968) and
Thiruvegandam (1985). The frame is made up of members with sguare steel
sections filled with mortar. The first twe freguencies have been

compared In Fig. 3.6(c). A good agreement with the experimental results
is obserwved.

3.7.2 Inelastic Analysis

To check the validity of the inelastic algorithm and the procedure
used in the analysis of the infilled reinforced concrete frames, the

following structures have been chosen,
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O Test Structure 1 - A Portal Frame: The reinforced concrete portal
frame shown in Fig. 3.7(a) tested by Bertero and McGlure (1964) and
analysed by Sharma (1983) and Thanoon (1993) has been taken as test
structure 1. The frame has been assumed to be fixed at base and
idealised as shown in Fig. 3.7(b). The geometry, lcads and properties
are shown in the figure. The load deflection curve obtained
experimentally by Bertero and McClure (1964) and analytically by Sharma
{1983) and Thanoon (1933) are compared with that obtained by using the
proposed formulation in Fig. 3. 7(d). Sharma used nonlinear
moment-curvature relationships and performed numerical integration at
gauss points. However, Thanoon used lumped plasticity model with rigid
ends and nonlinear stiffness relationships. The load deflection
behaviour and the failure load obtained by using NIFAP are In
reasonably good agreement with the reported experimental and the
analytical results. It is observed that the results obtained by the
proposed algorithms using the distributed plasticity are closer to the

experimental results than those obtained by the lumped plasticity.

o Test Structure 2 - A Space Frame: The single storey one bay
reinforced concrete space frame shown in Fig. 3.8(a) and previocusly
analysed by Thancon (1993) has been chosen as test structure 2. It has
been ideallsed by elght beam-column elements. The coordinate system,
dimensions and other properties are shown in Figs (3.8(a), (b) and {(c).
A load system which induces all types of stresses i.e. axial, shear,
bending and torsion, in the frame is considered for the study. Thanoon
analysed the structure with and without slab both by considering and
neglecting torsion in its yield criteria. The frame without slab has
been analysed for the present study as it is intended to test the
Inelastic formulation for the frame elements only. The results are
compared with those reported by Thanoon in which the slab has not been
consldered but the torsion in the yield criteria has been considered.
Thanoon has used lumped plasticity model with rigid ends and with
nonlinear stiffness relations. The comparison of results is presented
in Fig. 3.8(d). The results obtained are in good agreement with the

reported results,

O Test Structure 3 - An Infilled Frame: The structure shown in Fig.

3.9(a) has been chosen to check the validity of the inelastic
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formulations for the panel, frame and interface elements. The structure
which consists of a steel frame with Kaffir-D infill panels was
investigated by Mallick and Severn (1867) both experimentally and
analytically. The results obtained by incremental load are compared
with those reported by Mallick and Severn in the Fig. 3.9(c). The load
deflection curve has been cbserved to be nonlinear even when the frame
and the infill remalined within the elastic range. The nenlinearity may
be due to change in the contact length, slippage, and closing and/or
opening of gaps between the frame and the infill. The load deflection
behaviour 1s found to agree closely with the experimental behaviour

with the maximum difference is of the order of 6.6 per cent.

o Test Structures 4 and S: A single bay single storey, and a single
bay  double storey infilled steel frames  previously tested
experimentally by Smith (1862) have been analysed using the nonlinear
algorithms, The infilled frames and their properties are shown in the
Figs. 3.10(a) and 3.11(a) and the results are compared in Figs. 3.10(c¢)
and 3.11(e), respectively. For the single storey structure, the load
deflection curve matches with the experimental results at higher loads.
At lower loads the computed stiffness Is higher as compared to the
experimentally observed wvalue, This may be due to Iimproper bond or
spread of initial slackness around the panel in the experimental model,
whereas in the analytical model bond has been assumed to be perfect at

the start of the analysis.

In the double storey structure, the predicted load deflection curve
for the roof level matches with the corresponding experimental curve
deflection 52 . However at the first storey lewvel, the difference in
the curves Is due to the difference in the computed and the actual
stiffnesses of the structure and due te the presence of the initial
slackness. The results are also compared with those obtained
analytically by Smith (1962) using equivalent strut model. The maximum
difference in deflection observed is 26 percent at first storey and 12

percent at roof level.
O Test Structure B: This example has been selected to check the
validity of the nenlinear formulations up to failure load. This

structure consisting of steel frame with masonry inf'ill shown in Flg.
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3.12 has been investigated both experimentally and analytically earller
by Dhanasekar et al.(1985) and by Choubey (1930). The properties and

loads are given in the Fig. 3.12.

The leoad deflection-curve and failure loads predicted by present
model are compared with the reported experimental results in the
Fig.3.12(c). The proposed formulation of interface element though
simpler to that of Choubey (1990) gives comparable results with a step
size almost double of that used by Choubey. The number of elements used
for infill panel by Choubey was 64 while in the present study conly 8
elements have been used. A similar reduction in the requirements of

frame and interface elements has been achieved.
3.8. Concluding Remarks

o The formulations for the elements proposed for the investigation of
infilled reinforced concrete frame system namely the three noded 3-D
beam element, the 3-D panel element and the 3-D interface element have
been presented. The usual finite element procedure has been used to

formulate the stiffness and mass matrices.

O For the reinforced concrete frame element, the interactlon of axlal
force, biaxial bending and torsion has been considered. For panel
element in camﬁresslun, the material has been assumed to be linearly
elastic until failure, and on crushing stiffness has been reduced to
zero. On the other hand in tension, on cracking the stress and
stiffness normal to crack have been reduced to zero. However, a partial
shear transfer due to interlocking between particles has been
maintained. The stiffness and 'stress along the crack have also been

maintained.

o At the interface between the frame and the infill, initial gap,
closing or copening of gaps or sliding between the frame and the infill
have been considered. The tangential stress-strain relationship has
been assumed to be elastic perfectly-plastic following the Mohr-Coulomb
yield criterion with negligible cohesion. In case the normal strain is
tensile, separation has been assumed, otherwise contact has been

maintained. If normal strain is compressive but tangential strain

&8



exceeds the co-efficient of friction times normal strain slip has been
assumed to take place. The stiffness of interface element at each Gauss
peint has been modified according to the interface conditions at the

Causs point.

o A general purpose finite element program (NIFAP) for elastic and
inelastic static and dynamic response of three dimensional infilled
reinforced concrete frames has been developed. The capacity of the
program depends’ mainly on the total number of nodal points in the
system, the number of eigen values required In the dynamic analysis,

the operating system and the computer used,

The program predicts the formation of hinges in the frame and cracks
in the infills at the Gauss points and calculates plastic strains, if
any, at these points It calculates displacements and acceleration
history at all and the specified nodal points and stress history at

Causs points, at the specified time intervals.

o The results obtained by the proposed algorithms assuming the
plastic hinges at the Gauss points are closer to the experimental
results as compared to those obtained by using the lumped plasticity
approach although computational time and efforts required are more. In
the present study, the plastic hinges have been assumed to form at the

Causs points.

o The results obtained by using the program NIFAP are reascnably
close to those obtalned experimentaly. However the results obtained by

simplified models llke equivalent strut method are too stiff.

o To establish the wvalidity of the proposed formulations a number of
2=-00 and 3-D bare and infilled reinforced concrete frames have been
analysed for eigen values, inelastic static and dynamic response. The
results have been compared with those reported in the literature. It is
seen that the eigen values, dynamic response, load-deflection behaviour
and the failure loads predicted by NIFAP are reasonably close to the

reported results.
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CHAPTER : 4

INELASTIC ANALYSIS OF 2-D REINFORCED CONCRETE INFILLED FRAMES

4.1 Introduction

In general, if a framed building is provided with regularly placed
infill panels in one or two orthogonal directlons, the routine analysls
considering the frames 1n longitudinal and transverse directions
independently may be Jjustifiable because the stiffness and strength of
the infill panels provided in the longitudinal direction are generally
much higher than those provided in the transverse direction. In such a
case, a 2-D analysis of infilled framed bulldings prevides an adequate
response for all practical purposes at a much lower cost than a
rigorous 3-D analysis. The mathematical models presented in the Chapter
three for the inelastic analysis of the infilled reinforced concrete
frame, have beenlused to study its behaviour when subjected te lateral

loads.

