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matrices and also for solution of simultaneous equations are ,1
~

employed. These resulted in the economy of both computer
\

storage and time and the development of a prOgram viable

of orthotropic infill walls in increasing the lateral stiff-
.~

ness of framed structures was found to be less than what is \

. ... ,
--.~

~...t.

depth indicated that this extent need not be very large.

bending moments, soil stresses, wall stresses and crack

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

the extent of the soil to be included in the finite element

strains in the soil were also studied in order to establish

propagation of cracks in the soil. The stresses and the

they were found to reduce significantly the formation and

apparent from conventional fixed base analyses. However,

propagation were examined in detail. The actual contribution

different configurations and having frames with orthotro~ic

A planned scheme of analyses of various structures with

SUMMARY

The thesis considers the interaction between structures

wall infills were undertaken. Parameters such as deflections,

prOgram is developed:for the non-linear three dimensional

for computers of even moderate size~

structure-soil interaction analysis. The propagation of

with orthotropic wall infills and their supporting soil. The

crack and tensile separations in the soil is taken care of.

Novel techniques for the efficient storage of the various

finite element method is employed and a general computer

/
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1.1 INTRODUCTION

Chapter 1

The structure is frequently analysed as a bare

bution of forces and stresses within the structure resulting

The traditional approach of isolation and separate

GENERAL INTRODUCTION

proved to be irrational and often incorrect. A study of

understanding of the behaviour of both. Such a study

To achieve a satisfactory interactive analysis, the

treatment of a structure and its supporting soil has been

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

from the fact ~hat the supports are not unyielding.

;

the interaction between the two leads to a mOre precise

likelihood of damage. It also reveals the actual distri-

tically modelled. Traditionally, however, extensive simpli-

the !elative deflections which are uSed to aSSess the

tacitly.

infills participate in supporting the load and provide a

frame without claddings and infills. In reality, the

soil, the substructure and the superstructure are mathema-

fying assumptions are made in arriving at these models.

fulfills the need to estimate the form and magnitude of

significant amount of stiffness to the structure. For

stiffness are often not recognized or are recognized only

strength calculations these assumptions, being conservative,
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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

required.

Two committees were formed by the Institution of

Structural Engineers who published their reports in 1974

(LittlejOhn and Macleod) and in 1978 (Thorburn). 80th these

reports recommended research into analytical methods of

solving structure-soil interaction. Although extensive

research work followed these reports, many aspects of the

problem, including that of infilled frames await due att~ntion.

Brickwork is the traditional material with which infill

walls are built in framed bUildings. The material is essen-

tially anisotropic and has often been simplified as orthotropic,

Rahman and Sawko (1980). 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 are then studied for various plan

configurations and loading conditions. The important aspect

of the propagation of cracks in the soil 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 and the

findings of this research.
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1.2 REVIEW OF METHODS OF INTERACTION ANALYSIS

The interaction of builoing frames with their suppor-

ting soil and the need for inclusion of structural rigidity

in calculating settlement of their supports were first

appreciated by Meyerhof (1947). A growing interest has

since been shown in this field with the necessity of buil-

ding cheaper and mare complex structures on less favourable

grounds. The traditional approach treats the problem as a

two phase system. Either the soil is analysed, with the

str~cture being represented by an artificial model, or the

structure is supported by a fictitious soil •

.The relative complexity of the soil behaviour has lead

to various simplified soil models. These can be classified

as mechanical or mathematical. The most widely uSed mech?-
,

nical model is Winkler spring where the soil is replaced by

a series ~f discrete springs. This simple spring concept'

.has been modified further by many authors (Fletcher and

Hermann, 1971) to extend its applicability.

Empirical or mathematical models of the soil idealize

the soil 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 Milovic

and Tournier (1974) and others. Various simplified continuum

representations were also developed to eradicate mathematical
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,
difficulties in connection with the inclusion of structural

rigidity in the analysis.

