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SUMMARY

‘The thesis considers the interaction between structures
with orthotropic wall infills and their SUppDrtiﬂg'SOil.-The
finite element method is employed and a general computer
pragram is developed for the nan-linear three‘dimenSiDnal

structure-soil intetraction analysis. The propagation of

r
' .

crack and tensilé separations in the sail is taken care of.
Novel techniques for the efficient storage of the various

matrices and also for solution of simultaneous eguations are

&

emplayed, These resulted in the ecanomy of both computer

i
B .

storage and time and the development of a program viable

for computers of even moderate size.

A planned scheme of anélySes of various structures with
different configurations énd having frames with orthotrobie
wall infills were undertaken., Parameters such as deflectﬁans,
bending moments, soil Stresses,.mall stresses and crack

propagation were examined in detail. The actual contribution

of orthotropic infill walls in increasing the lateral stiff-

.

ness of framed structures uas.found to be less than what is
apparent from conuentiOnal fixed:base analyses. However,
they were found tD‘reduée significantly the formafion and
propagation of cracks in the socil., The stresses and the
strains in the soil vere also studied in order to establish
the extent of the soil to be included in the finite element

analysis., The rapid reduction of the strains in the soil with

depth indicated that this extent need not be very large.
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Chapter 1

GENERAL INTROCUCTION

1.1 INTRODUCTION

The traditional approach of isolation and separate
treatment of a structu;e and its supporting soil has been
'pferd to be irrational and often incorrect. ﬁ study of
the]interaction between the tuo leads to a more precise
understanding of the behaviour of both. Such a study
fulfills the need to estimate the form and magnitude of
the relative deflections which are used to assess the B
1ikeiihood of damage. It also reveals the actual distri-

- bution of forces and stresses within the structure resulting

fram the fact that the supports are not unyielding.

To achieve a satisfactory interactive analysis, the
soil, the substructure and the superstructure are mathem;-
tically modelled,” Traditionally, however, extensive simpli-
fying assumptions are made in arriving at these models.
This is even so in conventional rigid base analyses. In
the design of framed buildings, For instance, the.contri-
butions of walls, partitions and floor slabs to the overall
stiffness are often not recognized or are recognized only
tacitly. The structure is freguently analysed as a bare
frame without claddings and infills, In reality, the
‘infills participate in supporting the load and provide a
significant amount of stiffness to the structure, For

strength calculations these assumptions, being conservative,

{




may be reasonable, but for predicting deformations the

simplification is not as easy to justify. Specially, for.

a realistic analysis of structure-soil interaction, a
more explicit recognition of these contributions is

‘reguired,

Two committees were fﬁrmed by the Institution of
Structural Engineers who published their reports inv1974
(Littlejohn and Macleod) and in 1978 (Thorburn). Both these
repdrts recommended reéearch into apalytical methods of
solving structure-soil interaction. Although extensive _
research work followed these reports, many aspects of the

4

problem, including that of infilled frames await due attention.

Brickwork is the traditional material with which iﬁfill
walls are built in framed buildings. The material is essen-
tially anisotropic and has often been simplified as orthétrOpic,,
Rahman and Sawko (1380). The present work considers these
orthotropic wall panels as integral infills of the frame,

The interaction of the structure and the soil and the contri-
bution of the infill afe then Studied for various plan
configurations and loading conditions, The important aspect
of the propagation of cracks in the so0il resulting from its
inherent tensile weakness has also been duly incorporated in
the study. The finite element method, with its versatility
and accuracy, has been chosen as the analytical tool. This
thesis describes the objectives, the methodology aﬁd the

findings of this research,

f
i




1.2 REVIEW OF METHGDS OF INTERACTION ANALYSIS

The interaction of building frames with their suppar -
ting so0il and the need for inclusion of struCtural rigidity
in calculating settlement of their supports were first
appreciated'by Meyerhaf (13847). A growing interest haé
since been shouwn in £his field with thé neCEssify of buil-
ding cheaper and more COmpléx structures on less favourable
grounds, The traditional approach treats the problem as a
two phase system, Either the soil is analysed, with the
strgcturé being represented by an artificial model, or the

structure is supported by a fictitious soil,

. The relative complexity of the soil behaviour has iead
to various simplified soil models. TheSeAcan be classified
as mechanical or mathematical., The most widely used mecha-
nical model is Winkler spring where the soil is replaced by
a series of discrete springs. This simple spring comcept:

has been modified further by many authors (Fletcher and

Hermann, 1871) to extend its applicability,

Empirical or mathematical models of the soil idealize
the sgil as an elastic,'isotropic, homogeneous and semi-
infinite continuum. The mathematical solution of this
continuum is based on the classical Boussinesq problem of a
point load on the surface of a semi-infinite body. Such
models with different modifications were used by Mi;ouic
and Tournier (1874) and others, Various simplified continuum

representations were also developed to eradicate mathematical




i
difficulties in connectiodn with the inclusion of structural

rigidity in the analysis.

Simplified methods of inte%actiue analysis mithrthe
s0il represented by one of the mocels described above have
been propased by some inuestiéators. Lee and.Harrison (1970)
and Seetharamulu andJKumar (19?35 analysed framed structures

- supported on soil. - i

Chamecki (1956) proposed a method for. calculating t he

settlements aof structural supports in which the rigidity of

—_—

théigtructure was considered in terms of some load transfer
coef%icients. Latér ﬁany authors (Chamecki, 1563; Lafnach,
18703 Larnach ana'wood, 18725 Komornik and Mazurik, 19?45
exteﬁded and geheralized fhe above method by using the métrix
displacement méthod to analyse the structure Considering.the

progressive time depended settlements of the soil.

With the development of numerical techniques such as
finite element method, a mare rigorous treatment of the
structure and the soil as an integral system became possible.
Cheung and Zienkiewicz (1565) presented a finite element
method for the analysis of slabs and tanks resting an an
Winkler foundation. Then Cheung and:Nag (196B), Smith (1970)
and bthers extended the above method to care for horizontal
contact pressure and vertical tension separation of the

structure-soil boundary and soil inhamogeneity etc.

Majid and Craig (1972) used an incremental technigue to
perform an interactive analysis for two dimensional problems

with a soil showing non-linear praoperties.




King and Chandrasekaran (1974) described a method for

¢

analysing a multistorey space frame on a raft foundation

supported by a non-homogenecus soil represented by three-
dimensional finite elements with variable properties. But
the method does not Freat thé structure and soil as an
integral unit and the influence of one on the other is

considered in several separate analyses, i

Cunnell (1974) and Majid and. ‘Cunnell (1976) proposed
a three-dimensional finite element interaction analysis
method in which the non-linear stress-strain property of

i . e

the soil was followed., The structure, the'Foundation.and.

—_—

-. i
the soil were represented by suitable three-dimensional |
- . . !
finite elements and analysed as an integral system. But the
8 tension separation in the socil mass as well as in the

56il-foundation interface were ignored. Additionally the’

approéch has severe limitations in computational aspects.

Rahman (1978) applied finite element methad for three-
dimensional non-linear analysis of the superstructure, the
foundation and the scil as an integral system. The non-linear
praperties of tHe s0il were duly incorporated and an incre-
mental analysis technique was followed and an iterative methad
of analysis was proposed for long term settlements df soils;
Tensile separations at the foundation-scil interface and
within the soil mass were taken care of, A computer program
was developed and two large practical structures and their

supporting s0il were analysed to investigate into their

interactive behcviour,




A detailed inuestiéation has been carried out by
Sankaran and Srinivasaraghavan {1981) to study the inter-
action between a superstructure, its raft foundation ana
the underlying soil system. The results of the analysis of
this three phase system using finite element programme are
presented in terms 0% differential settlement and member
fofcésiof the raft, '‘Analysis has also been made of a raft and
soil system only ignoring the iﬁteraction of the super-
structure, Comparison of the results of the two analyses,
the effect of superstructure interaction and the optimisation
af gaft,thickness for satisfying the conflicting limiting ™
r8qu;rements for differential Settlemént and member forces

have been revealed clearly in this analysis. . ,

Desai et al {(1982) présented a finite element procedure
for general problem of three-dimensional soil-structurei
interaction inuolﬁing non-linearities caused by material
behaviour, geometrical changes, and interface beﬁauiour.
The formulation is based on the updated Lagrangian or
approximate Eulerian approach with appropriate provision
for constitutive laws;_Conéideration is given to the mathe-
matical and experimental aspects related to the iﬁportant
topic of development and adoption of a constitutive law for
geologic medium, Development and use of an interface element

to describe the three-~dimensional interface behaviour is

described. The influence of cracking and tensile stress

conditions in the s0il and interfaces is allowed by using




the stress transfer appréach. The procedure was verified

by comparing predictions with observation of a structure

pushed in the soil in a special soil-bin test facility.

Desai and Sargafd (1984) developed a stress hybrid
finite element procedure fof non-linear, elastic and elastic-
plastic analysis of 5Soil-structure interaction including
simulation of constfuction seguences. In this method,! both
displacements and s;tresses aré assumed independently within

an element and on its boundaries. As a result, it is possible

to choose different and higher order stress distributions

if warranted by the physical characteristics of the problem,

such as interfaces and excavated surface.
v

Demeneghi (1981) proposed a procedure of analysing in

an integral form the soil-structure interactiaon for a reti-

cular continuous structure and for a distributed reaction of

compressible so0il,

From the above study of the available works the effec;
tiveness of the finite element method in performing a three-
dimensional non-linear analysis of structure-soil interaction
problems is evident, The methoﬁ is easily programmable and
a broad class of structures with various types of elements
and loading conditions can be efficiently handled. The
method can also easily cater for the'uarying properties of soil
including low tensile strength and low resistance to cracks,
Considering these, employment of the method in Conﬂucting

the present research work is justifiable,




1.3 ANALYSIS OF INFILLED FRAMES

A realistic allowance for the in-plane stiffness af
walls and partitions, particularly where theée are built
as infill panels or as continuous shear walls is desirable
when a structure—soil'interabtion analysis is being conducted,
A reuiéu of the available works show an inadequate considera-
tion din this régard.'HDweuer, definite progréss has been
made for the inclusion of infill panels in framed structures

for traditional analyses without regard to structure-soil

interaction.
£

—

' Investigations of infilled frames made in the fifties
and the sixties (Woad, 19583 Polyakov, 1860; Holmes, 195{;
Stafférd Smith, 1966) were co%cerned with strength and s#iffF
ness characteristics of noﬁ—integral infilled frames, in;
which weak bond and friction might develop at the interface
between the infill; and the frames; no attempt was, houever,
made to improve the integrity at the interface. Irregulaéities
and unevenness at the interface produce considerable uari;
ation in structural strength and stiffness making them

unreljable for theoretical predictions and design purposes,

Investigations of integral infilled frames of the
seventies (Liauw, 1970, 19733 Mallick and Garg, 1971; Liauu
and Lee, 1977; Wood, 1978) provided deeper understanding
of their behaviour, and realization of improved structural

characteristics, The problems inherent in a non-integral

frame can be overcome Dy the introductian of materials with




strong bond (Kadir ana tendry, 1875) or shear connectors
(Liauw and tee, 1877; Liaum and Kwan, 1982} atrthe frame-
infill ihterface, resulting in a more reliable structure
not only for ahalytiﬁal prediction and design pgrﬁoses,
but also for engineering the structure to give a better

-

performance.

Apart from nonintegral and fully-integral infilled
frames, other types which have been investigated can be
grouped as semi-integral infilled frames, where the panels
are;partial;y integrated to the frames, €.04, prDuisiOn“ﬁ“_
of vertical slits iﬁ each panel Or provision of uerticaL
‘gqps-on both sides of each panel which is integral uithgthe

- L} - . i -

beam only,

I
+

Although the analysis of infilled frame structure has
: i
‘been attempted using the theory of elasticity (Sachanski,

1960; Liauw, 1970) and by finite element analyses (Karamanski,.

1867; Mallick and Seﬁern, 1367; Kadir, 13874), the rather
uncertain boundary conditions between the infill and the
frame suggest that an approximate solution would be appro-
priate. Varjous approximations (Wood, 1358; Benjamin and
Williams, 1958; Liauw, 1872) have been proposed, the most
highly developed being that based on the concept of an
equivalent .diagonal strut, which was oiiginally proposed by
Polyakov (1960) and subsequently developed by other investi-
gators (Holmes, 18961; Stafford Smith, 1862, 1966; ﬁainstone,

1971). The essential problems in this approach are (1) to

|
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determine the cantact length between the frame and the

brickwork, (2) to find the effective width for the equivalent
strut and (3) to establish the made of failure and strength
of the brickwork, The contact length depends on the relative
stiffness af the frame and infill, and on the geometry af

the penel. Staffurd;Smith ({955) first developed the ahalon
of the prDblem wlth a beam on amn elastic fDUndatan. The
relatlonshlp between the force acting on the equ1ualent
dlagonal and the normal stress at the centre of the panel

has been SUggESLEd by Kadir (1874) follom1ng work by Seddon

—_————

(1955) an partially loaded concrete wall, Kadir has carried
out an elastic analysis to Dbtaln a relatlonshlp glUlngf
the percentage of the tDtal lateral fOrce applied to the
frame-wall System carried by the. wall. Kadir also found

that the equivalent diagonal strut method could be applied

to multi-storey frames with reasonable accuracy,

Infill panels frequently contain door or window
Opening which will obviously reduce their effectiveness
in stiffening the surrounding frame to an extent dependent
on their Size; Experiments by a number of inuestigators
(Sachanski, 1960; Holmes, 1961; Benjamin and MilliamS, 13958;
Liauw and Lee, 1977) have indicated that centrally located
Openings may reduce the strength and stiffness of an infilled
frame by about 50% and 70% respectively. The results of e
number of model-scale tests by Kadir illustrate the effect

of various sized centrally placed Openings in a sqguare

infilled panel. However, because of the variability in the
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test results and the small number of experiments no definite
conclusions could be drawn. For unreinforced Openings in

the infill panels, it is suggested that where openings cut
the diagonal which forms the axis D% the effective strut

and occupy more than a sixth of the frame DpEAing, the
infill panel in question should be ignored., Where the ope-
nings are of lesser size or do not cut the diagonal, the
infill panels should be rated at half the stiffness of
Similar full infill panels, although small Openings in

corners that the interaction analysis shouws to be unloaded

+ _——

—

may be ignored completely. Liauw (1977) has put foruward a
-method for the calculation of the stiffness and strengfh?of
infilled frames with openings that .uses a strain enefgy ;-'
method to establish the areé of the equiualent strut, An
infill with a centrally placed door Opening is replaced by
two members, one horizontal and one vertical and connected
by a rigid joint. Interactive forces between the surrounaing
fraﬁe and the infill are assumed to be concentrated at tuo
diagonally opposite corners, Stafford Smith {(1966) investj-
gated the behaviour of diagonally loaded infilled frames and
laterally loaded single and multistorey infilled frames. The
members of the frame were of the same section and rigidly
connected together, the infills were square and of isotropic
material with a plastic type of compressive failure, similar

to concrete,

There are many experimental data on the behaviour of

?rick mDrk-(PoiyakDu, 1360; Sachanski, 1960; Fiorato, 1970;
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!

Mainstone, 1970, 1971), concrete (Benjamin and Williams,

1960; Stafford Smith, 1866; Simms, 1967; Stafford Smith and
Carter, 136S; Mainstone, 1971) and Steel (El-Dakhakhni and
Daniels, 1973; Nyberg, 1878) infills, Virtually nothing has

been done on infill panels of other materials.

Thercbntributian Df the panels to the duerall Stiff-
ness of above ground strubture is dependent on their tight-
ness of fit in the frame. In the tests referred to, with
fare exceptions, early separations of the unloaded corners
of the infill paneis from the frames, usually éoupled at
slightly higher deflections uwith some intérnal cracking:‘ﬁu
led to fhe'infili panels Béhauing essentially as diagonal
strut;. For design purpOSéé it therefore seems pfefefabié

. to reQard'them'So, rather than as true shear panels with'

nominal shear moduli to compensate for the highly nOn—Uniform

and predominantly compressive internal stress patterns,

Many reinforced concrete frames are built with brick-
work infill which adds considerably to the strength and
rigidity bf the structure as a whole, A cbnéiderable amount
of research work has been ;arried out on the stif%gning
effect of infill panels although very little use of this
appears to be made in practical design. This is possibly
because of uncertainity of the composite action when, as
is usual, the brickwork is not completely bonded to the

frame and there is the fear that infill panels may be removed

at some stage in the life of the buildirg. Moreover infill
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panels are highly non-homogeneous. Nominally identical infill
panels will differ markedly from one another in the precise
distribution of this non-homogeneity and may, in conse-
duence, differ considerably in behaviour. Cracking and
partial separations between the infill panel aﬁd the frame
may soon deuelbp as the latter distorts. Ultimate loads

of thé combined frame-infill system will be reached only
after excessive cracking. A typical load-deflectjion response
is not-only significantly non-linear, but also time dependent

and influenced initially by the construction sequence. An in-
.