As described in the previous Chapter the skeleton frame, the panel
and the interface have been modelled by 3-noded frame, B8-noded
isoparametric membrane element and B-noded interface element,
respectively. For reinforced concrete sections a 50 percent reduction
in the short term value of static modulus of elasticity of concrete has
been assumed. In addition, effective sectional properties have been
used in the entire ‘elastic’ range prior to the development of ultimate

vield surface.
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4.2 Nonlinear Analysis

The response of an infilled frame depends upon the Interaction
between the infill and the frame. There can be separatlon, clesing or
opening of gap and slippage between the frame and the infill. The frame
and the inflll may exhibit material nonlinearity separately. To
incorporate all these phenomena of interaction a nonlinear analysis has

been adopted.

0 Reinforced Concrete Frame: Hinges have been assumed to form at
the points of integration (CGauss points) which are distributed over the
length of the element. One Gauss point is at the centre of the element
and the other two near the ends. In reinforced concrete framed
structures, the frame elements are stiffer at the ends due to Joint
stiffnesses. So it 1s appropriate to assume the formation of hinges
near the ends of the elements. Inelastic behaviour of the element has
been assumed to be governed by the interaction of the axial force, two
flexural moments and a torslonal moment. Chen and Powell's(1882]) yield
(interaction] surface given by Eq. (3.54) has been used in the

investigation.

o Brick Masonry Infill: The brick masonry is assumed to be
linearly elastic till its failure. In compression, on crushing the
stiffness and the stresses are reduced to zero. In tension, on the
other hand, on cracking the stiffness and stress normal to crack are
reduced to zero, however, along the crack partial shear stiffness and a
partial shear stress transfer due to interlocking between the particles
are maintained. The stiffness and the stress along the crack are

also maintained.

O Concrete Mortar Interface: Different interface conditions have
been modelled by adjusting the interface stiffness co-efficients. When
the normal strain is tensile, a separation is assumed to be taking
place and normal stiffness, kn is taken to be zero. Since a separated
interface cannot take up any shear stress the shear stiffness, ks is
alse taken to be zero, If the normal strain is compressive, the
interface is assumed to be In contact and a very high value is assigned

to kn. The tangential stress-strain relationship is assumed to be

T3



elastic-perfectly plastic using a Mohr-Coulomb yield criterion with
zero cohesion. When lwul < ]paﬁl, firm contact is assumed and ks is
assigned the wvalue obtalned from the tangential stress-relative
displacement curve resulting from shear box tests [Choubey (1350) and
May and Naji (1991)]. Here p is the coefficient of friction. Slip takes
place whenever iwﬁ] exceeds |u¢vl. In such a case 8 is reduced to pe,
and ks is taken as zero. Values of the stiffness coefficlents l-':s and kn
used in the analysis for different interface conditions are listed in

the Table 3.1

O Scolution Technique: In the present Iinvestigation a mixed
procedure has been adopted to carry out the nonlinear analysis of the
infilled frames. For the dynamic solution, direct integration using the
Newmark's predictor-corrector (implicit methed) technique [Owen and

Hinton (1980)] has been used,.
4.3 Test Structure 1

To study the behaviour of reinforced concrete infilled frames, a
single storey one-bay infilled reinforced concrete frame shown in Fig.
4.1 (a) has been selected. The structure has been previously
investigated experimentally and analytically by Choubey (18390). The
structure consists of reinforced concrete frame and masonry infill. The
physical and material properties and other details of the structure are

given in the flgure.

The load deflection curve obtalned by using the proposed model has
been compared with that reported by Choubey (1990) in the Fig. 4.1(c).
A good agreement with the experimental results has been observed. The
fallure load of 1BO kN as predicted by the program NIFAP ls close to
that obtalned experimentally (175.38 kN) by Choubey (1990).

The hinges in the frame and cracks in the inflll predicted by the
program NIFAP, as well as those obtained experimentally by Choubey
(1890) have been presented in the Fig. 4.2. A good agreement between

the two has been observed.
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On the application of load, the infilled frame experiences
separation at unloaded corners. This separation reduces the lateral
stiffness and load carrying capacity of the infilled frames. The
transfer of load from frame to infill takes place through the
interface, resulting in the development of normal and shear stresses at
the interface. The points having tensile normal stresses are assumed to
be separated. The separation has been calculated from the relative
movement of the pair nodes in the normal direction of the joint element
and the slip has been calculated from the relative movement of the pair
nodes along the joint element. The separation coefficients, deflined as
the ratio of separation value to the dimension of the infill, have been
plotted in Fig. 4.3. The maximum value of separation cecefficient on
each side as estimated and those obtained experimentally by Choubey
(1990) are shown in the figure. The strut width observed at centre is
0.627 L whereas that proposed by Liauw and Kwan (1984) is 0.707 L.

The closeness between the experimentally observed and estimated
load deflection behaviour, failure load, central strut width and mode
of failure confirms the reliability of the proposed model in predicting

these quantities.

4.4 Test Structure 2

Normally, three types of approaches are used in practice for the
analysis of infilled reinforced concrete frames: (a) analysis of
infilled frame as a bare frame ignoring the effect of the infill panel,
(b) finite element analysis by modelling the infill as a strut element
or a panel element monolithic with the frame, and (ec) finite element
analysis by modelling the infill with a panel element and considering
the closing or opening of gaps or sllding between the frame and the
panel. To compare these approaches a two-storeyed single bay infilled
reinforced concrete frame shown in Fig. 4.4 has been chosen. The
dimensions eof the frame alongwith member properties are given in the

Fig. 4.4.

The discretisation schemes used in the analysis are as shown In

Fig. 4.5.
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Case 1: In the first scheme the frame has been modelled with 12
frame elements and each panel with 4 elements. Fourteen interface
elements have been used to model interface conditions between the frame
and the infill and also at the damp proof course (DPC) level as shown
in Fig. 4.6(a).

Case 2: In the second discretisation scheme the structure has been
discretlised as in Case 1, but with no interface element i.e. the panel
has been assumed to be rigidly connected with the frame as shown in

Fig. 4.5(b).

Case 3: The third scheme ignores the effect of infill. The bare

frame has been modelled with 12 frame elements as shown in Fig. 4.5(c).

4.4.1 Inelastic Static Analysis

The inelastic static response of the structure shown in the Fig. 4.4
under lateral loads as shown in Fig. 4.5 in terms of deflection 6x at
reof level using the above discretisation scheme has been shown in Fig.
4.6. It has been cbserved that the relative stiffnesses for the three
schemes are 1.000, 1.640 and 0.012, respectively. The corresponding
relative failure loads are 1.000, 1.017 and 0.2358, respectively. Thus
the stiffness predicted by the Case 3, i.e. using a bare frame
idealisation is only 1.2 percent of stiffness predicted by the Case 1.
However, the stiffness given by the Case 2 is 64 percent higher than
that predicted by the Case 1. In terms of failure load, the load
predicted by using the dlscretisation scheme of the Case 3 is only 35.8
percent of the fallure load predicted by discretisation scheme of the
Case 1. The failure load predicted by the Case 2 is 1.7 percent higher
than that predicted by using the Case 1.

From the above discussion it is evident that the bulilding model
ignoring the effect of the inflll does not represent the true
behaviour. The stiffness and the fallure load predicted are
unrealistically low.Thus the effect of the infill must be included in
the analysis of the infilled frames. However, if only failure load is
required to be predicted, the effect of the frame-infill interacticn

may be ignored. The load-deflection curves at the roof level have been
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shown in the Fig. 4.6(b) and the sequence of formation of plastic
hinges/cracks In the frame and the infill alongwith the corresponding
deflections have been listed in the Table 4.1. and are shown in Fig.
4.7. The important features of the response of the problem are

discussed below:

Three distinct types of stress Zones namely (al a
compression-compression zone at the ends of the compression diagonal,
(b)) a tension-tension zone at the ends of the tension diagonal and
(c) a compressipn-tensicn zone at the centre of the panel have been
cbserved in the infill panels. As the load is increased in decreasing
increments, the fallure of the inflll has been cbserved to be due to
the cracking. At a load factor, defined as the current load divided by
the load at the first Iincrement of about 6.0, the cracking In lower
panel starts at the ends of the tension diagonal (tension-tension zone)
with some cracks at the centre of tne infill 4 and 5. With the
increase of load, the cracking spreads from the ends of the tension
diagonal to the centre, and from the centre to the ends of both the
tension and compression diagonals. At a leoad factor of 10.5, the first
hinge forms at the bottom of load ward column and it progresses upwards
with the increase of load. At load factor 11.85, six more cracks
develop and the structure becomes too flexible to take any additional

load. The structure fails at a load factor of about 12.0.