Simplified methods of interactive analysis with the

soil represented by one of the models described above have

been proposed by som~ investigators. Lee and .Harrison (1970)

and Seetharamulu and'Kumar (1973) analysed framed structures
supported on soil.

Chamecki (1956) proposed a method for. calculating the

settlements of structural supports in which the rigidity of

th~ structure was considered in terms of some load transfer.:

coefficients. Later many ~uthors (Chamecki, 1969; Larnach,

1970; Larnach an~ Wood, 1~72; Komornik and Mazurik, 1974)

extended and generalized the above method by using the matrix

displacement method 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 more rigorous treatment of the

structure and the soil as an integral system became possible.

Cheung and Zienkiewicz(196S) presented a finite element

method for the analysis of slabs and tanks resting,on an

Winkler foundation. Then Cheung and-Nag (1968), Smith (1970)

and others extended the above method to care for horizontal

contact pressure and vertical tension separation of the

structure-soil boundary and soil inhomogeneity etc.

Majid and Craig (1972) used an incremental technique to

perform an interactive analysis for two dimensional problems
'.,~ith a soil showing non-linear propeFties.
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King and Chandrasekaran (1974) described a method for

analysing a multistorey space frame on a raft foundation

supported by a non-homogeneous soil represented by three-

dimensional finite elements with variable properties. But

the method does not treat the structure and soil as an

integral unit and the influence of one on the other is

considered in several separate analyses.

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

the soil was fOllowed. The structure, the foundation and

the soil were repTesented by suitable three-dimensional I
I

finite elements. and analysed as an integral system. But the

tension separation in the soil mass as well as in the

soil-foundation interface were ignored. Additionally the

approach has severe limitations in computational aspects.

Rahman (1978) applied finite element method for three-

dimensional non-linear analysis of the superstructure, the

foundation and the soil as an integral system. The non-linear

properties of the soil were duly incorporated and an incre-

mental analysis technique was followed and an iterative method

of analysis was proposed fOr long term settlements of soils.

Tensile separationS at the foundation-soil interface and

within the soil mass were taken care of. A computer program

was developed and two large practical structures and their

supporting soil were analysed to investigate into their

interactive behcviour.
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A detailed investigation has been carried out by

Sankaran and Srinivasaraghavan (1981) to study the inter-

action between a superstructure, its raft foundation and

the underlying soil system. The results of the analysis of

this three phase system using finite element programme are

pr~sented in terms of differential settlement and member

forces pf the raft. 'Analysis has also been made of a raft and,

soil system only ignoring the interaction of the super-

structure. Comparison of the results of the two analyses,

the effect of superstructure interaction and the optimisation
!of raft thickness for satisfying the conflicting limiting--

requirements fOr differential settlement and member forces

have been revealed clearly in this analysis.

Desai et al (1982) presented a finite element procedure

for general problem of three-dimensional soil-structure:

interaction involving non-linearities caused by material

behaviour, geometrical changes, and interface behaviour.

The fOrmulation is based on the updated Lagrangian or

approximate Eulerian approach with appropriate provision

for constitutiv~ laws. Consideration is given to the mathe-

matical and experimental aspects related to the important

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 soil and interfaces is allowed by using
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the stress tranSfer approach. 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 Sargard (1984) developed a stress hybrid

finite element procedure for non-linear, elastic and elastic~

plastic analysis of'.~oil-structure interaction including

simulation of con~truction sequences. In this method,' both,
displacements and ;tresses are 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.

Demeneghi (1981) proposed a procedure of analysing in

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

cular continuous structure and for a distributed reaction of
compressible soil.

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 method 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 varying properties of soil

including low tensile strength and low resistance to cracks.

Considering these, employment of the method in conducting

the present research work is justifiable.
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1.3 ANALYSIS OF INFILLED FRAMES

A realistic allowance for the in-plane stiffness of

walls and partitions, particularly where these are built

as infill panels or as continuous shear walls is desirable

when a structure-soil interaction analysis is being conducted.