—

filled frame may over a relevant range of diétortiohs; b?
an order of magnitﬁdevstiffer than the bafe frame. Henéé4
a realistic treatment Of the infill panels must be rEQaréed
as essential to a meaningful interaction analysis; ;

Infill panels of plain concrete are more nearly
homogeneous, and the only tests that haue.permitted a
direct comparisoh with brickwork infill panels (MainStOné,
1871, 1974) shou less variability in the behaviour of the
concrete panels. The general pattern of behaviour is,
however, similar, and equivalent diagonal strut ié again

the approximate model.

Unly in infill panels of reinforced concrete with
adequate reinforcement tied into the bounding frame or
continuous with the reinforcement of adjacent infill

panels will a state approximating to uniform shear arise
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as a result of a racking deformation. In such cases the
shear stiffness of the infill panels may be calculated
Simply On the basis of the vertical cross-sectiona. area
of the infill panel and a shear modulus equal to 40% of

the normal elastic modulus,

Steel infill banelslére not used at present, but
their use as partitions to limit Sidesway in multistorey
steel -frame buildings has been advocated and guidance an

their treatment can be found in Bryan and Davies (1976).

Based on test and non-linear finite element analysis,
a uniform plastic anélySis for infilled frames with three
types Of interface conditions iS.prOpO?ed by Liauw and
Kwuan (1985), in which the stress redistribution towards
collapse and the conditions at the infill-frame interface
are taken into account. The theory is applicable to single
and multistorey infilled frames, Design recommendations for

multistorey infilled frames are given by them.

It appears from the aboué review that the equivalent
diagonal strut representation of the infills is an effective
tool in traditional analysis of infilled frames. However,
little is known about the contribution of various types of
infills on the integral structure-soil interaction behaviour.
While the contribution of various types of infill to the
stiffness of framed buildings is recognised, orthotropic
materials such as brickwork and blockwork are the ﬁost widely

used in the construction of infills. The influenceAOf such

1
'
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infills on the interaction of framed structures and their

. supporting sail appears to remain uninvestigated,

1.4 ESSENTIAL FEATURES OF STRUCTURE-SOIL INTERACTION PROBLEM

The following are the main features of a realistic

interaction problem:

1.

The preblem is three-dimensional in nature and

this should be given proper consideration.

The mechanical bebhaviour of the soil is non-linear
and .therefore an acceptable stress-strain repTesen-

tatijon is essential,

S6il is heterogeneous, This nature of the soil’
must therefore be considered in an interactive

approach.

The initial state of stress caused by the body
forces influence the mechanical behaviour of
the soil. Thus the stiffness and the strength of

s0il increase with depth.

The redistribution of stresses within the soil
and the structure takes place due to creation

of local tensile failure zones within the soil,
The resulting change in mechanical behaviour of

s0il must be catered for in an interaction apalysis.,

The redistribution of stresses due to tensile

separations at the interface of the structure

and the soil must npot be overlooked either.
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A treatment of the complete structure, the
foundation and the soil as an integral system

for the analysis is essential,

Engineering structures are often irregular,
camplex and large. An interactian method should
be flexible, capable aof including irregularities
that are obvious at the beginning of the analysis
or may develop later. The method should be versa-

tile and economical.

Framed buildings often have infill panels that

contribute to the stiffness of the frame and share

the lead. Such infills are orthotropic and their

contribution should be‘duly accounted for in a

realistic interaction apalysis of such buildings.

1.5 OBJECTIVES OF PRESENT RESEARCH

+The principal objectives of the research are:

1.

To develop a finite element computer program for

the non-linear analysis of orthotropic wall

infilled three-dimensional frames with foundétion

and so0il as an integral system.

To analyse the above system under different

loading conditions.

To investigate the contribution af infills on the
stress distributjion and deformation characteristics
of the structure-soil systems for various building

plan configurations,
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4, To ascertain the changes in behaviour of the

frames, both bare and infilled, due to the
inclusion of soil in the system over the tradi-

tionally considered fixed base énalysis.

1.6 SCOPE OF THE wWORK

Urthotropic infills may contribute substantially to
influence the overall load-deformation behaviour of
g building frames and the distribution of stress throughout

théistructUre'and the foundation. Proper consideration for

infill in an interaction analysis would result in a better
understanding of the structure-soil interaction phenomenon
of such structures. The influence of building plan confi-

guration on the load-deformation behaviour of structure-

soil systems is also likely to be significant, specially!
for 1aterai loads, The study of structure-soil interactién
for buildings of various plan arrangements would also lead
to a better understanding of the fundamental interaction
phenomenon. The problem is three-dimensional and the soil
behaviour is essentially nonlinear. The tensile'sfrength
of so0il is negligible which results in tensile failures ét
the foundation-so0il interface and within the soil mass,

This introduces a further nonlinearity in the problem,

All the above features of the problem can be efficiently
handled by a suitable finite element program. A cohprehensiue
program incorporating various types of finite elements to

!
'
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rEprésent the different'COmpDnents of structure and soil
in a three dimensional system is reported in this thesis.
The program automatically caters for material nanlinearity
and noenlinearity due to the development and propagation

of cracks.and tension separations. The analytical aspects
of fhe_method incluéing the development of an orthotropic

i
iplate element are described in Chapter 2.

The finite‘eiement program considers the structure,
the foundation and the soil as anp integral system and
tackles the non-linear apalysis by an 1ncrementd1 teChnque.
The problem is formldable and would Drdlnarlly be beyond
the stOrage capa01ty and calculatlng speed of most compuUters.’
Novel techniques for the eff1c1ent storage of the uarlods ‘
matrices, efficient method of solution of simultapeous
equations and implementation o ap automatic crack per;-
gation scheme are included in the features of the program,
These result in an efficient utilization of 5£0rage and
time and make the program viable for computers of even
the moderate size. The features of the computer program

are described in Chapter .

Once the program is implemented, it can be used as a
tool to investigate various structure-sojl interaction
problems, A planned scheme of analyses of various structures
with different plan configurations and having fraﬁes with
orthotropic infills were undertaken, The analyses'are

described in Chapter 4, The results are critically examined.

!
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and discussed in LChapter 5, Such diverse but interrelated
parameters as deflections, bending moments, soil stresses,

wall stresses and crack propagation are examined in detaijl,

The conclu51ons made from the study are presented
in Chapter 6, The chapter also recommends avenues of future
work in this and related fields, Finally, a description

of the finite elements used is given in the Appendix.

I o ' e




Chapter 2

ANALYTICAL TREATMENT OF THE INTERACTION PROBLEM

2,1 INTRODUCTION

A completely unyielding foundation exists only as a
hypothesis for the simple analysis of strQCturés. A relatively .
unyielding foundatiOP is provided by sound hard bed rock,
but the realization of such a rigid form of support is
generally expensive if rDck'is not near the surface. Since
most structures are directly underlain by compressible

ground, structure-soil interaction is an inevitable phenomenon.,

& ——

The essential featﬁres of the structufé—soil ihferqgtfon
problem have been described in Art. 1.4, Natefial nonlihéarity-
of the soil is repreéented by the so called Spiine'functions”
and followed by an incremental technigue. Nonlinearity d@e
to tension separation and crack propagation in a three ;
dimensional struCture-soil system is accounted for by an
automatic procedure of double jeint numbering., The infili
walls of framed buildings being orthotropic are rEpreseﬁted
by orthotropic plate finite elements, The methods of hand-
ling nonlinearity due to material behaviour and crack
propagation together with the formulation of an orthotropic

plate element are described in the following sections,

2.2 SPLINE FUNCTION REPRESENTATION OF NON-LINEAR SOTL
PROPERTIES

The analysis of a structure resting on soil by the

finite element method requires an explicit representation

I
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i
i

of the soil properties. At each stage of loading, properties
like E, v and G may be non-linear, but should. be kept uniquely
defined because tﬁe stiffness matrix of the individual ele-
ments must be construcféd explicitly before the analysis can
procesd, |

It is, therefoﬁe necessary to ﬁonuert the sample test
results to smooth ana repfesentatfué functions of sufficient
accuracy so that the finite element analysis gives acceptable
reéﬁlts. This is particularly needed when an incremental
-an;inis is carried out and the soil properties are defined
by m&fe than one graph. In this'section a method te represent
the nqnélinear,sbil'behauiour is bresented. This makes “%?
of the highly efficient spline funcCtion. While the matheﬁatics
involved in the derivation of these functions is aduanceé,

[
they are originated from the draughman's spline which is a

strip used to draw smooth graphs of variable curvature,

A non-linear elasticity model has been used successfully
by many authors where the dependency of the state of stress
on time and on the history of loading is excluded, Thus in,
this approach the state of stress is assumed to be a function
of the state of strain only. Utilizing this approach here,
the stress-strain relationship is assumed to consist of a
series of elastic steps. The laws of elasticity are, therefore,
applicable in each of these steps. The formulation of the
laws of elasticity in a three-dimensional state is'Facilitated

by the use of octahedral stress components. The octahedral

h
'
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'

stress approach has been used successfully by Girija Vallabhan
and Reese (1988), to describe stress-deformation behaviour

of soils, and by Cunnel (1874) and Girija Vallabhan and

Jain (1872), to perform finite element analyses of sails

in conjunction with triaxial test results. While it is
~possible to determine all the octahedral parameters under
arbitréry conditions by using saphisticated and expensive
1abofat0ry testing, the triaxial test results can be qtilized

effectively to develop the actahedral parameters.

Kf; Mathematical formulation of spline function is
) . - - T el

presented in detail by Rahman (1878). The versatility and
flexibility of the cubic spline function make it readlly.
-appllcable to describe the T oct ~ Yoot Gurves in Flg. 2.{.7
The curves in this figure descrlbe the stress-strain prader-
ties of the soil used during the analyses reported in thfs
thesis. Each value is far a particular initial value of
octahedral normal stress, O5cty @nd each set of data requires
a different spline formulatiom. Some form of interpolation

is necessary te predict the Toct =~ Yoct behaviour for an
intermediate value of Oocti® Desai (1871), for inétance,
suggested the establishment of a number of secondafy splines
between the tangent slopes and Oocti for various values of
stress and strain. It is also possible to formulate a bicubic
Spline in a three-dimensional space of Toctr Yoot and Gocti’

Desai (1972). Trial solutions revealed that variation of the

t.ngent slope at.a particular strain level between two
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consecutive values of Oocfi was not far from linear., It was
decided therefofe, to use a linear interpolation at any
strain level to find the shear modulus for an.iﬁtermediate
value of ©

octi’

2.3 THE NON-LINEAR ANALYSIS TECHNIQUE -

The interaction analysis of a structure resting on
soil can be carried out by the finite element approach.
In that case the sdil is represented by three dimensjional
solid elements. The element should be sa chosen that it. _
can conveniently and economically be included in a finite

T

-element program for solving large problems.

The properties of soil are non-linear and, therefore,

the analysis using the three dimensional solid elements

for soil must take account of this. A method of analysis;r
which follows the complete load deflection history of the
structure as well as the non-linear stress-strain path

of so0il elements is described in this section.

2.3.1 Selection of So0lid Element

The finite element approach can be useful only if it
can deal with large structures using existing computers
with their limited cabacity. Even then the cost of the
analysis must be low, These aims can be achieved without
any loss of accuracy provided that the stiffness matrix of

a s0lid element is prepared and programmed in explicit form.

!
i
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The isoparametric concept of finiterelement formulation
offers a virtually unlimited Choice of shape and order of
elements, but elements used to represent soil need not he
of an irregular shape, The €SSence of the concept is that
the same interpolation functions used to determine the
field dlSplacements from their nodal values are usSed tog
'detemmine the co-ordinates of any point in the element from
the nodal Co-ordinates, these functions are called 'shape
functions', as they Completely define the element shape.
.A suitable Choice of these functions can define any e{emept
mish arbltrary Shape. i ,
. \ :

The 81ght noded 150parametr1c haxahedral element f
5h0u; in Fig. 2,2a yas used by Majid-and Cunnpel (1975).
The weakness of such an element is that it has to be :
formulated, starting from the éhape function ang fOllOuing
the entire process of constructing the matrix B and D in

the integral K = IU @T

0 B dv in every step of the dnalysis,
Furthermore the integration has to be carried out NUmerically,
The dlfflCUlty 1ncreases especially when there are a large
number of different element Sizes, The stiffness matrix for
each elément has to be constructed separately. The trans-
formation of the_local Co-ordinates of each element to the
global system is also an integral part of the analysis using
isoparametric elements, and adds tg the computer time. Forpr

these reasons, in the non-linear d8nalysis of large structures,

1t was discovered that the Jse of 150parametr1c elements

became very bneconomical.

'
I
i
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Since the fictitious boundary plans of the soil
elements can be selected in a flexible manner, the computer
time can be reduced considerably by developing a fixed |
shape rectangular parallelopiped element. The rectangular
parallelopiped element shown in Fig. 2.2b_i$ a‘special
case of the arbitrarily shaped isoparameﬁric.elpment in
Fig. 2.2a, The two linear elements in Fig., 2.2 are defined
by the same set of shape functions, They also satisfy the
same conditions of continuity apd convergence. lherefore,
the ?ame degree Of accuracy -is obtained by using either |
.af tpem. However, the'rectangular parallelopiped elemeng
of Fig. 2.2b is éUperiDr because itslstiffness matrix can. be
prepared once and for all and programmed in terms of S;mpie
and explicit expressions. Before writing the computer g |
program, the integration involved are performed manually |
and, therefore, the stiffness matrix is obtained uniquely.
in fact, the finite element mesh can be designed in spch
a-way that the various solid elements can be grouped into
@ few elements of the same size, It is only necessary to
construct the stiffness matrix of each group once. Later,
as the material properties of these elements changé, their
stiffness matripes need not be constructed again but merely
updated. Likemise, explicit expressions for strains and stresses
within the element are obtained once and then used repeatedly
during the entire process of the non-linear analysis. Thus

@ considerable reduction in computer time can be achieved by
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using the rectangular parallelopiped soiid element tao
reeresent the soil underfa structure. An important feature
of this element is that its 10cai axes can easily be made
to coincide with the élobal.axesgand’ therefore, no co-
Iardinate tranSfDrmat;Dn is,required. While theldiSplaCement
~functions of the parallelopined element are given in the
texts, e.g. Coates e’t al, (1972) the stiffness matrix of

this element uas derlued explicitly by Rahman (19?8) and

utlllzed in a flnlte element apalysis of structure-soil

lnteractlon.
' d

2.3.2 The Incremental Netnod-
. i | ]

The rectangular paralleloplped element is used

extensluely in this the51s to represent the SDll under a:
structure and an incremental method of analysis is adopted
for analysing the non-linear behaviour of abil. The nan-
linear three dimensional soil properties are expressed

in terms of curves of octahedral shear stress and octahedral
shear strain. S5olid elements representing the soil under

a structure have different values af initial octahedral
normal stress. This influences their Stress-strain:behauiour
under subsequent loading. Let the'TDct = Yoot CUrve shoun

in Fig. 2.3b represent the stress-strain properties of a

particular solid element,

In the incremental method of analysis, the total load

on the structure is divided into a number of small increments,
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The system of load-displacement relationship, {L} =

K (L,x)] {x} (Rahman, 1978) is solved repeatedly with

each of these incremental loads., The stiffness matrix is

obtained each time by substituting the values af

the shear’

modulus, G, that corresponds to the current level of the

octahedral shear stfain in each element,

Initially at.any depth h, obcti is taken approxi-

mately as vh, With gﬂcti

known, initial tangent shear

modulus, G, for each element is calculated from a spline

function representation of the T curve

oct " Yoct

Fig. 2.30. This is used to construct the initial
matrix, Ky» Fig. 2.3a. A small increment of. load
Supplied and the resulting displacements Ax1 are

by solving the equation:

{al = Ky 12X}
=} ;=0 ]

The increment of strain due to this increment of

calculated from:

The incremental stresses are calculated from the

strains as:

~fagh, © %, tasl

in e

stiffness
i

.' _ ]
AL1 is ¥ o
v
obtained
I
2.1
load are
2,72
inCremental
2.3

The elastic properties matrix D, is obtained by using the
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initial shear moduli, GO,'OF each element. For the solid
element whose Toct = Yoot Curve %5 represented by Fig.2,3b,
the increments of the octahedral shear stress and the

octahedral shear strain due to the load AL . is ST and

1 octl

6¥0ct1 respectively, These represent the point A' on the
| .
figure. The point omthe load-deflection diagram af Fig. <2, 3a

obtained after applﬂéatipn of the first incremental load,

AL1, is a'. Point A.corresponds to the strain gy on the

oct1l

actual Toct = Yoot GYrve in Fig. 2,3b, The amount AA' is

thus%the error in the theoretical T,_, of this element. The
[y / .