Table 4.1 Sequence of Formation of Plastic Hinges/Cracks in the

Infilled frame - 1 (Model 1)

Load Location & Sequence Location & Sequence |Deflection
Factor of appearance of Cracks of appearance of at Roof
in the Infill Panels Hinges in Frames Level (mm)
6.00 1 to B —_— 7.09
7.00 8 & 10 _— 8.61
8.00 11 & 12 — 10. 28
9.00 13 to 16 —_ 12.03
10.00 17 & 18 — 14.04
10. 50 19 1 15.30
11.00 20 & 21 2 16.92 |
11.40 22 & 23 _ | 18.80 |
11.50 24 — 19.18 |
11.85 25 to 30 —_ 30. 17 [
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4.4 2 Dynamic Analysis

The infilled frame as shown in the Fig. 4.4 idealised as per scheme
of the Case 1 of preceding section has been taken for the dynamic
analysis. In addition to the mass of the structure itself four
concentrated masses have been considered to be attached at points A, B,
C and D. The structure has been subjected to the 20 sec S-GU-E
component of 1940, EL-Centro, Earthquake (Fig. Al) in the X-direction.
The earthquake had a peak acceleration of Eﬂl?mmfseczat 2. ldsec. Both
elastic and inelastic responses have been studied during the time

interval of Z20sec.

The elastic and inelastic responses in terms of deflectlon at the
roof level (point A) have been plotted in the Fig. 4.8. The elastic and
inelastic acceleration responses, and the variation of bending moment
at the base of the loadward column have been shown in the Figs. 4.9 and
4.10, respectively. The sequence of formation of plastic hinges in the

frame and that of cracks In the infill are presented In the Fig. 4.11.

The maximum elastic deflection of 32.0mm occurs after 4.9sec whereas
the maximum inelastic deflection of 22.0mm occurs at 9.0sec. The
inelastic deflection is BB.8 per cent to that of elastic deflection.
The structure remains elastic up to 2.25sec. At 2.5sec, both the bottom
storey columns exhibit a number of plastic hinges in the lower half
portion and the infill panels of both the storeys exhibit cracking
along the tension diagonal as shown in Fig. 4.11(a). The roof
deflection at this stage is -10.0mm. At time of 3.0sec, the bottom
storey columns are completely plasticised, but most of the cracks in
panels ‘disappear’ since the state of stresses at these points now lie
inside the yield surface, however, the plastic strains continue to be
present., At 5.0sec some new cracks ‘appear’ and some old cracks
‘disappear', but the bottom storey columns remain plasticised.
Subsequently, almost all the cracks in the panels and hinges in the

frame ‘disappear’,
Figure 4.9 indicates the wvariation of the elastic and inelastic

accelerations at a roof level point A. The maximum acceleration

observed for the elastic and the inelastic analyses are 14.?m/59c2 and
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T.amfsecz, respectively. The inelastic acceleration being 50.3 per cent

of that cobtained for the elastic analysis.

Figure 4.10 shows the wvariation of the moment at a section F near
the base. The maximum elastic moment observed is 4% OkNm, while the
maximum inelastic moment is 28.0Nm , which is 42.8 per cent less than

the elastic moment.

The above analysis demonstrates the necessity of using an inelastic
analysis for the realistic prediction of the response of the infilled

framed structurgs,
4.5 Concluding Remarks

Based on the above investigation, the fellowing observations are

made:

o The close agreement between the experimentally ocobserved load
deflection behaviour, separation of the infill from the frame, central
strut width and fallure mode with those predicted by the proposed model
establishes the reliability of the model to predict the behaviour, the

failure load and the mode of fallure.

o The inelastic algorithms predict the sequence of formation of the

plastic hinges in the frame members and the cracks in the infills.

o A building model which ignores the effect of the infill does not
represent the realistic behaviour. For the correct prediction of the
response of the infilled reinforced concrete frames the effect of the
infill and its interaction with the frame should be included in the
analysis. However, the exclusion of the frame infill interaction in the
analysis predicts a reasonably correct failure leoad, but gives a
stiffer deflection response. So the interaction may be lgnored as it

saves a lot of computer time and memory requirements.

o In the inelastic static analysls, the cracks in the infill are

[lrst to develop and subsequently wlith further increase of the load the
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infill looses its stiffness which leads to the fallure of the frame.
With the formation of sufficient number of hinges or cracks, the
structure looses most of its stiffness and very large deflections are

produced.

o In inelastic dynamic analysls, the maximum wvalues of the
deflection, acceleration and moments at a polnt are much less as
compared to those obtained in the elastic analysis. It is perhaps due
to dissipation of energy in elasto-plastic stage.

o The plastic hinges in the frame and the cracks in the infill appear
simultanecusly. However, the plastic hinges and the cracks disappear on

reversal of loads and on reduction of magnitude of the exciting force.

| During inelastic dynamic response analysis, most of the plastic
hinges and the cracks have been found to develop in the vicinity of the
peak acceleration of the earthguake. Permanent plastic deformation has
been observed at the end of the analysis due to the formation of the

plastiec hinges and the cracks.

o The elastic analysis is not adequate and the lnelastic analysis is

required to simulate the true behaviour of the infilled frame systems.
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CHAPTER : 5

INELASTIC ANALYSIS OF 3-D REINFORCED CONCRETE INFILLED FRAMES

5.1 Introduction

A 'realistic’ model for predicting the earthquake response of a
structure should preserve the three dimensional nature of the structure
specially in the view of the 3-D effect of an earthguake. Except,
probably for the structures with symmetrical distribution of stiffness
and mass, the simplified 2-D models may not yleld reasonable response
to an earthquake excitation and so a complete three dimensional

analysis becomes a necessity.

In the following sections static and dynamic analyses of 3-D
infilled reinforced concrete frames have been carried out using the
computer program NIFAP developed on the basis of the proposed
algorithms and procedures. To understand the salient features of the
inelastic response, an infilled . reinforced concrete space frame has
been analysed under static and dynamic loads. Post-earthguake damage
analyses of buildings have been conducted to identify the reasons of
the observed damage and to assess the reliability of the proposed
analytical model. Post-earthquake damage analysis of cycle stand cum
canteen reinforced concrete structure at Munghyer, Bihar, India damaged
during the Bihar-Nepal Earthquake of Aug. 21, 1988 [Paul et al. (1930)]
has been carried out. Two four storey reinforced concrete frame
bulldings, situated in Assam, damaged during the WNorth-East India
Earthquake of August 6, 1988 [Paul et al. (1980)] have alsoc been
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studied. First building was extensively damaged at the ground and the
first storey. The major damage was concentrated in the failure of many
columns just beneath the first floor level. In the second building, the
most significant damages were located in the region of articulation

Joint between the main bullding and the front stalrcase.

In the following investigations, the skeleton frame, the panel and
the Interface have been modelled by 3-noded frame, E-noded
Isoparametric and 6-noded Interface elements, respectively. For
reinforced concrete section, a 50 per cent reduction in the shert term
static modulus of elasticity and effective sectional properties have
been assumed in the entire ‘'elastic’ range prier to the development of

ultimate yield surface.

5.2 Nonlinear Analysis

The response of an infilled frame depends upon the interaction
between the infill and the frame. There can be separation, closing of
gap and sllpping between the frame and the infill. The frame and the
infill may exhiblit material nonlinearity separately. To incorporate all

these phencmena of interaction a nonlinear analysis has been adopted.