A review of the available works show an inadequate considera-

tion in this regard.' However, definite progress 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 (Wood, 1958; Polyakov, 1960; Holmes, 196~;
•Stafford Smith, 1966) were concerned with strength and stiff~

ness characteristics of non-integral infilled frames, in:

which weak bond and friction might develop at the interface

between the infills and the frames; no attempt was, however,

made to improve the integrity at the interface. Irregularities

and unevenness at the interface produce considerable vari- 4

ation in structural strength and stiffness making them

unreliable for theoretical predictions and design pUrposes.

Investigations of integral infilled frames of the

seventies (Liauw, 1970, 1973; Mallick and Garg, 1971; Liauw

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 by the introduction of materials with
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highly developed being that based on the concept of an

frame sUggest that an approximate solution would be appro-

priate. Various approximations (Wood, 1958; 8enjamin and

Williams, 1958; Liauw, 1972) have been proposed, the most

uncertain boundary conditions between the infill and the

Although the analysis of infilled frame structure has,

beam only.

grouped as semi-integral infilled frames, where the panels

but also for engineering the structure to give a better

infill interface, resulting in a more reliable structure

are partially integrated to the frames, e.g., provision _I .

of vertical slits in each panel or provision of vertica~

9

frames, other types which have been investigated can be

Apart from nonintegral and fully-integral infilled

performance.

strong bond (Kadi~ and Hendry, 1975) or shear connectors

(Liauw and Lee, 1977; Liauw and Kwan, 1982) at the frame-

not only for arialytical prediction and design purposes,

been attempted using the theory of elasticity (Sachanski,

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

1967; Mallick and Severn, 1967; Kadir, 1974), the rather

equivalenbdiagonal strut, which was originally propOsed by

Polyakov (1960) and subsequently developed by other investi-

gators (Holmes, 1961; Stafford Smith, 1962, 1966; Mainstone,

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

!"gaps on both sides of each panel which is integral with ;the
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determine the contact length between the frame and the

brickwork, (2) to find the effective width for the equivalent

strut and (3) to establish the mode of failur~ and strength

of the brickwork. The contact length depends on.the relative

stiffness of the frame and infill, and on the geometry of

the panel. Stafford,Smith (1966) first developed the analOgy

of the problem wit~ a beam on an elastic foundation. The

relationship between the force acting On the eqUivalent

diagonal and the normal stress at the centre of the panel

has been sUggested by Kadir (1974) fOllOwing WOrk by Seddon
I,

(1956) on partially loaded concrete wall. Kadir has carried
iout an elastic analysis to obtain a relationship giving:

"the percentage of the total lateral fOrce applLed 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 investigators

(Sachanski, 1960; HOlmes, 1961; Benjamin and Williams, 1958;

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 a

number of model-scale tests by Kadir illustrate the effect

Of various sized centrally placed openings in a square

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 of the effective strut

and OCCUpy more than a sixth of the frame opening, the

infill panel in question should be ignored. Whe~e 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 shows to be unloaded

may be ignored completely. Liauw (1977) has put forward a

method for the calculation of the stiffness and strength: of
:infilled frames with openings that uses a strain energy'

method to establish the area of the equivalent 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 surrounding

frame and the infill are assumed to be concentrated at two

diagonally opposite corners. Stafford Smith (1966) Investi-

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

brick work (Polyakov, 1960; Sachanski, 1960; Fiorato, 1970;
I
,
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Mainstone, 1970, 1971), concrete (Benjamin and Williams,

1960; Stafford Smith, 1966; Simms, 1967; Stafford Smith and

Carter, 1969; Mainstone, 1971) and Steel (El-Oakhakhni and

Daniels, 1973; Nyberg, 1976) infills. Virtually nothing has

been done on infill panels of other materials.