- _——

corréSponding error in the load-deflection diagram is the
amount aa' in Fig., 2.3a. ! : : . i

. . i : : : |
[ ' * !

The tangent'slop51of?the Tpct - Yoct_?urue at‘pOint

A is evaluated by the spline functions. The value & thus

‘]!
obtained, gives the tangent shear modulus of the elementi_

at the current level of ¥y These new values of the shear

oct”
modulus for each element are substituted in to the stiffness
matrix to obtain a new matrix. A further increment of 1oéd
AL, is now applied and the structure and soil are reanalysed
with this new stiffness‘maﬁrix. Such analysis giués a new
set of diSplacements,sz for the ihcrement of load ALZ alone.
With this increment, the increments bf the strains and

stresses are obtained, The corresponding increments in

T and Yoct in the single element are 6Toct2 and §y

oct oct?2

respectively. The total octahedral shear strain is -obtained

as the sum of 6Yoct1 and 0Ygetp @nd the tangent shear modulus

!
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at point B on the T -fy CUrve corresponding to the
P oct S

oct

current total Yoct 1S Obtained. This defines the stiffness
matrix for-the next inCrement of the. load, The procedure
i is repeated for successive increments_bf load until all the

loads have been applied.
. !
In general, the incremental analysis number j is
. f( )
“performed Jith the incremental load {aL} and with the
J

tangent stiffness matrix [i} Corresponding to the shear

Jj-1

(  moduli values at the end of the last inCrement. The dis-

b

g .
' placements, the strains and stresses are Successively  _
. ; . , :
! i . - .
accumulated to give the current state of these values,
: ; : o : : [
| o .

il

! |- .
“ '

2.4 TENSION SEPARATION AND PRUPAGATION OF CRACK

: ; i
In a complete system of structure, its foundation and

the supporting soil, non-linearity due to cracks and(dr
separation is possible. Separation may occur in any zone'
where the tensile stresses exceed the tensile strength of
the material, This may be either mithin'the S01l mass or

at the interface between the 50il angd the'foundation.

As the soil is weak in tension, stress redistribution
occurs due to unsightly separations in the soil mass,
However, such a separation within the mass of cohesionless
s0ils, is expected to be filled up by the neighbouring body

of soil. This causes a complete redistribution of stresses

as well as the actual material,
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In some circumstances, the changed geometry of the

system, due to cracks, méy on subsequent loading, result.in
relaxation of the stresses in the cracked zone, %hiS'may |
cause the crack ta close again. On the other hand, new cracks
may develop elseuwbere in theﬁSystem. Some of tEéSe may widen,
bifureate, extend id“length or change direction. All these
indicate a continuoqé change within the system until'either

equilibrium has been restored or failure is reached.

Appreciation df tensile weakness in the foundatidn
mazé:ials has been shomn‘Py many research mogkers in the past.
morelrecently finite'elemént'techhique haé been applied to
éake account of éracking'fn the physical sygtemsg Majid éﬁd
Al-Hashimi (1875) pointed out that a crack does nat chanéé’
the material properties. It only introduces a physical
separation of the two parts of the material on either side.
Majid and Al-Hashimi's method was used for two dimensional
problems, The separation was carried out by first introducing
initially inactive joints to be assocjiated with every active
joint. These were then activated each time a craﬁk'oc;ured
by separating the elements on one side of the craek from.the
parent joint and rejoining them to the new joint. An inc#e-

mental technigue was used to follow the crack propagation

upto and including failure.

Based on the above approach, Rahman (1978) developed
a tension separation scheme applicable to non-ljinear three

dimensional interaction problems, This generalization offers
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the possibility of initiatiOn, extension, bifurcation,
uldenlng and closure Df'any pattern of cracks ln the finite
element mesh and is easily pngrammable for an autaomatijc
crack propagation ana1y31s. Rahman's generalized Scheme,

@ brief descriptien of which is outlined below, has been

utilized in the présent analysis,

" 2.4.1 Methad of Introducing'a Separation

The essence of the method is ta assign two numbers

to' each joint in the finite element mesh that is likely_

to Suffer a tenslan separatlon. The joints are dlSCUnnECtEd
!

‘when such a separatlon 18 1nd1cated This takes place

81ther ulthln the 8011 mass or between a wall ar a slab

\
I

and the adJacent s0il. The disconnectian physically
introduces a gap betuween adjacent .elements meeting at that

joint,

In Fig. 2.4a, 1 isra general joint in a three dimen-
sional finite element mesh, which is considered ta he
likely to suffer a tensile stress., Joint N has initially
no degree of fréed0m~and“is Simply a dummy joint associated
with the active joint I. Joint N will not take part in
the finite element analysis as long as the tensile-stress
in a direction normal to the plane ABCD does not exceed
the tensile strength of the materjal. As soon asthe stress
exceeds this limiting value, a separation at I jin é direc-

tion normal to the plane ABCD is introduced as jllustrated

;
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in Fig. 2.4b. During Subéequent loading of the 'system,
joint N is brought inta action in the finite element
analysis. This is done by introducing new rous and neuw
columns in the stiffness matrix to correspond to the degree

of freedom of joint N,

2.4,2 Types of EracH

In the previous section the method of tension
seﬁaration was described for a general joint which was
sufqounded on all sides by eight rectangular parallelopiped

t

solid elements. The same:techniquexcan be extended to'joints

P

at the interfacg'be}ween a plate or a member and soelid f- B

r

element.

To tackle all ‘the differentcases of separation, th#y
are classified into five different groups.Each joint that
is likely to suffer a separation is given an index number
indicating the type of separation e xpected. The various . -

types of cracks are shown in Fig. 2.5 and described belouw.

Crack Type 1: These joints are connected to plates aﬁd/or
Space members with rectangular parallelopiﬁed Solid elements

on both sides of the plate or member, as shown in Fig. 2.5a.
Théy are allowed to separate in the vertical direction aonly,
The resulting cavity is thus horizontal. The two configurations
are determined by testing the sense of the vertical displace-

ment of the joint when a type 1 crack is indicated there.
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Crack Type 2 (Fig. 2.5b): This case is similar to Type 1
except that the solid eléments are present on one side of

@ plate or member., The separation takes place in a vertical
direction by disconnecting the solid element from the
parent joint I and attaching them to the dummy'joint N,

-

; i :
Crack Type 3 (Fig. %;50): This case is similar to Type 2
except the plates aﬁd the members are vertical and separa-
tion takes place iﬁ the horizontal direction.

. .

Crack Type 4 (Fig! 2.5d)i In this case the joint is

surrounded by solid elemehts only.rThE'SEparatiDn is free
e ' i : j

{
i
i
k)

to occur in ahy;ﬁirectiOn;_depending on the relative

magnitudes of the normal tensile stresses.

Crack Type 5 (Fig. 2.5e): This is fer a joint on the
boundary of the soil in contact with rigid plane such as .
rock and alsc for a joint on the plane of symmetry, on one
side of which only the body is anélysed. No dummy joint is
needed to tackle such a crack. These joints would normally
have freedom of in-plane movements only, the out ﬁf ﬁlane
degree of freedom being restrained. When a tensile‘separation,
out of plane, takés place, the restriction on the out of

plane degree of freedom is lifted. The separation can take

place in two directions at the intersection of tuwo boundary

planes and in all directions at a corner.
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i
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2.4.3 Procedure for Crack Propagation Analysis

For the determination, initiation, propagation and
élosure of cracks satisfactorily, an initial knowledge of
zones where cracks may develop is necessary. The problem
may first be apalysed without any crack and the directions
and positians of théftensile stresses are determined., THe

!
finite element meshfméy then be redesigned if necessary.

"The joints and mesh are renumbered and is then analysed
by the non-linear inCremental procedure with facilities of

créc# propagation,
4 |

| i = e S——

Initial;y tﬁe mesh'}s uncracked and the analysis :
étarts in the-normal way.iDnce,a Crack is detected at a
point, the elements on either side of the crack are
separated by aétiuating thé dummy joint. At this stage
the crack width ir zero and both the parent and the dumm;
joints have the same values Of co-ordinates and displace-
ments. Further loading will cause these joints to displace
relative to each other. The crack width is given by the
relative displacement of the joints. if the joints dis-
place towards each other and overlap, thé ﬁrack is closed.
This is done by simply rejoining the elements to their
parent joint. As the loading progresses new cracks develaop
elsewhere in the mesh in both the herizontal and the
vertical directjons. A crack may also increase in length
by the separation of more joints along the crack. Thus

the system becomes less and less stiff and the stresses

alter continuously.
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é.S ORTHUTROPIC INFILLS OF FRAMES

NDniSDteriC or anisotropip materials display direction-
dependent properties. Simplest among them are thdsein which
the material properties differ in two mutually éerpendicular
directions, A material so described is orthotropic. A number
ofﬁmanufactured matéfials are approximated as Drﬁhotropic.
Examples include CD;fUQafed and rolled metal sheet, fillers
in sandwich plate'cdnStructiOn, plywood, fibre reinforced
composites, reinforced concrete, and grid work. Brickwork
isxkpoyn to be an énisotrppic material, the ﬁreatment_of
mhicﬁ reguires, in génerai, fmenty“qne independent eiastic

¥ . i
constants. However, if brf;k walls are to be treated as ﬁ

j

‘two dimensional problem, the central plane of the wall must

—

. ) | - . .
be a plane of symmetry of the material structure. If, in’

addition, the planes parallel and perpendicular to the

bed joint are assumed to be planes of material.Symmetry,'
brickwork in walls may be reduced to an orthotropic material
with the orthogonal planes of materjial symmetry coinciding

uith the sides of a brick. Thus the total number of independent

elastic parameters may be reduced to four,
.

From the discussion on analysis of infill frames
presented in Chapter 1, the wide use of brick walls as
infill of building frames is quite evident. Hence the brick
infill walls or the other materials discussed above when
used as infill of frames need to be treated as orthotropic

material for a more rigorous analysis. The finite element
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/ |
formulation of the orthoéropic infill walls for inclusion
in a genefal finite element treatment of the structure-

foundation-soil interaction problem follouws.

2.5.1 Basic Relationships and Determination of Elastic

Constants

Solution of the bending problem of orthotropic plates

requires formulation of Hooke's law as

g = X E +V €
A S AR '( x+- y).
1‘ y o N R —
n I i . —
{ , .
1 E ,’ " 0
g = Y (e +v € ) 2.4
SR ACENE RVRSVIY, * X : !
- X y'i B . : - ' LY 4
. ' ,“‘
T - GY
xy = Ty

Here Ux' Uy and E;, E; aré'the effective Poisson's ratios
and effective modulii of elasticity respectively, Subscfipts
x and y relate to the directions, xy plane coincides Qith
the midplane of the plate and. z-axis is normal to this plane
as shown in Fig. 2.6. G is the shear mbdqluslof elasticity
for the orthotropic material. Ox, Gy are normal stresses
along x and y directions and Txy is the shearing stress,

€ ey and ny are the corresponding linear strains and

shearing strain. Introducing notations
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E7 -
= y
Ey T=v v
Xy
2.5
’ ’
2 . ) Exvy R yvx
: LA PRV 1-v v
! X Xy -

6 =EFE e +E ¢ L
X X% XY ¥
c =E & + E € 2.6
b4 Yy Xy X
: & = Gy, ————

The strain-displacement relations are based upan purély

~
L

geometrical considerations and remain unchanged for ortho<

tropic plates. Hence for a plate element shown in Fig. 2;6

i
1

with displacement w in the z-direction these are

“ W
Ex—-z-—z
9 x
2
ey = -7 9 u 2.7
3y
2
Yy = -272Y
Y Ixdy

The stresses are obtained by introducing Eq. 2.7 in to




o = - z2(E 2%y + E ~EE-)
x X ax2 Xy 3y2
2 2
0 = . z(p 2w, g 3w, 2.8
Y y ay2 Xy ax2
. 2 .
T = .25z 247
XY _ axayi

! i

The stress resultants per unit length producing bending
moments about both x and y axes and twisting moments are

derived from
d

g ' 0 L i L

M : t/2 o] | .
X / . ‘ X §§ e
e
m = ag Z dz 2.9_1
Y y .
M -t/2 T /
Xy Xy - .

Inserting Eq. 2.8 into Eqg.2.9

2 2
M =~ (D 9 g + D1 3—% )
X X ax ay
2 2 - :
" w 0w
m = -(0 —+ 0, — ) v 2,10
y y 3y2| 1 ax2
2
M =.-2p Jwu
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where
E o td £ ¢ :
D = X = .
X 12 12(1=-v v )
E ot g’ 43
D =_Y = _Y 2.11
y 12 ' 12(1-v v )
E o t3 ‘ £
D = XY — X Yy
1=
12 12(1-v v}
3
¥ D = ..____G t T
l‘. !
. ' : i
" The expressions for'D < Dy' D1 and 0 xy represent f,ﬂ

the flexural rigidities and the torsional rigidity of an
orthotropic plate reSpectluely. Practical CDnSlderatanS
often lead to assumptions, with regard to material prOpertleS
resulting in approximate expressions for the elastijc constants
The orthotropic plate modulii apd Poisson's ratiDSE;, E;,
vx,vy and G may be obtained by tension and shear tests, as
in the case of isotropic materjals and the plate rigidities
are then calculated from Egq, 2.11, Houwever, analytical

techniques may as well be employed for the approximate

determination of the elastic constants,

In brickwork, the elastic moduli and Poisson's ratios

parallel andperpendicular to bad Joint can be determined

experimentally by loading samples of brickuwork along these

“‘
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two aireétiuns. The egpeﬁimental determination of shear

modulus G is, however, mdre involved. It can therefore be

derived andlytically by considering the deformation of an

element subjectéd to éure sgear as shown in Fig. 2,7. It
_'should be noted that brickwork in iﬁfill walls will be

>
assumed to behave liﬁear elastically in the present analysis.
The element in Fig, Z.Tb is cut out from that in Fig. 2.7a

by planes inclined at 45° to the x and y axes. Equilibrium

requires that the only stress on the sides of Fig. 2.7b is

a shear stress T equal in magnitude to the normal stress

¢ in Fig. 2.7a., C o ' ', , o e
. From the geometry of triangle obc and its deformed;
! ; . . ] ;

- . *

shape ob'c' in Fig. 2.7c:

oc! ' H’ oc + acEx .
opr = ten Lz =20 = Gpvone 2.12

where v is the shear strain and Ex and Ey are normal strains

Jince Yy 1s small and oc = ob,

tan % - tan % 1 - % 1 +tx
= = ' 2.13
1+ tan % tan'§ 1 + % 1 +g - 1

tan ( z " % )

From the generalized Hooke's law given by Eg. 2.4 and also

using Eq. 2.5 the following relations are obtaiped. .

o 2y’ e )
E:x..—. _.E.’__ \ = . U(E-r--j- -L_ 2.14
X E X E

0
-
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FIGURE- 2.7 ORTHOTKOPIC ELEMENT SUBJECTED TO PURE SHEAR.




- \)xo 1 \)x
" = + = A——
e, = &= = o ==+ =) 2.15
Y E X y E
Y
. X
In the above, Ox = - %angd Uy = 0 have been substituted

in-conformity with Fig. 2.7a. Nouw the strain energies in:
the two statically équiualent:elements of Fig. 2.7a and
,Fig..2,7b should be egual. Strain energy per unit volume

in Figd 2.7a is

_ 1 1
U1 =3 Oxey + 5 Oyey 2.16
Y | | o
Employing Eq. 2,14 and Eg. 2.15
o |
_1 2. v M oe2 1 LV .
U —_— = +--z O ermr— ._é 0
1 2 ( E E'_) Ty (El * E )
y: X
: y !
EY (1+v_ ) + E! (14v ) ;'
=1 g2 _x y y X 2,17
2 ElE'
x v
strain energy per unit volume in Fig. 2.7b0 is:
2
S I -
U2 = > Ty = 2(3G S . o 2,18
Eguating U1 and U2 from Eq. 2,17 and Fq. 2,18:
E'(1+y J+E' (14
l QZ - l 02 X( .Uy) y(1 Vx) » 19
2 G 2 EY Et *
X Y
Therefore,
E' E _
G = S 2,20

T Ay ]
Ex(1+ yJ+Ey(1+ux)
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2.5.2 Finite Element Formulation: Stiffness Matrix.-for
Urthotropic wall Element

-

If three dimensional strucfures~under arbikrary load
conditions are to be analyzed Using orthotropic wall eléments
both inplane and bending load carrying capacit; for the
. elements should be ﬁrquided. In the analySié of three dimen-
sional structures, tHerefore; the inpléne and the bénding
stiffnesées have to be combined accordingly. The process
0f combination should be in accordance uith the fﬁliOwing

Oobservations:

t - e o S —

i) For small diSplaceménts, the inplane (membrane)’
I ' . !
\ {

and bending stiffness are uncoupled. In otherwords the E

displacements prescribed Fbr 'inplané' forces do'npt affécf
the bending deformations énd vice-versa. ;
|
ii) The inplane rotation o, (rotation about the local
z-axis) is not necessary for a single .element. However, 8,
and its conjugate force MZ have to be considered in the
analysis Dy including appropriate number of zeroeslto
obtain the element stiffness matrix for the purpose of

assembling several elements.