The various components of the problem are:

O Reinforced Concrete Frame: Hinges have been assumed to form at
the polnts of integration which are distributed over the length of the
element. One Gauss point is in the centre of the element and the other
two near the ends. In reinforced concrete frame structures, the frame
elements are stiffer near the ends due to joint stiffnesses. So it is
appropriate to assume the formation of hinges near the ends of the
elements. Inelastic behaviour of the element has been assumed to be
governed by the interaction of the axial force, two flexural moments
and the torsional moment. Chen and Powell’'s (1982) yield (interaction)

surface given by Eq. (3.54) has been used in the analysis.
0 Brick Masonry Infill: The brick masenry material is assumed to

be linearly elastic till faillure. In compressicn, on crushing the

stiffness and the stresses are reduced to zero. In tension, on cracking

=10]



the stiffness normal to crack is reduced to zero but along the crack
partial shear stiffness is maintained. The stress normal to the crack
is reduced to =zero, however, a partial shear transfer due to
interlgecking between the particles is maintained. The stiffness

and the stresses along the crack are also maintained.

0 Concrete Mortar Interface: The different interface conditions
have been medelled by adjusting the Interface stiffness co-efficients.
When the normal strain is tensile, a separation is assumed to take
place and normal stiffness kn is taken to be zero. Since a separated
interface cannot take up any shearing stress, the shear stiffness ks is
also taken to be zero. If normal strain is compressive, the interface
is assumed to be in contact and a very high value is assigned to kn.
The tangential stress-strain relationship is assumed to be
elastic-perfectly plastic using a Mohr-Coulomb yield criterion with
zero coheslon, The values of stiffness coefficients ks and kn used in

the analysis for different interface conditions are listed in Table 3.1

0O Solution Technique: In the present study, a mixed procedure has
been chosen to carry out nonlinear analysis of the infilled frame., For
dynamic solution, direct integration using Newmark' s
predictor-correcter (implicit method) technigque [Owen and Hinten

{1980)] has been used.
5.3 Test Structure

A slngle storey one bay infilled reinforced concrete space frame
shown in Filg. 5.1(a) has been studied for the inelastic behaviour under
static and dynamic loads. The frame has a roof of reinforced concrete
slab and all the other four sides have masonry infill. The properties
and the cross-sectional detalls are shown in Fig. 5.1(b). For analysis,
the roof slab is assumed to have only the in-plane stiffness, since the
out of plane flexural stiffness of slab being negligible as compared to

the inplane stiffness of the slab and the stiffness of the beams.

5.3.1 Static Analysis

The infilled space frame of Fig. 5.1 is discretised as shown in Fig.
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5.2(a).

¥-axis at polnts A and C to simulate the torsional loading as shown in

Fig. 5.

Two equal

2(b).

The

and cpposite lateral

inelastic response

in terms of load-deflection curve

in the X-direction at the point A is shown in Fig.

formation of the plastic hinges
infill panel 1 are shown in Fig. 5.4 and listed
the load factor (defined as the current load divided by the load at the

first increment) of When

t he

panesl 1.

frame.

factor reaches a value of B67.0.

The

16.0,

load factor reaches 22.0,
At a load factor of 2B.0,
infilled frame

cracks 1 and 2

the frame and the cracks

Table 5.1.

appear

eight

in the

two more cracks 3 and 4 appear

in the panel 1.

in the

loses most of i(ts stiffness as the

Beyond the load factor of 78.0,

solution is not possible even with a very small load increment.

loads are applied along the

5.3. The sequence of

in the

plastic hinges form in the
load
the

Table 5.1 The Sequence of Formation of the Plastic Hinges/Cracks in
the Infilled Space Frame - 1
Load Sequence of Sequence of Deflection
Factor Appearance of Appearance of at A
Cracks in Panel 1 Hinges in Frame 8 ( mm)
16.0 1 &2 e 5.8B5
22.0 3 &4 _— B.84
28.0 _— 1 to 8 18.08 .
34.0 5&6 8 to 14 25.25 |
39.0 —— 15 to 19 23.72 i
44.0 7T &8 20 33.48 |
stT.0 2] —- 67.45 ]
61.0 —_ 21 88. 41
67.0 e 22 107.20 j
5.3.2 Dynamic Analysis

For dynamic anlysis,
§5.2(a).

the frame is idealised as per the scheme shown

in Fig. The geometry, sectional details and the properties are

shown in Fig. 5.1. In addition toc the mass of the structure, four

concentrated masses are attached at the points A, B, C and D as shown
2 0

in Fig. 5.2(c). The S-0 -E component of EL-Centro, Earthquake (Fig.
A.1.) of 1940 8sec duration has been applied in the X-direction of the

0

frame. The earthquake had a peak acceleration of 341?mm/sec2 in 5-0°-E

94



Bn.o0r
60.00 p
E 40.00
:
20.00 L
0.00 i i 1 ol
0.00 0.05 0.10 0.15 0n.20

DEF[,I-'I?I'ILN‘JK {mm)

Fig. 5.3  The Inelastic Response: Deflection at the Node A,

i

% ~4

(L) SHAMMNY OF FURPWTIDN (6 CEATES 1N RAND

Fig. 5.4 The Sequence of Formation of the Crucks snd the Hinges in the Infilled
Space Frame-1, g5



direction at 2.14sec. A damping ratio of 0.05 has been assumed for the

analysis.

The elastic and inelastic responses ir terms of roof deflectlon at
the polnt A have been plotted in Fig. 5.5, The elastic and lnelastic
acceleration responses at the roof level and the wvariation of the
bending moment in the beam AE at the Causs point near end A is shown in
Fig. 5.6. The variation of bending moment at the section E has been
presented in Fig. 5.7. The infill panel 1 and the one opposite to it
have shown cracks during the applicatien of the earthquake load. Only
the beams along AB and CD have shown plastic hinges at the Gauss points
near the ends. The behaviour has been found to be symmetrical along the
edges AB and CD. So the panel 1 and the beam AB have been studied. The
sequence of formation of the plastic hinges in the frame and that of

cracks in the infill panel 1 are shown in Fig. 5.8.

The maximum inelastic deflection has been found to be 19.0mm at
4. 27sec whereas the maximum elastic deflection is 14.0mm at 2, Bsec
which 1s 28.3 per cent less than inelastic deflection. It has been
noticed that after Z.6sec, the deflection occurs only on one side of
axls indicatig a permanent deformation set. The maximum lnelastic and
elastic accelerations have been found to be S.Dm/SEcz at 2.5sec, and
5.9m/sec2 at 3.5sec, respectively., The former is 96.6 per cent higher
than the latter. Maximum moments in frame at the section E have been
observed to be £9.0kNm at 2.0sec and 27.0kNm at 2.6sec for the

inelastic and elastic responses, respectively.

At time 2.5sec, four plastic hinges are formed in the frame and
three cracks appear in the panel 1. Little later at time of 3.0sec, the
cracks disappear (since the stresses are now within the yield surface
limit, however the plastic strains continue to be present) and one new
crack appears. At the time of 6.5sec, one crack reappears in the panel

I, but the others vanish. After this stage all the cracks ‘disappear’.

There may be degradation of the stifrness of the panels and the
frame due to appearing, disappearing and reappearing of plastic hinges
and cracks. The stiffness degradation has not been taken into

consideration in the present study as literature review has revealed
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that this type of degradation has negligible effect on the results.
5.4 Simulation of Post-Earthquake Damage/Failure

The post-earthquake damage/failure analysis of the bulldings
situated in India has been carried ocut with the recorded time histories

of the earthquakes.
5.4.1 Cycle-Stand-cum Canteen Structure

Cycle-stand-cum canteen structures were constructed for I.T.Is. at
Darbhanga and Munghyer, Blhar, India in 1968. The bulldings were
basically framed structures with two rows of five circular columns
each. There were no filler walls at the ground storey level (flexible
storey). The upper storey had ten reinforced concrete rectangular
columns exactly above the circular columns of ground storey and
connected with beams and filler walls in between. The unsymmetry arised
due to a stalrcase connecting the ground floor to the first floor as

shown In Fig. 5.8,

The structures at both the places were located on the alluvial soil
and were subjected to Bihar-Nepal Eartquake of Aug. 21, 1988. The
structure at Darbhanga was nearer to the epicenter than that of

Munghyer.