The contribution of the panels to the overall stiff-

ness of above ground strutture is dependent on their tight-

ness of fit in the frame. In the tests referred to, with

rare exceptions, early separations of the unloaded corners

of the infill panels from the frames, usually coupled at

slightly higher deflections with some internal cracking,

led to the infill panels behaving essentially as diagonal

struts. For design purpOSes it therefore seems preferable

to regard 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 of the structure as a whole. A considerable amount

of research work has been carried out on the stiffening

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-

quence, differ considerably in behaviour. Cracking and

partial separations between the infill panel and the frame

may soon develop as the latter distorts. Wltimate loads

of the combined fra~e-infill system will be reached only

after excessive cracking. A typical load-deflection 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 distortions, be
I

an order of magnitude stiffer than the bare frame. Hence)
i

a realistic treatment of the infill panels must be regar~ed

as essential to a meaningful interaction analysis.

Infill panels Of plain concrete are more nearly

homogeneous, and the only tests that have permitted a

direct comparison with brickwork infill panels (Mainstone,

1971, 1974) show less variability in the behaviour Of the

concrete panels. The general pattern Of behaviour is,

however, similar, and equivalent diagonal strut is again

the approximate model.

Only 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 panels are not used at present, but

their use as p~rtitiQns to limit sidesway in multistorey

steel-frame bUildings has been advocated and guidance on

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

Based on test and non-linear finite element analysis,

a uniform plastic analysis for infilled frames with three

types of interface conditions is proposed by Liauw and
•

Kwan (19B5), 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 far

multistorey infilled frames are given by them.

It appears from the above 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 most widely

used in the construction of infills. The influence of such
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infills on the interaction of framed structures and their

supporting soil appears to remain uninvestigated.

1.4 E55ENTIAL FEATURES OF STRUCTURE-SOIL INTERACTION PROBLEM

The following are the main features of a realistic

interaction problem:

1. The problem is three-dimensional in nature and

this should be given proper consideration.

2. The mechanical behaviour of the soil is non-linear

and therefore an acceptable stress-strain represen-

tat ion is essential.

3. Soil is heterogeneous. This nature of the soil'

must therefOre be considered in an interactive

approach.

4. The initial state of stress caused by the bOdy

forces influence the mechanical behaviour of
Ithe soi!, Thus the stiffness and the streng~h of

soil increase with depth.

5. The redistribution of stresses within th~ soil

and the structure takes place due to creation

of local tensile failure zones within the soil.

The resulting change in mechanical behaviour of

soil must be catered for in an interaction analysis.

6. The redistribution of stresses due to tensile

separations at the interface of the structure

and the soil must not be overlooked either.
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7. A treatment of the complete structure, the

foundation and the soil as an integral system

for the analysis is essential.

8. Engineering structures are often irregular,

complex and large. An interaction method should

be flexible, capable of including irregularities

that are obvious at the beginning of the analysis

or maj develop later. The method should be versa-

tile and economical.

9. Framed buildings often have infill panels that

contribute to the stiffness of the frame and shar;-

the load. Such infills are orthotropic and their
•contribution should be duly accounted for in a '

realistic interaction analysis 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 foundation

and soil as an integral system.

2. To analyse the above system under different

loading conditions.

3. To investigate the contribution of infills on the

stress distribution 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 analysis.

1.6 SCOPE OF THE WORK

Orthotropic infills may contribute substantially fo

influence the overall load-deformation behaviour of

building frames and the distribution of stress throughout

the structure 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 I-I
soil systems is also likely to be significant, specially'

for lateral loads. The. study of structure-soil interaction,
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 strength

of soil is negligible which results in tensile failures at

the foundation-soil 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 comprehensive

program incorporating various types of finite elements to
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represent the different components of structure and soil

in a three dimensional system is reported in this thesis.

The program automatically caters for material nonlinearity

and nonlinearity due to the development and prOpagation

of cracks and tensi~n separations. The analytical aspects

of the method including the development of an orthotropic
,

iplate element are described in Chapter 2.