Before the stiffness Combination procedure is presented,
the independent element stiffness matrices for a plane stress
and a plate bending element of orthotropic material will be
derived in explicit forms. In problems of plane stress the

displacement field is Uniguely given by the u and v displace-

ments in directions of the cartesian, orthogonal x and y
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axes. The only strains and stresses those have to be consi-
dered are the three COmpOnents in the x-y plane, Al1l other
compoOnents of Stress are zero by definition and therefore

give no contribution to internal uwork.

Fig. 2.8 shous the typical rectangular plane stress
‘efement considered, with nodes 1,2,3 ane 4 numberee'as per
giuen scheme. Tee origin of the local co-ordinates is chosen
at node 1, while their directions are parallel to the
element boundarieS.IThe dimensions of the element are a

and\e along x and y directions respectiuely; tach node of
: ! ’ T ;

4 1. . ! . oL

the element is given two translational degrees of freedam
Uyv in x and y directionS Tespectively. The diSplacementf
functions of the element are well documented and can be
expressed as

u = a1 + a2 x + a3 y + a4 Xy 2.21a

: . t
vo= Qo+ Go x4 Gn y t @5 xy 2,216

The above functions automatically guarantee continuity of
displacements with adjaeeet elements because displacements
vary linearly along any side of the rectangle and, with
identical displacement imposed at the nodes, the same

displacement will clearly exist all along an interface.

The values of the constants a1' a2' 03 cens aB in

Eg. 2.21 can be expressed in terms of the nodal displacements
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i

i
'

Uiy Vg u2,'u2 ceen da, Ve This is achieved by substituting

the values of the co-ordinates Of each node in turn in Eg.2.21
and solving for r Oy e,

and U = u,. Substituting these values in Eg. 2.21a

ag. Thus, at node 1, x =y =20

i
'

().,]r-u,I : 2.22a

f

b

Similarly, at node 2; x = a, y = O?and.u = U,, and therefore

V- : v

Proceeding in the same ‘manner and substltutlng the co- ordlnates
of nodes 3,4 in’ “turn in Eq.‘2 21a, the following ualuas‘of

i
¢ are obtained-

=] ' '
%3 =5 (uz - u)) , 2.22¢

= '
e, = Eb(u1 - Uy - ug o+ ua) | 2,22d

Similar expressions for Copenns kg can be obtained by
substituting the nodal co-ordinates in Eg. 2.21b,., The
solutions of GS, eves Qg are given by replacing Ups Uy etc.

by Vis Vo etc. in Eq.-2.228, Eq. 2.22b, Eq. 2.22c, £q. 2,22d

respectively. Thus the following relationship is obtained

{a} =cl (0 | 2.23

ps

ps = =ps -
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unere, ted g = (o myaz0 aiaqaan)
{ﬁ}ps = {u1 Vg Up vy Uz vy ouy U4}

-1, . . : '
and Eps is an;. 8x8 matrix containing constant terms of the

element. dimensjions a and b only.
!

The strain uector{g}pé is obfained by utilizing ﬁhe
strain;diSplacemgnt relationships. By performing the
appropriate partial differentiations of the displacement
of Eg. 2.21, the following relationship is obtained.

]

4 k . ) . —

- (e 17 [ 7
7ﬁ£5} ps | - ] T ?; : g =_ﬂps {E}ps
o E dv . ' !
Y Ty , 2,24
Yo Ju dv i
Xy J -3? + -37 ;
! B J '

ps ' ps

i

where ﬂps is a 3x8 matrix containing terms of x and y only,

Substituting for {g}ps from Eq. 2.23 into Egq. 2.24,

_ -1
{E}p = A C {ﬁ}

the 3x8 matrix Eps is obtained by performing the matrix

multiplication A _ C~} . The elements of this matrix

are given belouw explicitly:
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_ - _ X 1
P2,2 = = By g = by = b3 s==55 - %

_ _ . _ X
P2,4 7 - by g = b3,3= - b3 7= -5

All the other elements Df Bps are zero,

The stress-strain . relationship is given by:

{0} os = 2 (e} bs b 2.28

The elastic properties matrix Bps' in plane stress analysis

for orthotropic material, is given by

: s E 0] -
X Xy
= | E Ay . 2627
0 o
L G |

Ex' Ey and Exy are given by expressions 2,5 and shear !

modulus G for brickuwork may be calculated from Eg, 2,20,

. - i
Finally, the stiffness matrix Of the plane stress

element of orthotropic materjial is obtained from

b a T
K =t JJ B D B dxdy . 2,28
-ps - _ oo ™PS ~ps =psS . .

where t is the constant thickness of the element. Performing
the matrix multiplication in Eg. 2.28 and carrying out the
integration as indicated for each ternm of the product, the

stiffness matrix is explicitly obtained. The stiffness

matrix expressions are given below:
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- -
5
K53 £ sym
ps ps
21 £33
ipsr = . ipS KPS KPS | ! 2.29
L =33 S
psS ps . wPSsS pPS
K - Kz Ka3 544J

!

.In which each _}S_Ej ids a 2x2 submatrix. T_he' submatrices are

written e xplicitly below:

ps. _ .ps _ '
L = Kus = N1en2 N3
K‘i L N3 NG+NS
‘# T . : . : — e
ps _ .ps _ N1+N2 N3 S |
2= K55 = | . - - | R
: | -N3 ' N4ENS, | E
. B -N1+,5N2 NG | - k
Kgf = Kiz = -
- - NG WSN4-NS '
L5N1-N2 NG
57 - 35 -
= = NGB -N4+,5N5
- -
KBS =] -.sni-.sn2 N3
N3 ~e5N4-. 5N
u _
KOS = [ su1-.sn2 | N3
-N3 © =.SN4-.5NS
E tb E ta
X . v

- . - Gta_ . _ t . _ .
where, N1 = —Zmw; N2 = = N3 = g (Exy+G), NG = “%E"

NS =-%§9 and N6 = % (E - G)

Xy
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The stiffness matrix;ﬁps is symmetrical, This implies

that the submatrices have the relationship

T

S S . .
-}5-23 = _}g?l for i =1,2,3,4 and j = 1,2,3,4.

The stiffness matrlx gluen above is derived with respect
to the chal .Co-ordinates shown in Fig, 2,8, A transformation
to global axes is therefore necessary and this will be

carried.out after éombining it with the stiffness matrix
for the plate bending -element which is derived next,
A
i !
¥‘ The rectangular : .element of a plate, the X=y plane

CDlncldlng wlth its mldplane, as shown in Flg. 2.9 is :

_ '
_‘con31dered' The" Drlgln of the local co Drdlnates is chos;n
Iat node 1, whlle dlrectlons Of x and y axes are parallel to
element boundarles and z is normal to the mid plane. The
dimensions Of the element remain the Same as those of the
plane stress element. At each node displacements {in}pb are
introduced. These have three components: the first a dis-
placement in the z-direction, Wy the second a rotation about

the x-axis, an, and the third a rotation about the y-axis,

6 .
yn

The element displacement now is given by the listing

of the nodal dlsplacements as

{x}pb = 11X, X, X

where, {in} = {wn : 8 1 ={u (%%) (%%—) }_

!
i
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FIGURE 2.9 RECTANGULAR PLATE BENDING ELEMENT,
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;
!
" The following polynomial expression may conveniently
be used to define the shape fUnctiDns in terms of the

twelve parameters:

/4

r ' .2 - 2 3.
, u = P +a2x+a3y+a4x +a5xy+a5y Toox

-2 2. 3 3 3
U.Bx y+(19§yl +U.1Dy'+.0'.11x yr+0.12xy

- ContinUity of w between elements is imposed all along any
'interface. However, a discontinuity of normal slope will

ucéuE at the element boundaries except at the nodes making

1 e e

the function 'non-cohforming'. Convergence may still be

i ( .
found, Zienkiewicz (1977), and for practical usage, the

~ ] .-

; L
use of above non-conforming shape function is guite
: ; :
: '
acceptable.-

The constants ay to aIZ can be expressed in terms
of the nodal dlspl?CEmentS Wis 0,99 ey1, cee W B4 eya.
This is achieved by writing doun the twelve simultaneous
equations linking the values of w and its slopes at. the
nodes when the co-ordinates take up their appropriate values

and then solving for a1,t0 012. Listing all tuwelve equations

in matrix form
e = Son (o), 2,32

where

{a} pb = {a1 Up & = o = o a12}
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Cpb i1s @ 12x12.matrix containing constant terms of the

element dimensions a and b only, Inverting

_ =1
{a} pb ~ pr {i}pb 2.33

Refering to Eg. 2.75; a8 generalized strain-displacement
réiatiunship'fﬂr the finite element analysis can be written

' i
f

as

el - e | - R - 2,34 -
7§Pb LA I ,ayz' ‘ - T —

|
S

. . . .ot .i
! - . J . 1
Ty N WJ o |

By perfafming the appropriate partial differentiations of

the displacement Eq. 2.31 - "

where ﬂpb is a J3x12 matrix containing terms of x,y and 7

anly. Substituting FDr{E}pb from Eq. 2.33 into Eg. 2.35

o o B _ . : .
{E}pb - ﬂpb pr {i}pb = -B-pb {i}pb 2.36

The 3x12 matrix B

L 1S obtained by performing the matrix

. . . -1
_multlpllcatlon ﬂpb pr,_

Remembering that stresses are in fact the usual
bending and twisting moments per unit lengths in x and y

directions and refering to Eg. 2.10, the stress-generalized
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strain relationship may bé written as

M X
{a} ob = Jm = pr {e}pb , 2,37
y .
M
Xy !

The elastic properties matrix pr for an orthotropic
5lab with principal directions of orthotropy coinCiding with
x and y axes are defined by the four constants Dx' Dy, D,

ahd.ny given by Eg. 2.11 and is expressed as
3 ! ’ , .

L /

0 / D, b0
- s {’ }' - ';
S = 04 Dyl 0 2.38° .-
0 0 D
| xy
_ y ,

Finally, the stiffness matrix of the element of

constant thickness t jis pbtained from

b a T i '
J J B D B dxdy 2.39

Spb = ¢ =pb =pb -pb

=pb o o

or substituting A, L] for B, from Eq. 2.36 in Eq. 2,39

pb.=p
1,7 b oa g 1
K, = {C~ t-J J A D A C-
Kb {_pb} ( R WS HYR W dxdy) {_pb} 2.40

The terms not containing x and y have been removed fram

the operation of integrating., The term within the integration
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sign is multiplied out and integrated explicitly with more
ease.,

An explicit expression for the stiffness
matrix'ﬁpb has been evaluated for the case of orthotropic

material and the result is presented belou.

| - B X . . [

ﬁ??- " Symmetrical
_ 1 pb ' pb
Kob™ 830 x| K5 K22
: | 2,41
T pb pb pb K
N K34 K5, K33
-['{‘ ,' ) 'i'. . L. v e t
. ‘ " pb ' pb pb . wpb - :
| | 5 K Kiz K . ; R
3 T N .' . 3 : ‘_J ) ! R
| | )
|

in which each-ﬁz? is a 3x3 submatrix. The submatrices aré'f,i

written aplicitiy belbw: '
Intraducing the notations

2 2

b a ’
= 50 0 0
X1 3] (;? y Jr...g.2 y) + 30 D1 + B4 ny
X2 = 20 a° D + 82D
y Xy
X3 = 20620 + 8a2 D
X Xy
. - |
X4 = 30 =D+ 15 bD, + &b Dy
.2

X5 = 30 &2 0 + 15aD
a X 1

+ BGa D
X
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2 2
a b
x8 = -60 20 + 308, 0 _ 300D - 840
E? y ;? X 1 Xy
32 -
X3 =152-D -850 - 15 b0,
b y Xy i 1
¥
. X110 = 30 awe D + Ba O
' a o x Xy
o o
: X11 = 10a°D_ - 869D
= Yy xy
X12 = 1006%0 * - 26°D
x Xy
a ' e
X13 = 30=2 D+ 65D
y xy
2

L X14 = 15820 _ BA D - 15aD
_ a X Xy 1

X115 = 1032 Dy_-.ZbZD _ B -_" o l_ , | . !

xy- Ly
i .'I e
’ X16 = 106°D - 8a’D - .
52 ' 82' .
,X1? = - 30 (;Z Dx + E? Dy)+ 3DD1 + 8B4 ny ;
a 2 ‘
X18 = 15 g= D_ - Bb ny |

X13 = 15 =D - Ba D
X

X20 = 5 a’D + 262D
y xy
X21 = 5 b%D +.2a%D
X Xy
the submatrices are
X1 sym i X1 sym 7
b b
KP2 o pb  _
KES =l x4 X2 KB X4 X2
X5 -XB X3 X5 XB X3
| ’ o L |
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K _ pb _
=33 = |X4  x2 Kag = |-x¢  x2
-XS. X6 X3 ’ X5 -X6 X3 :
_ X7 X9  -x10} . X7 ~X9 -X10
kPP - | xs o x11 0 KPP = |xs xa 0
21 ' 43
. Tt
- ' ' X10 0 X12 , x10 g ' X12J
- 1 ] _ | .
. p ' .
X8 X13  -x14 X8 X13 X14
b
KP b
- = |- . : Ay . -
. X13. X15 0 Ko [-¥13 x1s o
4 |-x14 0 ¢ x1B|. X14 0. X16 [——
= S 2 - L -
R R 1
X17  x18  x12|' X17  X18 -X12 ’
Kpb ~ I - b ) oo .i
T o732 T | -X18 x20 .. 0 o KkP% - | x18 xao 0
. Sl © T4
-X19 -0 X271 X190 x21,

The stiffness matrix ipb is symmetrical. This implies

again that the submatrices have the relationship

' T
kP - kPb

=ij T =y 0P A = T1.2,3,4 and § = 1,2,3,4

The stiffness matrix ﬁpb 1S derived with respect to . the

local co-ordinates,

It has already been mentioned that for analysis of
three dimensional struectures under arbitrary load conditions

uUsing plate elements, both inplane and bending load carrying
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capacity for the elements be provided. Nouw a typical
orthotropic wall element subjected simuitaneously to

'in plane' and bending actions (Fig. 2.108) is considered,

Considering first the inplane action, the relationship
]betmeen the nodal displacements and nodal farces can be

written as

[ 5 _ o
“ F’y_1 | 7 v,
. P —_
Pr2. / \ I
. . '; _ i
- Py = Kos | V2 2. 42
] ;
px3 U3 i
i
Py3 V3
px4 Yy -
Pya Vg
R L
pxi and pyi indicate the ddmhonents of force at node i

(i = 1,2,3,4) parallel to the x and y a@xes respectively,!

K s has been defined in Eg. 2,29.

Similarly, the relation between the forces and

displacements corresponding to the bending of the plate

can be written as




"
AN

0

AN
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4 e e

t

where pzi indicate the component of force parallel to Z-axis

at node i, Mxl

and myi represent the generalized forces

corresponding to the rotations (generalized displacements)

8 . and ©
xi y

from Eg. 2.41.

i at node i(i=1,2,3,4) respectiuely. Ebb'isiobtained

K and ﬁpb are subdivided into 2x2 and 3x3 submatrices

respeatively as shown in Eq. 2.29 and Eq. 2,41, Noy, remembering

that the inplane and bending stiffnesses are uncoupled, these

can be combined to obtain - the total stiffness matrix K as

shown below, Far the purpose of assembling several elements,

appropriate number of zeroes have been included correspanding

to Bzi-and its conjugate mzi'




R
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In the aboue, 8 = Tlll_a-.b :'

The stiffness‘métrix given by Eg. 2.44 is with .
reference to the local xyz co-ordinate éysfem_shdun in
l\ Fig. 2,10, It is therefore necessary to transform the
- local stiffness matrices to é commoﬁ set of glabal coordji-

nates x'y'z'. The global stiffness matrix of the element

can be obtained as ' !