O Earthquake Damage/Failure: During August 21, 1988, Bihar-Nepal
Earthquake, the structure at Darbhanga had totally collapsed. But the
structure at Munghyer developed cracks at the ends of most of the
ground storey columns and is still standing in the damaged condition

[Thakkar et al. (1980), Kaushik (1990) and Paul et al. (18990)].

o0 Dynamic Analysis: The 1idealised cycle-stand-cum canteen
structure has been shown in Fig. 5.10. For dynamic analysis of the
structure each frame member has been modelled with one frame element
and each infill wall with one panel element. The interface between the
frame and the infill has been modelled with interface elements. The
reinforcement details in various members af the building frame are not

available., The reinforcement 1In the columns of such buildings is
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generally of the order of one per cent. To Investigate Lhe reason for
the collapse of the structure an analysis has been carried out assuming

one per cent steel in the column sections.

The time history record of earthquake i.e accelerogram is avallable
only for Munghyer, no such data is avallable for Darbhanga as the
instrument went out of scale during shaking. So the investigation has
been carried out using the data at Munghyer only. The structure has
been analysed with all the three components of the earthquake namely,
the transverse, the vertical and the lengitudinal components (Fig. A.2)
acting in the X, Y and Z directions of the structure, respectively,
shown in the Fig. 5.10. The damping has been assumed to be 5 per cent
of critical damping. Apart from self weight of the struclure, the mass

due to 25 per cent of live load at first [loer has been considered.

0 Dynamic Response : The inelastic response of Lhe structure with
one per cent of steel in the columns has been obtained. The sequence of
formation of plastic hinges in the frame is shown in Fig. 5.11 and
listed iIn Table 5.2. The response In terms of deflection and
acceleration at the point A at the roof level have been pleotted in
Figs. 5.12. and 5.13, respectively. The response has been observed to
be maximum in the Z2-direction. The maximum inelastic deflection of Z20mm
occurs at 9.5sec and the maximum acceieration of S.U'Dm/seczin the

Z-direction.

Initially, the structure behaves elastically. At the time of 1.0sec,
the plastic hinges appear at the bottom ends of almost all the ceolumns
and in the beam on extreme side opposite to that of stair case as
shown in Fig. 5.11. At the time of 2.0sec, the hinges appear at the
bottom of the remaining columns, stair case and beam at the f{irst
storey where there has been no infills. At the time of 3.0sec, hinge
appeared on the top of left hand front column and on the top of column
at its back. No hinge in the frame or crack in the infills appeared in
the structure after this time. The inclined legs of the stair case have
not shown any plasticisatlon and have possibly prevented the structure

at Munghyer from collapse.
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Table 5.2 Sequence of Formation of Plastic Hinges in Cycle =stand

cum Canteen Structure

Time Sequence of Plastic Deflection
sec Hinges in the dx (mm)
Skeletal Frame

1.0 1 te 10 =-14.00
2.0 11 to 19 B8.00
3.0 20 7.00
7.0 21 16. 00

The analysis has exhibited the formatien of hinges in most of the
columns and in some of the beams of the ground storey without
converting the structure 1inte a mechanism. The post-earthquake
observatlions have also shown the development of wide cracks at the ends
of most of the columns of the ground storey without resulting in the

collapse of the structure.
5.4.2 Staff Quarter, BReserve Bank of India, Guwahati, Assam

One of the residential buildings of the staff quarter complex of
Reserve Bank of India, situated at Hatligaon, Guwahati consisting of a
four storey reinforced concrete frame with masonry infills has been
studled for earthquake damage simulations. The building is symmetrical
in plan with =about 80 square meter of floor area. There is an
independent front stalircase having an expansion gap of 50mm as shown In

Fig. 5.14. The important features of the building are:

(i} The ground sterey is 3.55m high with the foundation level being
3.05m below the made up ground level. Other three storeys are 3.10m

high each.

{ii) The internal and external masonry walls are of 125mm and 225mm
thick, respectively.

{iii) The foundation consists mainly of isclated footings below the
columns. However, Lthere are two numbers 2f combined feotlngs connecting

four columns.
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0 Earthquake Damage: During the North-East Indla Earthgquake of
August B, 1988, the building was damaged. The major damage was observed
in the region of expansion joints connecting floor slab of the main
building and the landing =slab of the freont staircase. The extent of
the damage was relatively severe at the terrace level as compared to
the bottom floors due to the large relative displacement at the top
floors leading to hammering and heavy pounding. The other forms of
damage [Guptal(1990) and Paul ef al. (1990)] were:

{i) cracking/crushing of concrete at the floor levels;

(ii) spalling of concrete, falling of plaster from the ceilings, floor

and adjoining walls;

(ii11) collapse of masonry walls of the staircase at the expansion gap

region;

(iv) exposure of reinforcements due to hammering and pounding; and

(v) horizontal cracks in the masonry wall at the junction of the brick

wall and the floor beam: and

(vi) damage to the door frames,

0O Ground Motien Record: During the North-East India Earthquake of
August 6, 1888, no strong motion recorder was in operation close to Lhe
building wunder investigation [Chandrasekaran et al. (1929)]. In order
to arrive at reasocnable time history records, the records at stations
near the building are taken Iinto consideration. Considering their
distances and local site conditions the time history records of station

at Loharghat (Fig. A3) has been chosen for the analysis.

O Dynamic Analysis: The maln building and the stalrcase structures
have been considered as two separate structures. Fach frame member has
been modelled with one frame element and each infill wall with one
panel element. The interface between the frame and the infill has been
modelled with the interface elements. The effect of the infills in the

staircase has not been considered as the infills had openings. The
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structure has been excited by the three components of earthquake for
10sec. The damping has been assumed 5 per cent of critical damping.
Apart from the self weight of the structure, the mass due to 25 per

cent of live load at various floors has been considered.

Both the structures have been observed to remain within elastic
limit. The displacement response of the main bullding and of the
staircase at the roof level have been shown in the Fig. 5.15. The
maximum out-of-phase displacement of 59.50mm has been observed at roof
level. If the soil-structure interaction is considered then this out of
phase displacement will be even more. Therefore, the gap of 50mm
provided between the two separate structures was Inadequate to
accommodate their total out-of-phase displacements at the upper floor
levels and explains the heavy pounding and hammering action at the
upper storeys causing damage. Response analyslis lndicates that the
stresses in the building and the staircase members, were within the
safe limit and hence members are not damaged. This fact is correlated

by the post-earthquake observations.

5.4.3 BReinforced Concrete Frame Office Building, Diphu

This office building is comprised of four storey reinforced concrete
frames with masonry infills. The building is L-shaped in plan as shouwn
in Fig. 5.16. The other important details are:

(i) The ground storey is 4.24 m high, except for the two rows of the
column on the right side of the building where the height is 2.40m.

This arrangement was adopted because the ground was not level.

(ii) The first four left hand side exterior panels of the ground storey
are having ventilator cpenings just beneath the first floor beam level.
The infill walls are present only below the ventilator openings. The
infill walls were not provided in the last two panels on the right hand
side of the building. All the exterior infills of the first, second and
third storeys are having window openings at the two sides of each panel

and therefore not treated as the infill panels in the analysis.
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O Earthquake Damage: During the North-East India Earthquake of
Aupust B, 1888, the structure was damaged. Most of the damage was
concentrated at the ground and the first storeys, bthe upper storeys
being lightly damaged. Some of the impertant post-eartguake
observations [Gupta(1930) and Paul et al.(1390)] were:

{i) Cracks have appeared in most of the ground floor columns. The
columns were severely damaged in the region of wventilator/window
openings or where there were no infill walls. This may be due to the
sudden change In stiffness caused by the openings at the floor levels.

Cracks In some of the first (leor columns were also notliced.