The finite element program considers the structure,

the foundation and the soil as an integral System and

tackles the non-linear analysis by an, incremental technique.
- . ---

The problem is formidable and would ordinarily be beyond
, "the storage capacity and calculating speed of most comp~ters.

Novel techniques for the efficient storage of the various

matrices, efficient method of solution of simultaneous:
,equations and implementation 0 an automatic crack propa-

gation scheme, are included in the features of the progr~m.

These result in an efficient utilization of storage and

time and make the program viable for computers of even

the moderate size. The'features of the computer program
are described in Chapter 3•.

Once the program is implemented, it can be used as a

tool to investigate various structure-soil interaction

problems. A planned scheme of analyses of various structures

with different plan configurations and having frames with

orthotropic infills were undertaken. The analyses are

described in Chapter 4. The results are critically examined.
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and discussed in Chapter 5. 5uch diverse but interrelated

parameters as deflections, bending moments, soil stresses,

wall stresses and crack propagation are examined in detail.

The conclusions made from the study are presented

in Chapter 6. The chapter also recommends avenues of future

work in this and related fields. Finally, a qescription

of the finite elements used is given in the Appendix.

I
1.

;
/

•
"



2.1 INTRODUCTION

Chapter 2

The essential features of the structure-soil interaction

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

,I
'!

The analysis of a structure resting on soil by the

ANALYTICAL TREATMENT OF THE INTERACTION PROBLEM

A completely unyielding foundation exists only as a

hypothesis for the simple analysis of structur~s. A relatively.

unyielding foundatio~ is provided by sound hard bed rock,

but the realization of such a rigid form of support is

generally expensive if rock is not near the surface. Since

most structures are directly underlain by compressible

dimensional structure-soil system is accounted fOr by an

to tension separation and crack propagation in a three

and followed by an incremental technique. Nonlinearity due

problem have been describ~d in Art. 1.4. Material nonlinJarity'

of th~ ~Oil is represented by the so called spline functions-

walls of framed buildings being orthotropic are represented

automatic procedure of double joint numbering. The infill

propagation together with the formulation of an orthotropic

plate element are described in the following sections.

ling nonlinearity due to material behaviour and crack

2.2 SPLINE FUNCTION REPRESENTATION OF NON-LINEAR SOIL
PROPERTIES

by orthotropic plate finite elements. The methods of hand-

finite element method requires an explicit representation
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defined because the stiffness matrix of the individual ele-

It is, therefore necessary to convert the sample test, -

laws of elasticity in a three-dimensional state is facilitated

series of elastic steps. The laws of elasticity are,therefore,

applicable in each of these steps. The formulation of the

this approach the state of stress is assumed to be a function

by the use of octahedral stress components. The octahedral

by many authors where the dependency of the state of stress

A non-linear elasticity model has been used successfully

the stress-strain relationship is 3ssumed to consist of a

on time and on the history of loading is excluded, Thus in

. Iinvolved in the derivation of these functions is advanced,

by more than one graph. In this section a method to represent

the non":linear soil behaviour is presented. This makes use

of the highly efficient spline function. While the mathematics

strip used to draw smooth graphs of variable curvature.

proceed.

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

of the state of strain only. Utilizing this approach here,

ments must be constructed explicitly before the analysis can

accuracy so that the finite element analysis gives acceptable

analysis is carried out and the soil properties are defined,

like E, v and G may be non-linear, but should be kept uniquely

results. This is particularly needed when an incremental

results to smooth and representative functions of sufficient

of the soil properties. At each stage of loading, properties
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in conjunction with triaxial test results. While it is

a to and each set of data requiresoc l

'. Mathematical fOrmulation of spline function is
~ .

pres~nted in detail by Rahman (1978). The versatility and

effectively to develop the octahedral parameters.

laboratory testing, the triaxial test results can be utilized

of soils, and by Cunnel (1974) and Girija Vallabhan and

Jain (1972), to perform finite element analyses of soils

thesis. Each value is for a particular initial value of

ties of the soil used during the analyses reported in this

flexibility of the cubic spline function make it readily'

applicable to describe the Tbct - Yact curves in Fig. 2.1.