KC - _;}.T K A ) 2.45

i ,
where the transformation matrix A » 1s given by
d = : - T o
1) - . - Q

! ! i : P

. - . i A 'f ': .
ll o )\‘- - = "" j!
. - —_— -~ I |
24)(24 7 .fr i - 2.45 ! )
r',’ A 1 .il
Z |
2
and
p— —[
1 m n
X X X
1 m n a
A Y b4 Y
B% 5 1 m n 2.47
z z z
lx mx nx .
1 m n
Y y Y
. lz m nz
2
L -

Here, lx' mer N for example, denote the set of difection

consines of x axis., Thus lx' m  and n_. are consines of angles




FIGURE 2.10 ORTHOTRCPIC WALL ELEMENT SUBJECTED TO
INFLANE AND BENDING ACTIONS.
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included between x-x', x-y' and x-z' respectively. Similarly,

|, ny are for y and lz, m,» Nn_ are for z axes,

.  Now the typical 6xB stiffness submatrices in global.
. coordinates are obtained from their corresponding submatrices
in local CODrdinateSﬂby the transformation
J ”}.: T

k6. = & k.. 2 . 2.48
—~ij —-ij

in which K., is taken from 2.44 and is of the form

L B / N
T KPS o i _ '
; -ij : | T R ——
! 2 X2 ) ) :," "' R
iy = 0 / 5kPB 0 2, 44
Ex6 f =1J \ ‘
L2 ! Ax 3 fl
0 ' 0 0

Elements of stiffness submatrices are calculated first

in local co-ordinates, and then stored in-.a one dimensiopal
array for overatl joint stiffness matrix by transforming

the elements in global system and transferring to appropriate
locations of the array. In the program, submatrices of the
lower triangle of the Sfiffnéss matrix of any wall element
are calculated only to take advantage of symmetry of the

element stiffness matrices.

2,5.3 Calculation of the Strains and the Stresses in the
Urthotropic Wall Element

Once the vectors of the nodal displacements {x}ps and

{x}pb are obtained from an apalysis, the strains at any
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point ln the element tan be calculated from Eq. 2,25 and
Eq. 2.36 respectively, This is achieved by Substituting

the coordinates of the point in the 8 0s and B b matrices
already discussed jip the previous sub- -section, The stresses
at the same lent are Calculated from Eq, 2,26 and Eg.2, 37
by premultiplying the COrresponding strain vectors by Eps
and D ob matrices evaluated for that element fram Eg. 2.27

and Eg. 2.38 reSpectluely.

It is usual to Compute the StreSSes and the strajns
at;the Centroid DF the element Substltutlng the centroidal
CDUrdlnatES X = a/2 and y —:b/2 in the Expresslons for Eps
and pr, the malrlces can be eualuated at this lent

Houwever, explicit expressiDnS WeTe Uused in the

an element from its noda] dlsplacements @lready evaluated,
Similarly, direct expresslons for stresses in terpys of the

strains were utilized to Calculate the stresses at the

Centroid of anp element.




Chapter 3
i
THE FINITE ELEMENT COMPUTER PROGRAM

'

3.1 INTRODUCTION

Important aspects of an 1nteract1ue prDblem along-
mlth»the methods of cOn81der1ng non - llnearlty and crack
propagation have been described in the preceding chapters,
The eurpose of %this ehapter is to describe the development
of a finite eiement'program that utilizes these features
incofporating orthotropic infill wall elements in an

integrated structure-foundation-soil system. The nature
. i

{ T ———

b .
Df the programs is general and they can be used to analyse

large. practical structures ulth OrttherlC ‘infills, !

Spe01al care. has been taken to reduce the use of the
computer core StDragE and the EXECUtan tlme. The programs
~described here are written in FORTRAN and were tested and

run on the IBM 4331 computer at the computer centre of

Bangladesh University of Engineering and Technelogy,

The programs were developed around a suite of
routines originally developed by Rahman (1978) for fhe
CDC 7600 computer, 3Special routines for handling di;eet
access backing storage and treating orthotropic wall

elements were incorporated by the author,

3.2 THE FINITE ELEMENTS

A total of four different finite elements were

included in the programs. These are listed below:

i
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Space frame member elements: These eleeents, developed
by mejid (1972), can take account of the irregularities
at the ends Oof the members in addition to the ceetre

line representation of the frame memberS.IThe element-is

described in Art. A1.1 of Appendix.

Cey,
L)

'Rectangular plate elements: These elements have both
in-plane and out of plane forces and displacements. By
a sujitable Selectioe 0f the degrees of freedom and the
Stiffness terms theSe elements canleither be used as

" plate bendlng elements or as shear wall elements ThESE

——

elements were taken from a package deueloped by Bray ;
(1973).. Thls element is also deserlbed in Art. B1.2 of )
Appendlx, .}'
1
Rectangular orthotropic plate elements: These rectangulér
elements used te represent the infill walls.are capable of
taking beth inplane and out of plane deformations. The
four noded element is formed by combining the stiffnesses
of a plane stress element and a plate bending element, The
elasﬁicity matrix used was that of an orthotropic material

with the directions of orthotropy coinciding with the

element sides. The‘element has been described in Chapter 2,

Rectangular parallelopiped solid elements: This is a
regular prismoidal element with eight nodes and a linear
variation of displacements between the nodes. Fach eOde

of the element can have three translational degrees of

froodom, The element has been described in Chapter 2,
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For all the above elements the stiffness matrix
was . formed explicitly in order to saye Comﬁuter time,
Explicit expressions were also déuelqped and used for
the determination D?VStrESSES and forces etc.

i

343, GENERAL FEATURES-.OF- THE COMPUTER PROGRAM

i

' The non-linear analysis is performed by the incre-

mental method described in Chapter 2, the mechanlcal

properties of the S0il being given by an explicit set

of Tbr.:t -

oct curues. Although a suite of rDUtlneS

—

Drlglnally deuelOped by Rahman (1978) for LDC TBDD Computer

was used as the ba51c unlt ~an addltlonal type of element!

*

and routlnes for handllng of direct access disc backing

storage in IBM 4331 computer were incorporated in the
program. Besides, the Drigiﬁal routines were recorded in -
FORTRAN 77 and installed and tested on IBM 4331 prior to
their use in the present program. The final program contains

about 4030 source statements. The general features of the

program are as follows:

(a) reduction of the use of the core storage by
selecting an efficient storage scheme of the

stiffness matrix.

(b) development of program to utilize the backing
storage facilities in IBM 4331 so that only a
part of the stiffness matrix is held in tﬁe core
at a time and the efficiency is not hampered

significantly (Rahman, 1978).




B4
(¢) development of a routine for computation of

stiffness contributions of the orthotropic infills,

7(d) coenstruction of the stiffness matrix in tuwo
phases in order to isolate the part of it which
remains unaltered in successive analyses from.
that which is Changed by contributions of non-
linear ele%ents. Details of the teéhnique can be

found in Rahman (1978).

(e) construction of stiffness matrix jOint by jeint
§ to simplify thE.StOragE technques and minimize——

1

I/O Operations ulth dlsc :-' SR l

{ ] o

\(ﬁ) utilization of an” efflClent SUlUthn rDUtlne ;f _
ensurlng an efflclent transfer betmeen the core

and the backlng store of the stiffness matrix

solution blocks (Rahman, 18978).

(g) use of spline function to implement a smooth

representation of noen-linear soil properties,

(h) computer implementation of the crack propagation

method,

3.3.,1 Storage of the Stiffness Matrix

The scheme of storage of the stiffness matrix was
carefully selected to reduce the use of the core Space
without an undue increase in the execution time. A variable

band width storage scheme suggested by Jennings (1866, 1977)

wds adopted. In this schene, only the elements between
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the first non-zera and the leading diagonal in each rouw

of the louwer triangle of the matrix were stored (Fig.3. 1)
This was achleued by storing the elements in a- COﬂtanOUS
one dimensiopal array in.a row-by-row sequence. For example,
by reouoing the number of eloments of stiffneso matrix to

. be’ stored from 4x1D to éx105 an economy o% atleast 46%

of computer mill tlme is achieved (Rahman, 1978).

3.3,2 Lonstruction of the Stiffness Matrix

\\
.

; In addition to the compact storage scheme just

T
——

|

descrlbed same program modules were deueloped to take
aouantage of the backlng storage facilities so that only !

a part of the.stlffness matrix lS_hEld in the core at a .~

time. This was attained by opening three uorking files f
in the disc backing store. When a part of the stiffness g,
matrix is fully constructed it is written into the baokimg
store. The same area of the core space is then used to
construct the next part of the stiffness matrix. To reduce
the number of transfers, stiffness matrix ﬁ was subdivided

in’'such a yay as to make its parts independent of each other

during the assembly process.

~

The overall stiffness matrix is constructed in tuyo
phases. In the first phase, the matrix is constructed with
the contributions from the linear elastic elements only,
This incomplete stiffness matrix remains unaltered in the

successive analyses, In the second phase of construction,

!
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the contributions from the non-linear elements are super-
imposedlon this matrix. In each increment of the load only -
the second phase of the construction is repeated. HOueuer;—
when new rows and columns are introduced to the stiffness
matrix due to the development of a crack, the first pﬁase

~of the construction has also to be repeated.

3.3.3 The Solution Routine

A program for solution of simultaneous linear egua-

tions by Gaussian elimination technique modified to suite
e - L ' : i

—

the compact storage scheme developed by Rahman (1978) is,

'| . . .
used in this thesis. The stiffness matrix is divided into

» n~ . f

a number Of segéments in such a way that each.segement
contains a number of complete rous., The direct access
backing store file is also divided into fixed length blocks

in which each dDmplete segment wholly or partially fills

the block, A block size of 1250 elements was used for the

problems analysed in this thesis,

The stiffness matrix is divided into the so;ution
blocks in a subroutine C3DIVY. In the second phase of the
construction, the final stiffness matrix is written into
backing store file ready to be solved, A subroutine WRITW
was written to transfer the completed part of K corresponding
to a joint into a pseudo-buffer equal in length to a preselected
block size. When the pseudo-buffer is filled, its contents are
written into the backing store file ready for solution.
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The solution routine uses two scratch arrays to
coﬁy two blo&ks of the stiffness matrix K from the backing
store into the core. The first, called tﬁe active block,
is the part of K currently being eliminated. The secbnd,
called the passive block, corresponds dynamicaily to thef
Iother parts of K that are necessary in ellmlnatlng the
active block, The back sibstitution process also follows

the same block by block SEqUEnce in the reverse order.

3.,3.4 The Use of Spline Functions
4 ,

e —

A;prOgram was written to fDrmulate the spline func- :

t10n5 fOr a set Of T curves described in Chapter 2.
YO t P |

oct

For any partlcular set of curues obtalned for a given 5011;
this pregram is run oOnly once and the output is used repea-
tedly for all the analyses with this soil. This output

consists of the nodal values of T and the second

oct® Yoct.

derivatives ¢ at each node for each curve.

A subroutine GVALUE is included in the main program
to calculate the values of T,., and G for any value Qf Yoot * '
The routine is entered before each increment of the load
to obtain the instantanseous shear modulus of each solid

element,

3.3.5 The Implementation of Crack Propagation

A method of following the crack propagation and

tension separation in a structure-sail system has already

{
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been described in Ehaptef 2, The method is implemented
using a subroutine SEPRT& in the general finite element
program. The subroutipe was originally deUElOpEdiby
Rahman (1978) and subsequently edited for installation in
IBM 4331 computer by the author. A call is madé to the
,subroutine, after each increment of load, to detect any
nem separati0n or the CIOSUIE‘DF any existing'crack. The
éuerQtine prints out a running history of thelpropagation
of any crack and automatically takes measures for modifiﬁa-
tion of the stiffness matrix iﬁ?the subsequent inCrements
e R _ |

—

I

3.3.6 The Contribution of Orthotropic Infills -

1
:
The explicit derivation of the stiffness matrix of |
the orthotropic infill walls has been described in Chaptér 2,
The contributions of the stiffness terms of the wall ele@ents
to the overall stiffness matrix are computed in the first
phase of the construction of this matrix by using a subroutine
ORTHPL. The direction cosines of the rectangula; elements
arercalculated by calling a subroutine ORTHDC. A éubroutine
URTWRT forms and writes away stiffness terms of orthotropic

elements in the appropriate locations of the overall stiffness

matrix. A block diagram of this procedure is given in Fig.3.2.

3tresses and moments per unit length at the centre

of gravity of each orthotropic wall element are calculated

with the help of two subroutines DRTDBT and ORTSTR,
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3.4 THE STRUCTURE OF THE COMPUTER PROGRAM

 The general structure-soil interaction finite element
program was deueldpéd by a logical combination of some
' thirty seven subroutines spfeading over about 4030 Fortran
éogrce statements, Thé subfdutines.canrbe grouped into
ifouf ﬁategories deaending on the functions they perform.
These are: (i) control routines, (ii) ancillary routines, ;o

(iii) element routines, and (iv) speciality routines,

The control routines perform such functions as the

L)

oueréll managemEnﬁ‘of the, data and control of the .incremental -

! ' : : .
analysis process, The main segment of the program reads |
. 3 3

3

!
1

f ' !
and generates the nodal coordipates and element connectivity.

It also initiateé the non-linear analysis by generating ;

. , R
initial values of the non-linear elastic parameters, Anoﬁher
routine in this group performs the task of assembling thé
global stiffness matrix in each increment of the load. A’
third routine controls the incremantal procedure Dy summing
the displacements and stresses etc, and by altering the

non-linear elastic'propertiés.of the material.

Ancillary routines are used by subroutines of the
octher groups for pérforming various computational chores;
These inclﬁde transfer of data to and from the Bbacking
store in fixed length‘blocks, division of the stiffness
matrix into solution blocks, reconstruction of the load
vector in each increment, calculation of elastic moduli

frc s the spline functions and so on,
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Tﬁe element subroutines formulate each, type of
finite element used in the program, They evaluate the
element stiffness matrices and calculate the stresses,

the strains, the forces and the moments,

";;- Two SDEClallty subroutlnes perforh the solution of

" simultaneous Equatlons and the control of crack propagation
process, The solutiqn routine utilizes the Gaussian elimi-
natioﬁ method coupled with the compact storage scheme. The

stiffness matrix is eliminated block by block i- ...
1

readlng as necessary the approprlate actlue blocks and ’ =

. l
thslr CDrrESpDndlng passlue blocks from the backing store.

The crack propagatlon SUbgaUtln8‘lnCDrp0rates an automatic
pfOCedure of detecfion, initiation, propagation; closure?l
and bifurcation of cracks in the finite element mesh., The
physical changes in the mesh due to changes in the crack
configuration are automatically catered for by acfiuatind

and inactivating dummy joints and altering the connectjvity

matrix accordingly.

The subroutines are combinad in the program during
linkage editing to form an executable module. A grsssly

simplified flowchart of the complete program is shown in

Fig. 3-3-




Enter with values of orthotropic plate
element number, address of the diagonal
element in the concerned row of overall
stiffness matrix and element node number
connected to the joint

, Obtain values of modulus of elasticity E o
Poisson's ratio v, parallel to bed Jolnt plate
i thickness t, ratid of moduli of elasticity-
Ep/Eq and the joint numbers of the four nodes
Df the element through common blocks

. Calculate direction .cosines for the
- rectangular orthotrOplc plate from nodal
¢ co-ordinates by a subroutine DRTHDC

f ey B , ) i

. Call subroutlne DRTWRT to form and. write |

' away stiffness terms of the orthotropic - ’
plate in proper locations of the overall ;
joint stiffness matrix K .

l Return l

FIGURE 3.2 BLOCK DIAGRAM OF SUBROUTINE ORTHPL.




ﬁead numbers of rectangular plates, orthotropic wall
elements, frame elements with number of types, number
of load increments

Generate solid element data either automatically or
read from manual input depending on IAUTD = 1 or O

1

Call subroutine GVALUE to calculate the ualué of
shear stress T ct @nd shear modulus G for supplied
:values Of shearing strain Yoctrfor soil,

i

e — . -

.Read rectangular plate, orthotropic wall and space
frame member informations and loading details

Call subroutine SKRPPD to construct stiffress matrices
of the rectangular parallelopiped solid elements and
tojurite them in the backing store o I R

e

Divide Guerallfjoint stiffness matrix K into fixed |
length solution blocks by callimg.subroutine CSDIV

Call subroutine LOADS to form load vector from load
matrix '

Calculate stiffness contributions of different finite
elements meeting at a joint to overall joint stiffness
matrix K calling subroutines RECTPL, STIFMM, ORTHPL

Superimpose stiffness terms of the non-linear solid
element on the incomplete global stiffness matrix

and transfer the completed matrix to backing store file
by subroutine ASMBRP .