[1i} horizontal cracks along the line joining {loor beams and masonry

wal ls;

{iii) diagonal cracks at the masonry walls;

(iv]) fallure at the beam-celumn jeint at the first floor level:

(v} wvertical cracks along the line joining ground and first fleor

columns and the masonry walls, and

(vi) falling of plaster from the walls causing exposure of bricks

O Ground Motion Record: During the North-East India Earthguake of
August 6, 1888, a Strong Motion Instrument was in operatlon near the
building site [Chandrasekaran et al. (1989)]. The earthquake record has
been shown in the Fig. A4. It is assumed that similar acceleration
values would have been experienced by the damaged building at the time

uf Lhe earthquake,

0O Dynamic Analysis: Fach frame member has been modelled with one
Prame  element and each infill wall with one panel element. The
interface between the frame and the infill has been modelled with
interface elements. The structure is subjected to the longitudinal,
transverse and vertical components of the earthquake acting in the X, Y
and £ directions, respectively. The columns have been assumed to be

fixed at ground level. Only interior infill panels have been considered
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as the outer panels had openings on two sides of the panels. The
damping has been assumed 5 per cent of critical damping. The masses are
lumped at node points. Apart from the mass of the structure itself, the
mass due to 25 per cent of live lecad at wvarlous floors has been

conslidered.

O Dynamic Response: The inelastic response in terms of deflection
at the point A at the roof level has been plotted in Fig. 5.17. The
maximum inelastlc deflection having a value of 40.0mm occurs at 3.8sec

in the X-direction at the polint A.

The locatlien of formation of plastic hinges in the frame has been
shown in Fig. 5.18. No cracks have been observed In the Infills. The
plastic hinges appeared at the top and bottom of all the ground storey
columns. Some ground storey columns plasticised near the centre also.
The beams at the first floor level at the rear of the left hand part of
the building alsc indicated plasticisation. It may be due to the
unsymmetry of the bullding. This explains the cause of observed damage
to the columns of the ground storey at the ends and cracks in the beams

at first floor level.

5.5 Concluding Remarks

Based on the predicted inelastic response of 3-D infilled reinforced
concrete frames and post-earthquake failure/damage studies following

conclusions are drawn:

o The computational model and the procedures developed are able to
analyse and represent the inelastic behaviour of three dimensional
infllled relnforced concrete frame systems adequately. The model can
predict the entire time history response of infilled frame systems

under earthquake excitation.

o The proposed inelastic algorithms for inelastic analysis predict
the sequence of formation of plastic hinges in the frame members and of

the eracks in the infills.
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o During inelastic dynamic response analysls, most of the plastic
hinges and cracks have been found to form in the vicinity of peak
acceleration of earthguake excitation. Permanent plastic deformation
has been observed at the end of the analysis due to the formation of

plastic hinges and cracks.

o In the inelastic dynamic analysis, the plastic hinges in the frame
and the cracks in the infill appear simultanecusly. However, the
plastic hinges and the cracks ‘disappear’ on reversal of loads and alsc

on reduction of magnitude of exclting force.

o The post-earthquake damage/fallure simulation studies of infilled
reinforced concrete frame buildings wusing the proposed algorithms
clearly identify the critical locations where the damage can occur.
The analysis represents realistically the dynamic response over the
given time interval and indicates the structural deficiencies with
regard to their earthquake resistance and the reasons for the actual
post-earthquake damages observed. The stiffness of the infill in the
bullding plays an Important rele and should be considered in the
analysis. The close agreement between the observed and the predicted

behaviour establishes the reliability of the proposed model.

o The elastic analysis is not adequate and an inelastic analysis is

required to simulate the real behaviour of infilled frame bulldings.
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CHAPTER 6

SIMPLIFIED MODEL FOR REINFORCED CONCRETE INFILLED FRAMES

6.1 Introduction

Although the analysis of infilled reinforced concrete frames by the
proposed algorithms is accurate but it is computationally costly and
time consuming for the design of such bullding systems. For the analysis
of real sized bulldings using the proposed algorithms, the analyst has
to use the panel element and the interface element with the frame
element. It increases the computer memory and time regquirements
tremendously. So a simplified method for the analysis of such systems is
needed. In this Chapter a simplified model for predicting the behaviour
of the reinforced concrete infilled frames with a reasonable accuracy
has been proposed and the resulis are compared with those obtalned from

the rigorous analysis using the computer program NIFAP.
6.2 Simplified Approach using Diagonal Member

The study of the infilled reinforced concrete frames in the previous
Chapters lindicate that 1In an 1Infilled frame the parel behaves
predominantly like a strut along the compression dlagonal and a tle
along the tension diagonal. However, a masonry panel under tension takes
very small load. Under dynamic loads, the compression and tension
diagonals keep on interchanging, the compression diagonal taking the
load while the tension diagonal taking negligible load. To model this
type of behaviour the infilled panel has been replaced by a single

diagonal member acting both as a strut and a tie as shown in Fig. B.1.
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In the inelastic phase, cracking and crushing of the masonry infill
results in the stiffness degradation and deformed shape results in the
reduction in the contact surface of the panel with the frame. For
modelling the nonlinear behaviour due to stiffness degradation of the
panel a billinear stress strain behaviour as shown in Fig. 6.1 has been
assumed. Here ay and E are the yleld stress and Young's modulus of
elasticity of masonry under unliaxial compression, respectively. A factor
a has been used to incorporate the effect of reduction in the stiffness
due to separation and slippage of the panel from the frame. With the
increase of the load, due to the deformed shape there ls reductlion in
the contact area between the frame and the panel resulting in the
reduction of the equivalent width of the diagonal member and hence the
load carrying capacity of the dliagonal member near the yleld load. To
incorporate this effect the yield stress of masonry has been reduced by
a factor B. From the studies the values of o and § have been found to be
0.85 and 0.67, respectively. The thickness of Lhe dlagonal member has
been taken to be equal to the thickness of the panel.

Smith [1962] has proposed a method in which the width of the
equivalent strut of the panel depends upon its aspect ratio. However,
Liauw and Kwan [1984] have suggested that the eguivalent strut width is

independent of the aspect ratiec and is given by
Ww=0.45 h cos 8 (6.1}

where h is the height of the panel as shown in Fig 6.1. This strut width

has been used in the present study.
6.3 Validation of the Simplified Method

To establish the walidity and effectiveness of the simplified
diagonal member, the method proposed for the analysis of the reinforced
concrete infilled frames for the structure studied earlier in the Sec.
4.3 has been reanalysed. The frame has been discretised using the frame
element shown in Fig. 4.1(¢) but the panel has been replaced by an
equivalent diagonal member as explained above. The load deflection curve
has been compared with that obtained by the rigorous method and the

experimental results [Choubey (1990)] in Fig. 6.2. The locations of the
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plastic hinges developed in the frame have been found to be exactly the
same as predicted by the rigorous methoed as indicated in Fig. 4.2(b]).
The CPU time required for the simplified analysis has been found to be

about one third of that required for the rigorous analysis.

The second structure analysed is that of cycle stand cum canteen
discussed earlier in the Sec. 5.4.1. The panels have been discretised by
the equivalent diagonal members with each frame member being modelled
with the three noded frame element. The structure has been analysed for
all the three components of the Bihar-Hepal earthquake recorded at
Munghyer as discussed in the Sec. 5.4 and shown in the Fig. A.2. Both
the linear and nonlinear displacement response in the Z-direction at the
peint A have been obtained and compared with those obtained by the
rigorous method in the Fig 6.3. Although the amplitude of the response
waves differ but the time periods of the waves remain the same. The
maximum deflection obtained both by the rigorous and the simplified

methods are 20mm.

The plastic hinges predicted by the simplified method are shown in
Fig. 6.4 and those predicted by NIFAP program in Fig. 5.11. The sequence
of their formation is given in Table 5.2. The locatlions of most of the
plastic hinges predicted by the two methods are the same. However, the

sequence of their formation differs in the case of a few hinges.

Table 6.1 Sequence of Plastic Hinge Formation in Cycle Stand cum
Canteen Structure.

Time Sequence of Plastic Hinges
sec formed as given by
Simplified Method NIFAP
Fig. 6.4 Fig. 5.11
1.0 —_ 1 to 10
2.0 — 11 to 19
2.4 1 te 4 —_—
3.0 —_— 20
4.8 B —_
5.8 7 —
6.4 B to 22 —
7.0 -— 21
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The CPU time required for the simplified analysis has been found to
be about one third of that required for the rigorous analysis. The
in-core memory requirement for the simplified method is about 50 per

cent of that required by the rigorous method.