The curves in this figure describe the stress-strain pro~er-

possible to determine all the octahedral parameters under

arbitrary conditions by using sophisticated and expensive

stress approach has been used successfully by Girija Vallabhan

and Reese (1968), to describe stress-deformation behaviour

octahedral normal stress,

a different spline formulation. Some form of interpolation

between the tangent slopes and 00cti for various values af

stress and strain. It is also possible to formulate a bicubic

is necessary to predict the T t - Y t behaviour for anoc oc
intermediate value of a to. Desai (1971), for instance,oc l

suggested the establishment of a number of secondary splines

t .ngent slope at.a particular strain level between two

spline in a three-dimensional space of Tact' Yoct and 0octi'
Desai (1972). Trial solutions revealed that variation of the
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consecutive values of a t" was not far from linear. It wasoc ~

decided therefore, to use a linear interpolation at any

strain level to find the shear modulus for an intermediate

value of a t".oc ~

2.3 THE NON-LINEAR ANALYSIS TECHNIqUE.

The interacti~n analysis of a structure resting on

soil can be carried out by the finite element approach.

In that case the soil is represented by three dimensional

solid elements. The element should be so chosen that it_

can conveniently and economically be included in a finite

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,

which follows the complete load deflection history of the

structure as well as the non-linear stress-strain path

of soil elements is described in this section.

2.3.1 Selection of Solid Element

The finite element approach can be useful only if it

can deal with large structures using existing computers

with their limited capacity. 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 solid element is prepared and programmed in explicit form.
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became very uneconOmical.

The eight noded is6parametric haxahedral element
•

A,suitable choice of these functions can define any element
;1

wi~h arbitrary shap~.

The isoparametric concept of finite element formulation

offers a virtually unlimited choice of shape and order of

elements, but elements used to represent soil need not be

of an irregular shape. The essence of the concept is that

the same interpolation functions Used to determine the

field displacements from their nodal values are USed to

deterimine the co-ordinates of any pOint in the element from

formulated, starting from the shape function and fOllowing

The weakness of such an element is that it has to be
shown in Fig. 2.2a was used by Majid and Cunnel (1976).

the nodal co-ordinates, these functions are called 'shape

functions', as they completely define the element shape.

The difficulty increases especially when there are a large

the entire process Of constructing the matrix ~ and £ in

the integral ~ = Iv gT Q ~ dv in every step of the analysis.

Furthermore the integration has to be carried out numerically.

number of different element sizes. The stiffness matrix fOr

each element 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 to the computer time. For

these reasons, in the nOn-linear analySis of large structures,

it was discovered that the use of isoparametric elements
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Since the fictitious boundary plans of the soil

elements can be selected in a flexible manner, the compu~er

time can be reduced considerably by developing a fixed

shape rectangular parallelopiped element. The rectangular

parallelopiped element shown in Fig. 2.2b.~s a special

case of the arbitrarily shaped isoparametric element in

Fig. 2.2a. The two linear elements in Fi~. 2.2 are defined

by the same set of shape functions. They also satisfy the

same conditions of continuity and convergence •.Therefore,

th~ same degree of accuracy is obtained by using either
!

.of them. However, the. rectangular parallelopiped element

of Fig. 2.2b is superior because its stiffness matrix can be
,

prepared once and for all and programmed in terms of simple

and explicit expressions. Before writing the computer

program, the integration involved are performed manually I

and, therefore, the stiffness matrix is obtained uniquely.