FIGURE 3.3 SIMPLIFIED FLOWCHART OF THE COMPUTER PROGRAM,




SDlue-SyStem Of equations L' = K x by subroutine

-30LVE and form the joint displacement matrix from
.the solution vector by calling subroutine DISVEC

Calculate stresses and strains in solid elements
from global displacements using subroutine RPPDST

/

P ‘Alter the material properties of the non-1inear
elements and accumulate the joint displacements
and the element stresses and strains after each
load increment by calling subroutine CONTRL

1 ' ‘ i
Calculate stresses, moments and forces in rectang-
ular plates, walls and space frame members calling
subroutine RPSTRS, ORTSTR, MEMFCHM respectively

Entef wifﬂiﬁéiﬁes of increment number, numbers of
{joints and solid elements, INDDOF and INDCRK to R S
subroutine SEPRTN :

P For each joint calculate incremental and total

normal nodal stresses by averaging the-centroidal

stresses of/the solid elements commected to it -
- i 1 i i

~ YES AT : . ' '
<UIs it the first 1ncremen€>

No

Check for the closure of all existing cracks and
close them if crack width is negative

Check all joints with non-zero crack index for
possible cracks. Introduce cracks where indicated
and return ' -

YES “Ts number of load increments
less than max. number of
increment desired NI

Na

FIGURE 3.3 SIMPLIFIED FLOWCHART OF THE COMPUTER PROGRAM.
(CONTINUED)




Chapte: 4

i
INTERACTICGN ANALYSgS OF FRAMED STRULCTURES
| . .

4,1 INTRODUCTION

In the prECEdihg“ChapterS the method of analysing
an integrated structure-foundation-soil Syetem’uith frames
.hau?ng Drteﬂtropic infille Haue been-described. The Finite
:element eomputer program deueloeed for tQis purpose can

now be utilized for analysihg orthotropic infilled three- o

diménsional framed structures resting on soil.

*  In arder to study the 1nteract10n behaviour and to

examine the 1nfluence of uarlous parameters on such behaulour,
: i :

a8 series of analyses on typlcal structures were carried out,

i ] -
This chapter descrlbes the StrUCtureS Selected For analysls,‘
their properties, 1oad1ngs and the Flnlte element repre-l

sentation., N i
A . H

4,2 STRUCTURE WITH SYMMETRIC PLAN EDNFIGURATIDN

The first structure analysed was a five storied

framed bujlding with rectangular plan cenfiguration, as
shown in Fig. 4.1. It consistedrof 5 frames at 7 m intervals,
each spanning 7 m in the transverse direction. The‘frames
were connected tegether in the longitudinal direction by
a system of beams. The space frame thus formed had slabs et

" each floor level, The building rested en a 0-.3048 m thick
raft foundatjon., For a general case the frame panels had

orthotropic wall infills. The soil strata included in the
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finite element anpalysis had a maximum depth of 8 m below

fhe superstructure. The horizontal extent of the soil mass

was taken as 42 m x B3 m, It was assumed that the soil

i mass was supported bylrigid permeable boundary on all sides
ExCEptlng\ the top. The boundary nodes of the s0il mass

’were free to slide Duer the boundary but were prevented from

displacements nbrmaf to the boundary.

'The finite element mesh for the integrated structure-

s0il sysStem is illustrated in Fig. 4.1. The mesh for the
X .

—_—

- SUp;%Structufe alﬁng’with the raft foundation is shown
in Fig. 4.2 for é,better view. The beams and the columns}
were all prLSmatlc member;. The cross- sectlonal area for,
all such members was 0,0829 m2 and the Second moment oOf ?/
area about both the major and the minor axes was 7.19x1'D_L4 mé.

]
i

There was a total of 115 space frame elements. The roof and
floor slabs were divided into 20 plate elements of 0.127 m
thickness each. The raft consisted of 4 plate elements.
Upto B85 orthotropic wall elements were considered to account
for the infill walls, This corresponded to the case when
all the panel areas bounded by the beams and the columns
contained infill walls. The wall thickness was taken to

be 0,127 m. (The depth d of the soil'yas varied between

4 m and 8 m for various analyses. Each time the pattern and
the number of divisions in the vertical direction uwere

kept the same. A total of 160 rectangular parallelopiped

elements represented the soil mass. The structure-foundation-

!
i
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]
J

l

soil 1ntegrated model thus consisted of 340 JOlntS 24 plates,
160 so0lid elements, 65 orthotrOplc wall elements, and 115

space frame members wlth 836 unknoun degrees of freedom.

A total of 11 analyses were performed. The direction

of wind lDadihg'uas'qiuays perpendicular to one of the
B : L] l, '7
“ ‘wider faces, The following four analyses were carried out
. ] ' N B A
for each of the tuoiioading cases, wviz, simultaneous action

of uertibal and lateral loads (load case 1) and independent

action of the vertical load alone (load case 2):

fﬂ (a) A fixedibase analysis of bare frame with no .soil._
l. [ r 1[ / T N -

. i b o o .
- (b) The same as analysis (a) but orthotropic infill
. ! \ - . - i
: / ¢ - S :
- walls with openings are included. The openings 'vere
; v o
accounted for by using reduced values of elastic
! i

moduli as suggested by Thorburn (1978),

(c)} The analysis in the absence of infill of the
complete structure, the foundation, and the soil,

with the depth of soil taken as 8 m,

(d) The same as (c) but orthetropic infill walls

with openings are taken into consideration.

The remaining three analyses were performed for load

case 1 only. These are:

(e) The analysis of the complete structure, the
foundation and 8 m deep soil having orthotropic
infill walls without openings. To represent this

case, normal values of moduli of elasticity of

walls were taken,




!
(f) The same as (c) but with 6 m deep sail.

(g) The same as (c) but with 4 m deep soil.

Henceforth idéntificationrnumbers such as 1a, 1b; etc.
will be used to indicate the above described analyses for
load case 1 and 2a,,éb etc, for load case 2..Thu§ for |
exémple, analysis 1f uili ﬁean analysis in the absence oﬁ
infills of the complete structure, the foundation and the
sa0il, with the depth of the soil fakén as qu, when the

structure is subjected to the action of vertical and

lateral loads, - f . \ : A e
| 1 - . oo

f T '\: | | f: o "J, - ;
!
K

[}

4,3 STRUCTURE NfTH ASYMMETRIC PLAN CONFIGURATION

-
.

‘ -~

Additional elements uere included in the stfuéturﬁ
described in the preceding article to obtain a T;Shapedg
plan configuration, This introduced an eccentricity in
the plan. The structure is illustrated in Fig. 4.3. It
consisted of 5 frames at 7 m intervals. Three of these
frames had a singie span of 7 m and each of the remaining
two had three 7 m spans, The.nUmber of storeys were three,

A space frame was obtaiﬁed by linking the above plane

frames by beams in the longitudinal direction. As before

a system of slabs were considered at each floor level and
the frame panels had orthotropic wall infills. The structure

rested on a U,3048 m thick raft lying on a 8 m thick soil

layer. The longitudinal extent of the soil was 63 m and the
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i

~lateral gxteht was 42 m.'H rigid permeablé boundary enclosed
the soil mass on all sides excepting ﬁhe top. The boundary
nodes of the soil mass were free to slide over the rigid

) boundary but were prevented from displacements normal to

the boundary,

. . _ ) The finite element mesh for the integrated structure-

i .
S01il system-is shouwn in Fige 4.3 whereas Fig. 4.4 illus-

trates the finite element mesh for the superstructure along
\ . with the réft foundation. The mesh for the soil remains
ex;%tly the same as that.for‘rectangular plan structure __‘  '

shown in Fig. 4.1.-Eolumﬁ and beam sections were taken ! ,
! A ' S ! '
the same as those described in Art. 4.2. The total number
*a N . R ‘b
/

of space frame'élements was 98, The roof and floor slabs-

consisted of 18 plate elements. The raft was divided inth

6 plate elements and the infill walls were represented b;

S7 orthotropic wall elements. The slab, raft and wall thick-
nesses remained the same as those descfibed in Art. 4.2

and the soil thickness was 8 m for various analyses, The
integrated structure-foundation-soil model consisted of

350 joints, 24 plates, 150 solid elements, 57 orthotropic

wall elements, and 99 space frame members with 800 unknouwn

degrees of freedom.

A total of 8 analyses were performed. Four of the
analyses were done for load case 1 and the rest exactly

identical analyses corresponded to load case 2. The analyses

for any of the load cases are:




am

FIGURE 4.3 THE 3-STOREY SPACE STRUCTURE.
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i

(h) A fixed base analysis of bare frame with no soil.

4

(i) The same as (h) with orthotropic wall infills -
having openings. |

(j) The.analysié;'iqfabsence DFiinfflls, of fse
coﬁplete Etructuré; the foﬁndation and‘the sail.

(kj The éame as (3) with orthotrgpic infill walls

having openings.

As before, identification number Z2h will mean, for

l Ve ~. ———

example, a fixed base analysis of bare frame of T-plan
f
structure with. no’ ‘soil under the actlon of- load case 2.
\ I - ‘ .
: !
All other cases wlll be 1dent1fled in an 1dent1ca1 fashion

1 i .
in future dlscusslons . . .

4.4 LOADING ON THE STRUCTURES

The S-storey and the Jistorey three dimensional.
structures in Fig. 4.1 and Fig. 4.3 respectively were
subjected to both vertical and wind loads, The vertical
load receives contribution from dead weight of the struc-
ture and live load, The dead load was taken as 3,35 knN/m?
on- each floor of the building. The live ioad, for a
residential private apartment house, taken from the
recommendations of thg American Standards Association

publicatien, was 1,92 kN/mz. These vertical loads on the

floor were applied as concentrated forces at the joints,




¢
;
The wind forces recommended in CP3 (Chapter Vv,

Part 2, 1972) depend,on.tﬁe locatijion, tDng;aphy, building
size and height, ground roughness and building life. The
code giues a variable wind'pressure distribution along the
height of the building with the max1mum at the tOp reduc1ng
touwards the bottem. Basic wind Speed defined as 3 second
gUSt Speed to be exceeded on the average once in 50 years was
taken as 62,58 m/sec, Choudhury (1975), for lecatien Dhaka,
Although the value seems to be over estimeted, it was con-
sidered satlsfactory for the present analysis purpose in

d —

i
absence of more preclse data. The mlnd pressure dlstrlbutlon

"— -~

in the bl.IJ_ldJ_ngS’UJaS Calctllated for Dhaka city apprOxJ_ma;tJ_ng
the tDpOgraphy f‘ac:tor eql.lal to 1.0, ground roughness equel
to 3 and assuming class B bUlldlng size. The resulting wind
pressure distribution is shown in Fig. 4,5, This pressure
was applied as concentrated horizontal forces at the joints

on the winduward face of the building.

4.5 MATERIAL PROPERTIES

For all the analyses the material for the Ftame
members, the floor slabs and the mat foundation was assumed
to be reinforced concrete. The modulus of elasticity £ and
Poisson's ratio v were taken to be 2.2x1D7 kN/m2 and 0.15

respectively.

The orthotropic infills were assumed to haue'material

properties of brick walls, Thus the modulus of elasticity
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.parallel to bed joint Epfand the corresponding Poisson's
ratio Up were taken to be 6x10° kN/m2 and 0.15 respectively,
The ratio of the modulus of ‘elasticity Ep parallsl.to thsl
bed joint to the modulus Eq perpendicular to ip was approxi-

mated to 1.4, It ié}@orth noting that from considerations of

' possible presence of openings in the infill walls, the

3
moduli of elasticity were halved where it was necessary,

Soil properties were to be obtained from unconsolidated

undrained test., In’'the analyses to be follouwed, the soil
"‘\

perErtleS were obtalned frDm the set of octahedral shear___

stress and. octahedral shear ‘strain curves shown - in Flg. 2.1,
\ .

For prOpertles Qf 50il mlgh Gocti values notrcolnciding ! s

-
PR

| : e
with the values indicated in the curves, suitable inter-V

polation or extrapolation schemes were used.

Although the curves shown in Fig. 2.1 are tentative,
they represent a set of practical values of soil erperties.
These were utilized in the absence of test results for a-

particular type of so0il lying ‘below the superstructure and

the foundation. For all the analyses Poisson's ratio of

s0il was taken to be 0O,33.




Chapter 5

I
. DISCUSSION DN RESULTS

5.1 INTRODUCTION

As mentioned earlier, a total of 19 analyses, 11 for

[

a structure with symmetric plan configuration and 8 for

o~ oy

-+ a s%fucture with aSymmefric plan configuration, uwere

) .
perfbrmed. Results of these analyses are presented and
crifically examined in this chapter in graphical and
tabular form, Different analysis cases are indicated by

the nomenclature introduced and explained in the Chapter 4,

Thus the énalyées'are numbered 1e, 1h etc. without further
. / '

i , |
4

expléhation; Ifféhould be\;ecalged,ihoweuér, that cases .
with léttérs.aléo q relatezto strﬁﬁtures with symmetric
plan configuraﬁion and those with h to k to structures with
asymmetric plan configuration, Numbers 1 and 2 preceding;
these letters denote action of vertical plus lateral load

and vertical load alone respectively.

In some of the figures presented, the term load
increment factor with notation A has been used, This factor
indicates the ratio of the actual load applied to the
structure and the maximum value of load upto which it will
be 'increased. The term gradient of relative displacement
used in this chapter will mean the ratio of the difference

in displacements of two points to the distance hef&een

them,
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9.2 THE DEFLECTIONS OF THE STRUCTURE AND THE RAFT

5.2,1 Sway of the Structure . = ‘ | ;

Sway at different floor levels of'ths cént;al frame
for analysis cases 1a, 1b, e, 1d and 1e Has'beenlshomn.in_
Fig. 5.1 for maximum values of lDadSlglUEH in Art 4,4, _
The curves faor cases 1a and 1b show no Sway at .the base. :
ThlS is because the analyses assume a fixed base without
any s0il contribution. The remaining curves which represent
Vlnteractlue analyses of. the structure and the sull show
ce;;aln amount of 1ateraL dlsplacements at the base.. Curves-.
for bare frame analyses (cases 1a and 1c) clearly indica?e

' i

the double curvature nature of the deflected shape over !'

the structure hElght In the remaining curves for infilled

]
structure this nature is not prominent. :
|
]

Lomparing curves 1b with 1a and 1d with lc, it may
be abserved that the sway is highly diminished in the |
presence Of infilled walls and this applies to both fixed
base and interactive analyses. Thus the tog sway are'1/117,
1/4851, 1/62 and 1/140 respectively for case 1a, 1b, 1c¢c and
1d and the reduction in'sway QUe to the presence of infill
walls is 87.58% for fixed base and 55.72% for interactive
analysis. The actual contribution of infill walls to the -

increase of lateral stiffrness of a building is thus much

less than the apparent increase exhibited by the conventional

fixed base analysis,
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When sway for case lc is compared with that of case
1a, lt is found that 1n the absence of infill walls soll
increases the top Sway 1,885 times., When sway for case 1d
is compared with that of 1b, it is found that in the presence

of infill walls soil 1ncreases the tDp Suay 34 62 tlmes It

becomes clear that the inclusjon of s0il in the analysis is
more important in the'caSe of highly stifff infilled frames

than in more flexible tare frames,

Lurves of Fig. 5.2 show the variation of the top suay
of the central frame agalnst the load. 1ncrement factor A

f :

'fcr analysls cases 1nd1cated along the CUrues Hs may be
: i : ‘

expected, the max1mum tog Sway ‘occurs im the case of barer
Frame-soll 1nteract1ue anelysls (case 1c), The mlnlmUm ;s
observed for fixed base analysls of DrttherlC wall 1nfllled
frame (case 1b) and it is 1, 28% of the maximum sway. The
Other analysis cases give intermediate values for top suay,
From the comparison of curves for infilled frame analyses
(cases 1b and 1d) with bare frame analyses (casas 1a ang 1c),
it is confirmed that throughout ‘the loading hlStOIy the
percentage reduction in Sway due tao the presence Df infill

walls is much less srgnlflcant in a flexible base analysis

than in a conventional fixed base analysis,

Lomparison among curves for cases Te and 1d (Fig. 5.1)
reveals that openings in the infill walls do not change the
- Sway values Significantly, when the Conventional approach of

Opening consideration is employed (i.e by halving the ywall
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i

stiffness) and the reduction is 4.31% for top sway. However,
this reduction at the tDE~i5 more significant than at the
base.” Comparing curves for cases 1e and 1d of Fig. 5.2, it
is observed that the Openlngs in the infill ualls do not
contribute much towards the increase of top sway at any
load level. Thepefore, it is 1ndlcated that openings in
infill walls increase the stfuctdre sway only marginally

when their effect is accounted for by the conventional

approach.