6.4 Concluding Remarks

n| For all practical purposes the proposed simplified method using the
equivalent diagonal member gives reasonably comparable results with
those obtalned by the rigorous method. The time perlod and maximum
displacements which are required for the design of the Infllled

reinforced concrete systems are comparable.

0 The lecations and the sequence of feormation of plastic hinges in the
frame as predicted by the simplified method for Iinelastic static
analysis are exactly the same as predicted by the rigorous method.
However, the location and sequence differ for some of the plastic hinges

in the dynamic analysis.

o The computational time and in-core memory requirements for the
simplified method are about 30 and 50 per cent, respectively, of that

required by the rigorous method.

o Since the proposed simplified model gives the acceptable results
required for the design of the reinforced concrete frame systems at much

lesser computational effort, it may be used in the design offices.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

T.1 Introduction

In this thesis, investigations have been conducted to study the
response of infilled reinforced concrete frames under earthquake
excitation and to effectively simulate the post earthquake
damage/failure of the structures. Various aspects of the problem viz
structural modelling, material modelling, development of an algorithm
and its computer implementation/codification for the Inelastic
analysis, prediction of overall earthquake response and post earthquake
fallure/damage simulatlon  have been  examined. Throughout the
investigations, an attempt has been made to explore the areas of
current state of knowledge which are less clearly understood and to
highlight some problems where emphasis in analysis and design has been
lacking. The significant conclusions on the basis of the present study

are summarised in the following sections.

7.2 Review of Literature

Based on the critical review of the literature on the linear and
nonlinear, static and dynamic behaviour of the infilled frames and

other related structural systems, the following observations are made.

n] In the dynamic analysis of a complete building system, the

inclusion of the effect of infills is essential for a realistic
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prediction of the behaviour, even though, it complicates the problem

and increases the computational effort.

o There is very limited literature avallable on dynamic response of

3-D infilled reinforced concrete frames.

O The finite element method has been extensively used in the analysis
of infilled frames. The results obtained by 3-noded frame element for
skeleton frame, 8-noded isoparmetric element for the panel and G-noded
interface element for the interface jolnt have been reported to be in

good agreement with the experimental results.

o Amongst the models for inelastic 3-D analysis of reinforced
concrete frames, the section models with three dimensional polnt hinges

at the ends or at the Causs points have been found to be satisfactory.

7.3 Structural Modelling

* A ‘realistic’ mathematical modelling for an infilled reinforced
concrete frame system should be able to simulate the actual observed
response of such systems. To account for the probable unsymmetry in
plan or/and in elevation of an infilled reinforced concrete f{rame
system a 3-D mathematical model has been used to simulate the response,
The model uses 3-D beam-column element to idealise the space frame. The
frame infill mortar joint has been modelled by 3-D interface element
and the infill has been discretised by a membrane type of panel
element. The model is capable of predicting the sequence of formation
of the plastic hinges in the frame and the cracks in the infill.

The analysis of a number of structures has demonstrated that the
proposed model is capable of simulating the behaviour of such systems
realistically. The eigen values, time history response, load deflectlion
behaviour and failure loads predicted by the proposed model have been
observed to be reasonably close te the experimental wvalues. The
location and sequence of formation of the plastic hinges in the frame
and cracks in the infill have been found to follow the pattern given by
the experimental investigations. Thus, the simplifications made in

modelling have been found to be reasonable. However the results
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obtained by the simplified models like an equivalent strut method are

too stiff.

7.4 Material Modelling

The frame element. used for the discretisation of the reinforced
concrete frame member considers the Interaction of axial force, bilaxial
bending and torsion for the development of the surface. For the panel
element in compression, the material has been assumed to be linearly
elastic until fallure and on crushing the stiffness has been assumed to
reduce to nearly zero. In tension, on cracking the stresses and the
stiffness normal to the crack have been reduced to Zzero, however, a
partial shear transfer due to interlocking between the particles has
been maintained. The stiffness and stresses along the crack have also

been maintained.

At the Iinterface between the frame and the infill, initial gap,
closing or opening of gaps or sliding between the frame and the infill
have been conslidered. The tangential stress-strain relationship has
been assumed to be elastic perfectly plastic. It is based on
Mohr-Coulomb yield criterion with negligible cohesion. In case the
normal strain is tensile, a separation has been assumed, otherwise
contact has been maintained. If the normal straln s compressive and
tangential straln exceeds the co-efficient of friction times the normal
straln, a slip has been assumed to take place. The stiffness of the
interface element at each Gauss point has been modified according to

the interface conditions at the Causs point.

7.5 Development of Computer Program

A finite element program (NIFAP) based on the proposed algorithms
has been developed for the elastic and ilnelastiec, static and dynamic
response of three dimensional infilled reinforced concrete frames. It
is a general purpose program with the capacity depending mainly on the
total number of nodal points in the desired system, the number of eigen
values required in the dynamic analysis, the operating system and the

computer system used.
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The program predicts the formation of hinges in the frame and cracks
in the infills at the Gauss points. It calculates plastic strains, if
any, at these points and gives displacements and acceleration history
at the desired points and stress history at the desired Gauss polnts,

at the specified time intervals.
7.6 Inelastic Analysis

The proposed algorithms for the inelastic analysis are simple and
sultable for 2-D and 3-D infilled frame structural systems. In the
frame the plastic hinges have been assumed to form at the Gauss polnts.
The algorithms predict the sequence of formation of the plastic hinges
in the frame elements up to ‘failure’ or development of mechanism. The
interaction of axial force, biaxial bending and torsional moment has
been conslidered in the yleld criterion for the formatlion of a plastic
hinge in the frame element. The results obtained by the proposed
algorithms considering the plastic hinges at the Gauss points are
closer to the experimental results as compared to the lumped plasticity
approach although computational time and efforts required for
convergence are more. In the present investigations of the reinforced
concrete infilled frames the plastic hinges at the Gauss points are

considered.

Inelastiec algorithm considers the gradual deterioration of the
stiffness of the structure due to the onset of plasticity in the frame
members and cracking in the infill panels. The algorithm adequately
incorporates the 1initial gap, closing or opening of gaps or sliding
between the frame and the infill. It has been observed, that it Iis
eccnomicﬁl to modify the stiffness matrix after the formation of each

new plastic hinge(s) as it leads to the faster convergence.

The wvalldity of the proposed procedure and algorithm for the
inelastic analysis of 2-D bare and the infilled frames, and 3-D bare
frame have been extensively checked. The close agreement between the
experimentally observed load deflection behaviour, separation of the
infill from the frame, central strut width and failure mode with those
predicted by the proposed model establishes the reliabllity of the
model to predict the behaviour, the failure load and the mode of
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failure. The inelastic algorithms predict the sequence of formation of

the plastic hinges in the frame members and the cracks in the infills.

7.7 Overall Earthquake Response

The objective is to establish the feasibility of both the elastic
and inelastic analyses for earthquake response highlighting the
importance of certain aspects affecting the infilled reinforced
concrete frame behaviour. A number of 2-D and 3-D structures have been

analysed using the proposed algorithms.

A building model which ignores the effect of the infill does not
represent the realistic behaviour. For the correct predictien of the
response of the infilled reinforced concrete frames the effect of the
infill and its interaction with the frame should be included in the
analysis. However, the exclusion of the frame infill interaction in the
analysis predicts a reasonably correct failure load, but gives a
stiffer deflection response. So the interaction may be ignored as it

saves a lot of computer time and memory requirements.

In the Infilled frame systems, formation of hinges in the frame
members, cracking of infill panels, closing or opening and sliding
between the frame and the infill all have been found to be responsible
for their nonlinear behaviour. In the inelastic static analysis, the
cracks in the Infill are flrst to develop and subsequently with further
increase of the load the infill leooses its stiffness which leads to the
failure of the frame. With the formation of sufficient number of hinges
or cracks, the structure looses most of its stiffness and very large

deflections are produced.

In the inelastic dynamic response, the study predicts permanent
plastic deformations due to the formation of plastic hinges in the
frame and cracks in the infill. In general, it has been observed that
the plastic hinges form during the cycle of peak deflection and
‘disappear’ (the plastic stralns continue to be present but stresses
are now within the yield surface) when the direction of wibration
reverses. Some plastic hinges and cracks disappear from ecertain

locations and new plastic hinges and cracks develop at the other
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locatlons.