In fact, the finite element mesh can be designed in such

a way that the various solid elements can be grouped into

a 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 change, their

stiffness matrices need not be constructed again but merely

updated. Likewise, expl~cit 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

a considerable reduction in computer time can be achieved by
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using the rectangular pa~allelopiped solid element to

represent the soil under a structure. An important feature

of this element is that its local axes can easily be made

to coincide with the global. axes,and, therefore, no co-

ordinate transformation is required. While the displacement. ,

functions of the parallelopiped element are given in the

texts, e.g_ Coates ~t. ale (1B72). the stiffness matrix of

this ~lement was derived explicitly by Rahman (1978) and

utilized in a finite element analysis of structure-soil
interaction.

J

2.3.2 The Incremental Met~od

The rect~ngular parallelopiped element is used

extensively in this thesis;to repr~sent th~ soil under a'

structure and an incremental method of analysis is adopted

for analysing the non-linear behaviour of soil. The non-

linear three dimensional soil properties are expressed

in terms Of curves of octahedral shear stress and octahedral

shear strain. Solid elements representing the soil under

a structure have different values of initial Dctahedral

normal stress. This influences their stress-strain behaviour

under subsequent loading. Let the, t - Y t curve shownDC DC
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.



2.2

2.1

,/
Dbtained

!

G t' is taken apprDxi-oc 1.

initial tangent shear

= B {fiX}
- 1

= 0-D

{~} (Rahman, 1978) is sDlved repeatedly with-

Initially at any depth h,

mately as yh. With GDCti known,

The system Df lDad-displacement relatiDnship, {L} =

Dbtained each time by substituting the values ~f the shear

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

27

each Df these incremental lDads. The stiffness matrix is

matrix, !:O, Fig. 2;3a. A small increment of lDad flL,.is

mDdulus, GD fDreach element is calculated frDm a Spline

function representatiDn of the T t - y t curve inDC DC

sUpplied and the resulting displacements flx1 are
by sDlving the equatiDn:

Fig. 2.3b. This is used tD cDnstruct the initial stiffness

The increment Df strain due to this increment Df lDad are
calculated frDm:

The incremental stresses are calculated frDm the inCremental
strains as:

The elastic properties matrix £0 is Dbtained by using the

!Dc~ahedral shear strain in each element.
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matrix to obtain a new matrix. A further increment of load

•l -

amount aa' in Fig. 2.3a.

~L1' is a'• Point A corresponds to the strain oYoct1 On the

actual T t - Y t curve in Fig. 2.3b. The amount AA' isDC DC,

thus the error in the theoretical T t Of this element. The
I " oc~. ,', .•••.•~

corresponding error in the load-deflection diagram is the

figure. The point o~the load-deflection diagram of Fig.2.3a
{

obtained after application of the first incremental load,

octahedral shear strain due to the load ~L1 is OToct1 and

oy t1 respectively. These represent the point A' on theoc I.

initial shear moduli, Go' of each element. For the solid

element whose Tact - Yoct curve is represented by Fig.2.3b,

the increments of the octahedral shear stress and the

,
The tangent slope ,Of,the Toct - Yoct curve at point

A is evaluated by the splirie functions. The valUe G1, th~s
,

obtained, gives the tangent shear modulus of the element i

at the current level of Yoct' These new values of the shear

modulus far each element are substituted in to the stiffness

~L2 is now applied and the structure and soil are reanalysed

with this new stiffness matrix. Such analysis gives a new

as the SUm of oYoct1 and OYoct2 and the tangent shear modulus

set of displacements ~x2 for the increment Of load ~L2 alOne.

With this increment, the increments Of the strains and

stresses are obtained. The corresponding increments in

Tact and Yoct in the single element are oToct2 and oYoct2
respectively. The total octahedral shear strain is'obtained
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\
j~' ••.

i
and

,

and with the

. 1 correspOnding to the shearJ-
the last increment. The dis-

r~]

i
performed liJiththe i'ncremental load {L'>L}

, .
jtangent stiffness matrix

In a complete System of structure, its foundation

moduli values at the end Of

As the soil is weak in tension, stress redistribution

\
I
I

at point B on the 'oct -'Yoct curve corresponding to the

current total Y t is obtained. This defines the stiffnessoc '

matrix fOr the next increment of the load. The procedure

., ;.-::

is repeated fOr successive increments of load until all the
loads have been appli~d.