 ¢ Sway of the external frame CMUF (Fig. 4. 4) Of T -plan .

Structure at dlfferent leDr levels has been plotted for;

U,

analysis cases 1h, 1i, 1J\§nd 1k as shown in Fig. 5.3,
Comparing curveS 1i with 1h and 1k with 1j, it is found -

that the top sway diminishes by 98.2% and B1.13% due to |
infills for fixed base and flexible base analyses rESpECEiUEly.
When compared to the corresponding percentage reductions
(97.59% and 55.72%) obtained for rectangular plan, it is
demonstrated that the real increase in resistance to sway

due to the presence of infill walls is higher in the T-plan
configuration. This is considered to be due to the inherent

lateral stiffness of the exterior frame contributed by the.

adjacent interior frames which are much stiffer.

Comparing sway for cases 1j and 1k with those for 1h
and 1i (Fig. 5.3) respectively, the top sway in the absence
of infills inCreases 1.53 times and in the presence of

infills 16.13 times due to interactive analyses. The
'

i
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/
f
corresponding increases for rectangular plan configuration
“were higher, 1.885 times and 34,52 times for bare framei
analysis and flexible base analysis respectively., This

demonstrates the importance of including the soil in

analysing structures bare Orvinfilled, and also the impor-

tance of selecting inherently stiffer plan configuration.
Sway diagrEms'in three—dimensions of the T-plan

structure at different floor levels are shown in Fig. 5.4,

These correspond to analysis cases 1hrand 1j for maximum

{

Ua}ues of the load' It is 1nterest1ng to note that when \
, ) : SN

moving from external one- bay Frame CMOF touards the three- !
/ - \ ] 1
bay frame LNPRJ, the top Suay in both Of the cases 1h and

e 4
13 and the base - Suay in-case 15 gradually decrease. This

| .
is considered te be obvious as the T-flange is stiffer
than the web in the transverse direction in which the load

is acting.

5.2.2 \lertical Deformations of the Structure

Variation in the vertical displacement of point c at .
theltop of the central frame with the load jincrement factor
A for the first eight analysis cases of the, structure with
SymﬁEtric plan configuration are plotted in Fig. 5.5.
Comparison of curves far cases 1b with la and 1d with 1c
shows that wall infills decrease the vertical deflections
for both the fixed base and the interactive analyses, For

deflections at maximum load, this reduction is 58,974 for
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fixed base and 20, 79% Fof interactive analyses, It may be
noted that‘the reductions in Qeftical displacements are much
less significant than those in horlantal Suay D} the same
point, This conflrms that the fundamental purpDSe of infill
walls, i.e. to increase the frame stiffness agalnst lateral

loads, remains slgnlflcant though perhaps to a lesser extent,

when the chtributidn of soil is accounted for, 1

The extent of influence of the soil on vertical dis-

placement of pdintfc (Fig. 5.5) in case of bare frame
_(cshparing Ease 1a with “ic) and in case of. 1nfllled frame
{comparing case lé mlth 13) is qutB cunslderable. Interactlue
énalgsis inCreases this. vertical displacement at_maximumg
- D . i

load by 14,5 times for bare frame and 28 times for infilled

frames.

The influence of so0il on vertical displacement of
point ¢ (Fig. 5.5) for load case 2 (vertical load‘actingn
alane) is identical in nature to thatlfor load case 1
(vertical and lateral load acting simultaneously}. Comparison
of curves far cases la with 2a and 1b with 2b shows that
additional lateral load daes nat increase the vertical
deflection much for bare or infilled frames on fixed base,
The respective inCreases are only 20,46% and 22.16%. Similar
camparison of curves for interactive analyses shouws a

-considerable increase in the displacement of point c.

Comparing curves for cases 1c and 1d with curves for cases 2c




B85

and 2d, the computed 1ncreases are 55,38% and BS5, Bax

.reSpeCtluely. This increased effect of lateral loads in -
amplifying vertical displacement jis attributable to the
\ displacements of the sdil,.mhithqénrbe-accounted.for anly by

an interaction analysis,

Curves in Eig{'S;Elillustrafe the relative vertical
diéplacements of point C'with.rESpeét to points A and @ -
~at the top of the structure plotted against the load increment
factor A for analysls Cases.1c and 1d. For the Same cases,
th;\gradlents of Eelatlue uertlcal dlSplacements amonQAthenf
ﬁolnés mentloned are plotled against A 1n Flg. 5.7. Compdring
3“: curues of Flg. 5:7, it ls found that the relative dlSplacament
of point C wlth reSpect to point A exceeds that with rESngt
to point 8 for both infilled and bare frames, The CorreSgDn—
ding gradients from Fig, 5.7 give a different picture. The
gradient of relative vertical displacement of point C with
respect to B exceeds Significantly the same gradient of
deflection with respect to point A, However, ane thing is
COmmDn.in both the figures; orthotropic infills de;rease both

the relative vertical displacement of a point and the gradient

0f relative vertical displacements.

2.2.3 Displacements of the Foundation

Displacement for cases 1c, 1d, 2c, and 2d (solld lines)
and differential displacement for Cases 1c and 1d (dotted lines)

of the raft under the central frame of rectangular structure
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are shown in Fig. 5.8 drauwn against load increment factor A,
Comparing cases 1c yith 1d and Z2c with 2d, it is Observed
that the Orthotropic walls reduce the diSplacemeht in both
the load cases. These reductions are 17, 77% end 21.67%
respectively, HOweuef, aSVMifh the vertical diSplaCement

~of pointe in the sthcture, this influence of wall infills
on displacement is seen to be less slgnlflcant Compared to

that on horizontal Suay discussed previously, Superposltion

of the horizontal wind loading on vertical 1oad inCreasEs

~—

the displacement both in the presence and in the ateence of
¥

—

orthotropic wall 1nfllls. ThlS becomes euldent from a - .
r

comparison between the curves for cases 2c and 2d with those
i

for 1c and 1d re5pect1uely. Ubserving dlsplacement and b/

differential diSplecemeht curves for cases 1c and 1d, it iis

a@pparent that the influence of wall infills on the diSplaEe-
ment itself is more pronounced than that on the dlfferentlal
displacement. This observation is Significant as it jis the

differential displacement that induces stresses in the

structure,

The variation of displacement with A for cases 1c, 1f,
and 1g is shawn in Fig. 5.9. The depth of sojil included in
the interactive anaiysis is found to influence the displace-
ment, though not to any significant degree, At maximum load,
the displacement obtajined by taking 8, 6, and 4 n S0ils are
0.9 mm, 65.3 mm and 61.1 mm respectively for the rectangular

structure, Reducing the so0il depth included in the analysis
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is B%serued when the §0il’is inqluded in the‘énalysis. S R
HDweuér, the Flatnéss of fhé‘upper region of the curyes ;
Canfiéms the obsé;QatiDﬁ!tﬁaf-inclusiph 0f a great depth éf

' soil does not siénificantly increase the sway or the differen-

tial displacement,

the rectangular structure in presence and in absence of yal)
infills are shoyn in Fig. 5.11. The deformation jis the

combined effect of vertical displacement ang horizontal

displacement, The difference of vertical maximum deflections
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under column OF and between column' CM and OF of frame CMOF

of the structure with T-plan configuration are plotted against
load increment factor A in Fig. 5.12 for interactive analysis
cases (1j and 1k). The dlsplacemenu under - column G .of frame
AKQI is less when 1nfllled and the reduction is 2?.54% at

- maximum load with réépect to the bare frame, But the.diffé-
rential diSplacemenﬁjbetmeen the columns D and G under the
same frame is more %Dr infilled case, the reduction in the

absence of infills being 25% at maximum load. For the

external frame CMOF, the plcture is the reverse. The dis-
f

—
L

placement under colUmn DF'Df this frame is less for bare!
structure, the réduction being 14.434, The differential |
diSplécement on the otherlhand under frame CMUOF are much
reduced if Orthotr0p1c 1nflll walls are present, and the
redUCtan at maximum load is 72.62%. This differential
behaviour under the internal and external frame characterizes

the T-plan structure and was not noticed in the rectangular

structure.

Fig. 3.13 shows the three-dimensional deflected shapes
of the raft under T-plan structure for both bare and infilled
frames, It is evident in this figure also that for bare
structuré the maximum displacement occurs under the internal
frame AKQI and the minimum under frame CMOF. For the same
bare structure the maximum differential displacement between
two central columns occurs under exterior frame CMOF and the

minimum under.internal frame AKQI. The general tendency of
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i ,
the infill walls to even out the differential displacement of

the raft is evident also For-T-plan structure as with the

rectangular structure.

5.3 BENDING MOMENTS IN FRAMES

The bending mOment dlStrlbUtan in the beams of an
internal frame of the rectangular structure for bafe frame ‘ g
analyses (cases 1arand 1c) are shown in Fig«5.14a,.The
same for infilled frame analyses {cases 16 and 1d) are
sHan in Fig. 5.1ﬁb.'It'is apparent from both the figures
tha; cqnsideratidn D% s0il in thq'intefactiue.analysis has
hegligible effect on thesgrhomént diséributidné;'both ! o
gualitatively and guantitatively. Whereas COmparlng curués
of Fig. 5.14b with those of Fig. 5.14a, 1t is Dbserued that
infill walls decrease the beam moments to a very 51gniFiCant

degree (98,194 for the bottom floor beam). The signs of, the

moments, however, remain the same.

Column bending moments for bare frame analysis are
shown in Fig. 5.15 and those for infilled frame analysis
in Fig. 5.16 for the same frame mentioned above. Soiil is
again found to have almost no effect on column bending
moments. Infill walls, however, as before significantly
reduce the column moments (97.8%, for bottom column).Therefore,
it is evident that the infills in a structure can contribute

significantly to reduce the beam and column moments. The

reason for the lack of influence of so0il on the beam and
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column moments may be due to the presence of a stiff conti-

nuous raft under the caolumns, Then bending moments are
expected to be much different for the fixed base and inter-
active analyses if the columns were supported an isoiatgd

.Footings.

Variation of column bending~m0menté with different
floor levels for load CaSE‘T is shown in Fig: 5.17a for 7
bare frame analysis and in Fig.75.57b for infilled frame.
The influence of infill walls became euident when curves
in Fig. 5.17b arejcompar%d'with those in Fig, S5.17a. The

infills not only'fedubq the column moments significantly;
. ; , : S ;
but élso alter the nature'of distribution of maments over

the height of the structure.
}

The variation of bending moment in.column EG orf thé
interﬁal frame with A for bare and infilled frame analyses
are illustrated in Fig. 5.18a and Fig. 5.18b respectively.

By comparing these two figures, it is observed that infill
walls decrease the rate of increase of column bending moments

with increasing load,

Column and beam bending moments for the external frame
CMOF of T-plan structure are shown in Fig. 5.18a and Fig.5.18b
respectively for infilled frame analysis. Magnitude of bending
moments diminishes wifh height, the maximum value being
obtained for the bottom storey beams and columns; Bending

moments obtained from the fixed base analysis are abserved
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to be higher than those from the interactive analysis., At
the windward column base, the former exceeds the latter 'by
43,624, |

Fig. SFZDa.and Fig. 5.20b show the column aﬁd beam
bending moments reSpectiuely in the frame CMOF for baré
' f?éme analysis. In £he absenﬁe of infills, behding moﬁents
- from fixed base and flexible base analyses do not differ
- much; the windward column base moment from fixed base
analysis.exceeds that from interactive analysis by.only

PR

__ ;
7.3, L | o
b - A L C
, . / B . - : - i
© Comparing curves in\Fig, 5.18 with corresponding
L .- ' ‘,:" l\'. . : %
curves in fFig. 35,20, the orthotropic infills are found to -

i

reduce the column and beam.bending moments significantly:
for the T-plan structure as well. At windward column base
this reduction is 87,88% for fixed base analysis and 98, 41%
for interactive analysis, At windward side of bottom storey
beam the reduction is 898, 34% for fixed base analysis and

88,.7% for interactive analysis,

Column bending momentsrof the internal frame AKQI of
T-plan structure for infilled frame analyses are shown
in fFig. 5.21 and those for bare frame analyses are in Fig.5.22,
The column moments in the internal %fame.are reduced highly
due to presence of infills as in the external frame, Thus

the leeward column base moment is reduced by 87.87% in the

fixec base analysis and by 95,58% in the interactive analysis,
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Shifting of inflection points in certain columns due to

interactive analysis is also interesting to nate.

The redistribution of the bending moments is most

\ significant at the base of the building in case of the infilled

internal frame (Fig. 5.21). At point A the fixed base bending .

- :moment is 0.832 kNm and the flexible base moment is'-1.78 kNm
i

showing a reversal of the sign. In case of the bare frame, s

reversal of sign takes place at the top floor (Fig.S.22).

5.4 STRESSES IN sgIL -, . e
M ”1’,' 1 L .
Distributi?n of vertical normal stress oy (nodal)
= j i ,
along-the transverse section F-F at soil depths 0,1,2, 3,
. : _

]
:

and 8 m. under the rectangular structure is shoun in Fig.5.23.
The distributjons are plotted for interactijve analysis cases
1c and 1d. The stress variations for both the cases follow
more Or less the same nature at different depths, Houwever,
the presence of infills reduce Uy Slightly, The stress oy

is also reduced with increasing depth and the maximum is
attained under é node which is located at the extreme edge of
the raft in the leeward side; The stress oy at the soil
boundary are negligible-but may be tensile, the intensity

of which gradually reduces with depth.

vertical stress distribution along the longitudinal

section E-E at varjous sojil depths under the same structure

is shown in Fig. 5.24 for interactive analyses, Considering
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the symmetry this has been plotted for the left haif only,
It 'is observed from the curves that presence of infill walls
increases 0& beyond the perimeter Of the raft and decreases
‘1t directly below the raft, For both the cases of infilled
or bare structure, the maximum 09 in the longitudinal direc-
tion is recorded under the'transuersé axis of symmetry. The
intensity of -0 almést vanishes at the soil bolindary in this
direction also, The pressure d;stributions reveal that the

-greater stiffness of the infilled frames results in & more

eueq dlstrlbutlon of soil pIESSUrE. | . o
{- Fig. 5 25 ;llustrates the dlStrlbUtan of Oy (Hoda})

aang section F-F at dlfferent SDll depths under the i

rectangular structure for_lnteractiue analysis with 1oady

case 2 (vertical load acting alone). The curves in Fig.-g.25

are symmetric, as expected., The distribution of Oy in

Fig. 5.25 and their general characteristics are ideptical

to those of Fig. 5.23 for load case 1,

The variation of vertical pressure oy with depth under
various points in pian are plotted in Fig. 5.286 for analysis
case 1c, Maximum soil pressure occurs under the raft edge
point D in the leeward side, This pressure remains approxi-
mately constant upto a depth of 1.5 m and then gradually
decreases until it becomes again approximately steady below
3.5 m depth. The qualitative nature of 3 distribution under
other raft edge points J and I in leeward side are similar

to that under point D but of reduced intensity, The Gy
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f

.distribution under leeuara point H Dﬁtside the raft is almost
insensitive to depth. Under points G and A, both at soil ;
bDundéry; s0il pressure becomes tensile although of'ﬁegligible

' magﬁitude. Oy under points B and C and under other points as

~well, shou uariations'only'uptu a'dépth of approximateiy 3,5 m

_aﬁdnstabilizes at gréater GEpth.'It is worth mentioning

that although soil preséure reduces with depth, the steep Y
. ] . Vs

gradient of a Boussinesqg tyhe—uariation with a stress ordinate
asymptotic to the upper soil boundary is ﬁot exhibited‘any—

where, in the SDil.{The reason for this may be attributgd to .

¢ ——

i 'l v E. . ,

the stiffness of the raft and the superstructure not accounted . '/
\ ! -

!

—

: i j
- . V.o
for in the Boussinesq solution,

-

For the T-plan structyre,'the distribution of normal
. I |

stress Oy (nodal) aioné transverse section A-A at uariuusg
soil depths are plotted in Fig. 5.27 for flexible base
analysis with load case 2 (2j and 2k). The distribution

is symmetric about the axis of symmetry because vertical
load alone is acting., The presence of infills decreases o
directly below the raft but outside it o, for infilled
structure slightly exceeds that for bare frame., Thus an
important contribution of orthotropic infills present in a
structure is that these help to distribute Oy more uniformly

in horizontal directions at various depths and reduce the .

maximum intensity of oy.