The study concludes that the elastic analysis is not adequate and
the inelastic analysis is required to simulate the true behaviour of

the infilled frame systems.
7.8 Post Earthquake Damage/Failure Simulation

The post earthquake damage/failure analyses of Infilled reinforced
concrete framed bulldings using the proposed algorithms have clearly
identified the locations of damages, the structural deficiencies with
regard to thelr earthquake resistance and the reasons of the actual
damages observed. The infills in the buildings have been observed to
play an lmportant role. The reallstic behaviour of the bulldings with
the infills cannot be predicted without considering the effect of the
infills in the analysis. The good agreement between the observed and
the predicted behaviour establishes the reliability of the proposed

model .

From the analyses carried out in the present study. it can be
concluded that the computational model, procedure developed and the
computer program are able to analyse and predict the inelastic
behaviour of three dimensional infilled reinforced concrete frame
systems adequately. The program can predict the entire time history

response to an earthquake excitement.
7.9 Simplified Equivalent Diagonal Member Approach

A diagonal member replacing the infill panel has been proposed to
predict. the nonlinear behaviour of the infilled reinforced concrete
frames. For all practical purposes the proposed simplified
representation of the infill by the diagonal member gives reasonably
comparable results with those obtained by the rigorous methed and the
reported experimental results. The time period and maximum
displacements which are required for the design of the infilled
reinforced concrete systems are predicted with acceptable accuracy. The
locations of the plastic hinges and the sequence for their formation as

predicted by the simplified method for the inelastic static analysis
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are exactly the same as obtained by the rigorous method. However their
locations differ for some of the plastic hinges for the dynamic
analysis. For the problems solved the computational time and inceore
memory requirements for the simplified method are about 30 and S50 per
cent, respectively, of those required for the rigorous method. The
proposed simplified equivalent diagonal member method may be used in

the design offices.

T.10 Suggestions for Further Research

It has been recognised that the analysis of the infllled frame
systems under earthquake exclitation is essential. Detailed studlies are
required to propose codal provislons for the design of the infilled
framed bulldings, particularly, in the regions of high seismicity. Some

relevant suggestions for future research directions are made below:

o Several improvements in the structural and material modelling are
possible to predict inelastic response. The effect of considering the
spread of plasticity in the frame element needs to be studied. The
appropriate yield criteria to include the effects of shear is required
to be established. Stability conslderations may be introduced in the
analysis. Large deformations alter geometry and could at least be

considered in the form of simplified p-4 effect.

O The experimental and analytical studies are needed to establish the
parameters of the proposed simplified model for the infilled reinforced

concrete frames.

o The properties of the interface between the reinforced concrete

frame and masonry infill need to be established experimentally.

0 The soil structure interaction studies provide yet another important

area for investigation especially for the structures on the soft soils.
0 The effect of degradation of reinforced concrete section due to the

development of the plastic hinges and their disappearance need to be

establlished for a ‘realistic’ inelastic analysis.
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APPENDIX A

GROUND ACCELERATION RECORDS OF EARTHQUAKES

A=1 CGround Acceleration Records

The three translational components of ground acceleration records for
the various earthguakes used in the investigation have been

presented.
A-1.1 El Centro Earthquake

The ground acceleration records for El Centro, California Earthquake
of May 18, 1940 have been presented in Fig. Al. The peak acceleration

was about EIBEmmKSECE.
A-1.2 Bihar-Nepal Earthgquake

The ground acceleration records for Bihar-Nepal Earthquake of August
21, 1988 recorded at Munghyer have been presented in Fig. A2. The peak

acceleration was about IQGOmm/seca.
A-1.3 North-East India Earthquake

The ground acceleration records for North-East India Earthquake of
August B, 1988 recorded at Loharghat have been presented in Fig. A3. The
peak acceleration was about SEGmm/EECE. Figure A4 shows the ground
acceleration records of the earthquake recorded at Diphu. The peak

acceleration observed was about HJ!ICICImrn/secz_

128



{mmssec-2)
%]
&)
&)
&)
|

sttt

@
_1-2000 -
L) g
L =]
{_48@@ |r|r|T||||||.11l||||]1Ir1:||||||1r1rrrrr
Q 5 10 15 20
TIME (sec)

(a) S 0° E COMPONENT

- 1600

]
4V
AN
]

(mm/sec-2)
)
)
(]
|

i

Q 2

{-3286 lIIIIIIII[IEI1'|rT||||||[:rl:||['|'|:p|r|,|ii
%) 5 10 15 20

TIME (&ac)

(b) S 90° W COMPONENT

L)
rJ
&
&

(mm/sec-2)
()
=
&
1111

@ ”m*%**#*Hw%r“ﬂHﬁkﬁﬂhdﬁmhﬁﬂwHWAwm-ﬁ--
_1-1600 7
- _
{_3286 rrrrrrr Ly ey rrrirerl rrrTrrrrrrT T T T I T I T
% 5 19 15 - 20

TIME (sec)

(c) VERTICAL COMPONENT

Fig. A.1  Ground Acceleration Record of EL. Centro, California, Earthquake,

May 18, 1940,
130



-24@@ ||||]||TT TTITTEITTN llTT]Tl11I111I|||I|||i|TI]I] T I TTrTrnra TT110
0 2 4 6 g 19 12
TIME (gec)

.{a) LONGITUDINAL COMPONENT

L)
N
@
N

(mmssec-2)
o
G
&
1l

04
_1-16004
n ]
(i 3
{-3266 1ITTITTTIIITlTlITII']'1_['[TTIIII|IILIIIII4|IFIIiLiLI
0 2 4 6 8 19
TIME (sgsec)

(b) TRANSVESE COMPONENT

-1599 |||rlrrrl[TT'Tfl|Illlir||rrl|'|'||'|'|_'|-|'llllllllliill[TTTlTT‘Tr
%] 2 4 6 8 19 12
TIME (gec)

ic) VERTICAL COMPONENT
Fig. A2 Ground Acceleration Record of Munghyer (Bihar-Nepal) Earthquake,

August 21,1988,
131



(mm/sec-2)

_

Lol ]

L -

{_8@@ rllIlIIII-|IfIrIIIIF]lllT'IITTT:l'TTTIIIIII|IE[IIif|i[||i[IIII'|'|]
%] = 4 &) 8 10 12

TIME (sec)
(a) S 36° E COMPONENT

o

o

@

W

™

E

E

=]

L

(] B

{_886 TIIfIlllI|ll|IIJII'I[I'I'II|'|'ITT'|'['|'I'|T'|TI'I'|'|||||||||i|:||il|||||
@ z = 6 8 10 1%

TIME (sec)
(b) N 54° E COMPONENT

o

1 320

4]

@

° 160

E

- @

_1-160

L

Q

{_32@ LR R R N N N R AR
@ e 4 6 8 10 12

TIME (esec)

{c) VERTICAL COMPONENT
Fig. A.3 Ground Acceleration Record of Loharghat (N-E India) Earthquake,

August 6, 1988,
132



‘' 5000-
O ]
m -
¢ : |
: : [l
‘E Q)5——m«meHWWH$b#mﬁ&$udﬂm#'.
j ]
&5 ]
{*5@@@-1'IIlI'I'f'iIl'III'I'II'l_llq:l'll_TTI'IIl'[T'IIIIT'III-
© 10 20 (%] 40
TIME (sec)
(a) LONGITUDINAL COMPONENT
Y seoe-
Q -
o 3
41} =
£ ] |
E @_; 5I|| .;‘ | 'r||| | :
; E
Lo -
O ]
{-5989 'I'Iffl:l['lifllIT'l_lTIFIrTT'I‘.I'II'ITlri"l_'I'T'I'TIIJ
@ 10 20 30 42
TIME (sec)
(b) TRANSVESE COMPONENT
ol
1 200
Q
i}
N
£
= %)
-
Ll
O
{_2666|1_|'1_'|_1|IFI|JIIJIIll[[['lllll:lllllfl:ll:illl
Q@ 10 20 30 49

TIME (sec)

(c) VERTICAL COMPONENT
Fig. A4 Ground Acceleration Record of Diphu (N-E India) Earthquake,

August 6, 1988.
133