The distribution of o (nodal) along longitudinal

section 8-B of the T-plan structure for the same analysis
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cases and soil depths are plotted in Fig. 5.28. The maximum
9, is obtained under the junction of the web and tHe flange
and occurs at a depth of 1 m. The asymmetry of the structu;e
causes the distributions to be non-symmetric in the longi-
tudinal direction even for uerticéi loads acting alone., The
‘nature of oy distribution at various depths are identical

to ealh other, althoﬁgh the intensity of 0y gradually dec-
lines with depth affer certain increase immediately beloy

the raft..

—_

‘; For analyse%luith'lfadlcase_1 (both vertical and _ __
lateral loads ac@ing) of T~piaﬁ stguctUre; the variation
of oy;(nodal) a%éng transdgfsg section A-A at specified ;
depths.are shown in Fig. 5}29; The iﬁfluence on o of |
wind load acting on T-plan structure seems to be less
pronounced compared to that on rectangular plan structuré
(Fig. 5.23). This is considered to be due to the fact that
the T-plan structure itself is stiffer than the rectangular
one. However, the maximum oy occurs under the corner node
at the junction of the flange and the web in the leeward
side. Compared to stress under the other symmetrically
located borner node of the windward side, the increase
is not significant (3.78%) and much less compared to that
for the rectangular plan structure (45,76%). Fig. 5.30 shouws
the distribution of oy in the soil along longitudinal

section B-B of T-plan structures for cases 1j and 1k from

which conclusions similar to those for the transSverse
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i
r
direction can be drawn. A general Dbservation regarding
s0il stress distribution is that the max1mum stress under
any location Occurs at a certain depth below the raft and
not at the surface of contaet of the raft and soil. Another

observation is that the reductlon in soil stresses wlth depth

is not much dependent on the presence or absence of infill

¢
f i

i

walls,

The stress-strain curves at the centroid of two solid
elements in SUCCESSer layers directly under the raft of the
reetangular structure are shown 1n Fig. 5.31 for analysis —

case 1c, The SDll 1mmed1?tely belOu the raft gets hlghly

* J'

strained compared to soil at a deeper layer at the same
stress level. ThlS is because the soil elements at greater

L

depths have a hlgher value of conflnlng stress Sacti and
are therefore stiffer. Thls also demonstrates that contri-
butions of sojil at greater depths to the displacement of' the
structure are smaller even for the same level of stress in
the elements. The arqument is further substantiated by
comparing the variatjons of stress and strain with depth
under the same location in the raft, as.shown in Fig. 5.32,
The steep gradient of strain distribution along depth
demonstrates that contributions of soil at greater depths
in the deformation of structure diminish rapidly and the
inclusjion of a large extent of soil in the analysis is

not necessary,

-
-




32

2

0

1
b

depth =:0.5m

 FIGURE 5.31

STRESS-STRAIN CURVES AT THE CENTEROID OF TWO
SOLID ELEMENTS DIRECTLY UNDER INTERNAL RAFT
ELEMENT FOR ANALYSIS CASE “c.
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1
5.5 STRESSES IN INFILL WALLS

The variation in extreme fibre stresses perpendicuiar
to ted joint at the centroid of bottom most infill wall of
an exterpal frame panel of rectangular plan st;actUre with
load increment‘factof Ais shown in Fig. 5. 33a,-Curves in
Fig. 5.33b show the uar1at10n of ‘column moment with A,

Curves im both of the two figures CorrESpOnd to ana1y51s
‘cases 1d (wall with' opening) and 1e (wall without opening).
It may be observed’ from Fig. 5.33a that infill wall stresses

t
1aéiaase with the ‘load and at the same load these stresses

' . | e
in walls with Openlng are smaller than thase in . walls mlthOUt
Dpenlngs. Curves' in Flg. 5 33b show that Openlngs in ualls
1ncrea5e the column mOment approxlmately two times, These

1

facts indicate that the stlffer the wall becomes, the {
| !
larger portion of the column moment it shares, :

5.6 THE PROPAGATION OF CRACKS IN SOIL

The variation of the width of soil separation (crack)
at the boundary joint under rectangular structure with |
increasing A is shown in Fig. 5.34 for interactive analysis
cases 1c and 1d, In the absence af infill walls (1c) the
crack develops when load factor A reaches 0.1. Op the
other hand, the presence of infill walls does not permit
the crack to develop until the load factor reachas 0.9,

The width of crack at the maximum load for infille& structure

is only 13.4% of that for a bare structure. Thus the infill

b
1
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walls have a significant positive role in controlling the

crack propagation and its width,>-

"

A summary of the deflections and stresses and bénding

' mements obtained by the various analyses are giuen in
. . Lot )

, Table 5.1 and Table-,5.2 for better and.cleaf_uhderstanding}
of the results.’ f | | o . | |
L . !‘. .

|
/




Table 5.1 OQeflections of the structures.

.

Analy-| Thickness| Sway at | Vertical Differentiall Maximum

ses of clay top deflection displacement] displace-
No. . . (m) (m) at top . (mm) -1 ment
B (cm) - (mm)
1 1a 8 .139 .524 -0 _ 0
1b ' 8 .00335 | .215 0 0
1c 8 .262 | 7.8 _ 40.78(e)* | 7,09
, 46, 4(1)%* ||
1d 8 | .118 6.02 42.0(e) 5,83 ’
: : ' 42,0(1)
1e . 8 L1171 5.8 . 40.5(e)
o ' 40.6(1) 5.67
ﬁ . [ ; . ‘
1f 1 6 .257. L 7.04 38.24(e) E.53
_ / b ' 43.9(1i) .
19 “ g / 2586 R 6.62 35.6(;) 6.11 .
Y . K y 41-g(i) . M
2a 8 - L435 0 0
26 8 - .176 o 0
2c 8 - 4,86 0 4.43
2d 8 - 3,63 0 3.47"°
1h 8 0346 .0984 0 0
11 8 .00062 .052 0 0
1j 8 .053 ©1.76 : 8.41(e) 1.66(e)
1.2(i) 2.93(1)
1k 8 .010 . 2.0 2.3(e) 1.94(e)
1.6(1) 2,12(i)
2i 8 - .0858 0 0
ZJ 8 - 3.14 U 3.14
2k 8 - 2,10 0 2.1
2h 8 - .215 0 o
¥

| .
¥#j .= jnternal frame

e = external frame
i




Table 5.2 Stresses-and bending moments of the structures
Analy-| Column Beam . Axial Infill wall | Soil(nodal)
ses moment moment force stress stress
No. kN—m kN-ITI (kN) (kN/mz) (kN/ITIZ)
1a 123.9(e) |’654.0(e) - -
209.5(i) ) 105.4(i) [1180.0(1)
1b 1.96(e) | 395.6(e) 283.6(e) )
4.764(i) | 1.92(1) | 481.9(1) 391, 7(4)
1c 1 132.2(e) | 736.6(e) i 11.06(e)
208.4(i) | 106.4(i) | 1134(1) X 17.94(i)
1d 1.96 (e) | 477.6(e)" 365.1(e) 12.08(e)
4.59(3) 1.92(i) 440.8(41) 343,6(i) 16.14(1)
1.013(e) | 325.8(e) 491.4(e) 11,925(e)
e 2.273(i) | 1.007(i) |281.1(1) - 435,5(5) 16.18(i)
™~ j 460. 4(e) )
2a 4| .3147(i) | . 1966(1) {912.0(1) " , D
y ~ 1.266.2(e) 283,5(e)
26”7 .268(1i) v 238 (i) [1367.6(i) 381.6(1i) -
48.04(e) | 25.19(e) |514.8(e) _ 8.53(e)
2c 899,1(i) 15.38(i)
2d 1.82(e) 1.006(e) | 334.2(e) 352.3(e) 9.72(e)
324.5(i) 345.6(4) 13.31(i)
1h 85.98(e) | 48.61(e) {318.3(e) _
53.18{(i) | 24.08(i) |814.9(i) -
11 1.824(e) | .B0S (e) [172.1(e) 153.9(e)
1.13 (1)) .64 (i) 270, 7(i) 287.3(1i) -
13 80.08(e) | 48.61(e) |331.9(e) _ 5.49(e)
108.9(i) {'52.19(i) | 758.4(i) 12,52(i)
1k 1.32(e) .63(e) 195, 7(e) 189, 8{e) 6.03(e)
4,.85(1i) 2.27(1) 207, 7(i) 216.5(1i) 10.71(41)
2h 274.2(e) _
.376(1) 1.21(1) 812.5(i) -
2i 144,1(e) 153, 7(e)
.198(i) .283(1i) 269,6(i) 287.1(1i) -
2j 290, 4(e) ) . 4.98(e)
50.35(i) | 18.79(1) |752.2(i) 12.32(1i)
2k 190,.6(e) 200.0(e) 5.85(e)
3.09(i) 1.65(i) 203.2(1i) 216.9(i) 10.426(1i)
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Chapter 6
/
CONCLUSIONS AND RECOMMENDATIONS FUR FUTURE RESEARCH

6.1 CONCLUSTIONS

The following are the conclusions that can be drawn

from the present investigation.

-

/
4

1)<z The general finite element program for the non-linear

three dimensional structure-soil interaction analysis

with facilities for crack propagation has proven to

be a uarsatlie and effective tool for investigating
ﬂ the phenOmeéon of\%nteractlon; The necassary computer-.
? storage an; time ar; not DrDhlbltlUEly extensive, I

] ]

- _ . o o
. . : / SR W . ‘ : |

-

(2)  Orthotropic infill walls are found to reduce the .-
structure sway sighi%icantly both in‘fixed base anﬁ
interaction analyses. However, the reduction in su%y
due to infill walls is less when the contribution

|
of the underlying soil is accdunted for by an inter-
action analysis. The actual contribution of infill
walls in increasing the laterai stiffness of framed

structures may therefore be less than what is apparent

from conventional fixed base analyses,

(3) Openings in infill walls increase the structure Sway,
However, the increase was not found to be significant
when the openings were accounted for by the conven-

ticnal approach of reducing the wall stiffness.
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(4) Orthotropic wall infills reduce the absolute vertical
‘dispiacements as well as relatlue vertical displacements
~of points on the structure, but the reduction . in these

diSplacementsria°less pronounced than the reduction in

sway.. - v . \“\“._
. L .
; S - /'{
» - (5) Drthotroplc infills increase the lateral stlffness
n

of the structure with T -plan configuration in a more

i

effective way than they increase the stiffness of

] A rectandular plan structure.

;
T / . . g L
. . .t ‘L_ . N - . -
l‘ . - ~. T ——
L

.Drthotroplc 1nfllls reduce the dlSplaCEment of.t 1 )
Vo -

- ;Lhe raFt to a lesser degree than the ~Sway. Infernce
oL -y : 4

of wall 1nfllls on the dlsplacement 1tself is more

slgnlflcant than that an the dlfferentlal displacement.

(7) Structure sway, displacement and differential displace-
ment all are influenced by the underlying soil strata
included in an interaction. analysis, However,

increasing soil depths do not proportionately

increase these deformations due ta the diminishing

values of strains at greater seoil depths, Thus for

a reasonable interaction analysis the extent of s0il

to be included in the mesh need not be very large.

(8) Urthotropic wall infills, due to their contribution
i to the structural stiffness, help to distribute the

raft deformation more uniforml, .
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(8) In the T-plan structure, the wall infills reduce
1 " displacement but -increase dif ferential displacement under
l - 4

P “internal columns oOf. an iriternal frame constitutihe'
A . -

the flange., While. Under an external web Frame, the dlsp-

~.

Lacement is 1ncrea5ed and the dlfferentlal dlSplacement
J ______

is redUCed by ‘the presence Df wall 1nfllls Heeeuer,

l

" the former conclusion may change completely if the hiwl

.eﬁieCeﬁents under the exterior columns of the internal

frame are considered. This differential behauiour

3,'under the exterlor and interior frames was unigue for
'1 . ', '| , T —  TT—
. the T«planjstructure.
- B

!

‘e
-
K

’ | )
(JD)”‘UrthutrOpic infill walls are found to reduce the | -.
" 1 . e

s R . t

column and beam bendlng moments in a very slgnlflcant
manner, while 1nteract1ue analyses change these mOPEHtS
only negligibly. The lack of influence of the under~
lying soil on the bending moments is considered to' be

due to the stiffness of a continuocus raft faundation

as opposed to isolated column footings.

(11) Maximum vertical soil pressure occurred under the edges
of the raft in the leeward Side. The uariatien of this
pressure with depth was less pronounced than a
Boaussinesq type distribution aqd the pressure became

almost upiform at depths below‘3.5 m for the rectangular

plan structure.
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(12) The presence of wall infills in the superstructure
in general helps to distribute the vertical soil

i ' pressure more uniformly in the horizontal direction.

i Immediately below the raft the stress oy for bare
structure exceeds that for infilled structure. On

the other ham':i‘lUy for infilled structure ‘is more than
for bare structUreloutéide the extent OF'the raft,
Tﬁus maximum intensity of Oy is reduced due to wall

infills.

(13ﬁ- The influenée 6n sdil pressuré cy of the wind 10ad '

- i.actlng an gaplan StéuCtUre is less pronounced comp;red |
#‘ . , “to that 0# rectangular structure. This is COnsldered
to be due to the increased lateral stiffness of the

former. i

(14) Strains in the soil at shallouw depths are much larger
than those at greater depths. This is because of the
higher degree of confining pressure acting on the
deeper soil elements, Thus the strain gradijent with
depth is steeper than the stress gradient; This goes
to explain why itris not necessary to inc}yde a great

depth of sojil in an interactijon analysis,

(15) Orthotropic wall infills due to their contribution

to the structure stiffness help reduce the formation 3

Y

and propagation of cracks in the sojl.
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6.2 RECOMMENDATIONS FOR FUTURE RESEARCH.

Following recommendations can be made to further

develop the present research work:

_(1)

(2) '1.‘,

(3)

The generallty of the flnlte element prOQram developed
here will permlt to analyse various other structure-
s50il 1nteract1£n problems besides tHose considered

) ,

in this work.’ These may include buried structures,

culverts, tunnels etc,

The analyses performed in this work uere based on————.

the assumptlon that the Orthotroplc wall infills i

‘1uere in perfect fit wlth the frame panels Lack of!

fit of the infill is a practlcal problem which may

be tackled with some modification in the present work,

The possible development of cracks within infill
walls at wall frame boundary was not accounted for
in this work. This aspect of jnfilled frame behaviour

can be taken into consideration in future research.
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Appendi x
THE ﬁ;NITE ELEMENTS

R1.1° SPACE FRAME MEMBER ELEMENT

The erement'is-shoun in Figs.(A1.1) in which the
direction of, the pnaxls 15 always from end 1 to end 2
Each end of the member can have all. three translatlons

~and three. rotatlons as shown in Fig. (A1.1b). The elght

"iposslble member fOrces and moments are ShOwn in Figq. (A1 1c).

These are the axlal force P', two shear forces S and §

vf tgrque T and the moments at the tuo ends about 9 and I axes
n - N b~

. . f ~ ——
m and m -

‘\ B | -
01' 02' R1. R2T s . ,

'h The.irregularities due to'the'honﬁcolncldence of the

of. In Fig. (A1.2a) i and Jj are the joints Specified at'the
ends of the member while A and 8 are the actual centrojds
of the end sections. pCcA and PLE are the distances in p
direction of the ends A and B from the joints i and j
respectively. QC and RC are the eFFsets in the q and the r
~directions of the member axis AB from the line 13. QS and
RS in the figure are the dlstances in g and r directions

betueen the centr01d G and the shear centre C of the member

Cross section, as shown for the angle section in Fig, (A1.2b).

A1.2 RECTANGULAR PLATE ELEMENT
The node numbering and the local axes of the element

are shown in Fig. (A1.3a), Each node can have a maximum of

Il
’




o T

{b) Nodal diSploc ements,

5k MR2

(¢) Forces and moments,

FIGURE A1.1 SPACE FRAME MEMBER ELEMENT.




LINE CONNECTING SPECIEIED
JOINTS | and ]

(@) Definition of end irregularities

q
CENTROID
% r
G
as
RS
SHEAR CENTRE ‘—"‘I

(b) Deflnlt:op of @S and RS

FIGURE 1.2 END IRREGULARITIES OF THE SPACE MEMBER
ELEMERT .,
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{b) Nodal ‘displacements,

FIGURE A1.3 RECTANGU: AR PLATE ELEMENT.




three translations and two rotations as shown in. Fig.{(A1,3b), .
The in-planefrotation of the nodes about the r axis is
: suppressed. . The in-plane displacements u and v and the

. out of plane freedoms u, ep and Bq are formulated separately,

i

' - The element can be used either as a plane element by suppre- f‘:¢
ssing the out of plane displacements or as a bending element Moo

&

.

by allowing these.
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