I

In general, the incremental analysis number j is

'."-
plac~ments, the strains ~nd stresses are successively

i
accumulated to give the current state of these values.

2.4 TENSION SEP~RATION AND,PROPAGATION OF CRACK
, \

where the tensile stresses exceed the tensile strength Of

the supporting sOil, non-linear'ity due to cracks and/or

separation is possible. Separation may occur in any zone I

the material. This may be either within the soil mass or

at the interface between the soil and the foundation.

However, such a separation within the mass Of cohesionless

sails, is expected to be filled up by the neighbouring bOdy

Of soil. This causes a complete redistribution Of stresses

occurs due to unsightly separations in the soil mass.

as well as the actual material.



30

In some circumstances, the changed geometry of the

system, due to cracks, may on subsequent loading, result,in

relaxation of the stresses in the cracked zone. This may

cause the crack to close again. On the other hand, new cracks

may develop elsewhere,'in the system. Some of these may widen,

bifurcate, extend in'length or change direction. All these

indicate a continuous change within the system until 'either

equilibrium has been restored or failure is reached.

Appreciation of tensile weakness in the foundation

materials has been shown by many research workers in th~_~ast., .

MOre recently finite element technique has been applied to
\ i

take account of cracking in the physical systems. Majid and
. \ ~ . i

i/AI-Hashimi (1976) pointed out that a crack does not change

the material properties. It only introduces a physical
,

separation of the two parts of the material on either side.

Majid and AI-Hashimi's method was used for two dimensional

problems. The separation was carried out by first introducing

initially inactive joints to be associated with every active

jOint. These were then activated each time a crack occured

by separating the elements on one side of the crack from the

parent jOint and ~ejoining them to the new joint. An incre-

mental technique 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-linear three

dimensional interaction problems. This generalization offers
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jOint.

The essence of the method is to aSSign two numbers,.
t~' each jOint in the finite element mesh that is likel,y _.. "";

the possibility of initiation, extension, bifurcation,

widening and closure of any pattern of cracks in the finite

element mesh and is easily programmable for an automatic

2.4.1 Method Of Introducing a Separation

In Fig. 2.4a. I is a general jOint in a three dimen-

crack propagation analysis. Rahman's generalized scheme,

introduces a gap between adjacent',elements meeting at that

either within the Soil mass or between a wall Or a slab

and the adjacent soil. Th~ disconnection physically

,a brief description ,Of which is outlined below, has been
utilized in the pr~~ent analySis.

sional finite element meSh, which is considered to be

likely to Suffer a tensile stress. Joint N has initially

with the active jOint I. Joint N will not take part in

no degree of freedom~ndis simply a dummy joiht aSSOciated

to suff.er a tension separation. The jOints are disconnected
\

'when'such a separation is,indicated. This ,takes pl,:!ce
'I 1 -

in a direction nOrmal to the plane ABeD dOes not exceed

the tenSile strength of the material. As soon asthe stress

the finite element analysis as long as the tensile stress

exceeds this limiting value, a separation at I in a direc_

tion nOrmal to the plane ABeD is introduced as illustrated
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The resulting cavity is thus horizontal. The two configurations

C)

I

element.

solid elements. The same technique can be extended to joints

at th-e inter,face-be;-ween a ylate Or a member and solid

-,

SUrriounded on all sides by eight rectang ular parall elop_ip_e_~_
i
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in Fig. 2.4b. During,"ubsequent loading of the -system,

jOint N is brought into action in the finite element

of freedom of joint N.
- ,

separation was described for a general joint which was

2.4.2 Types of Crack

In the previous section the method of tension

analysis. This is done by introducing new rows and new

columns in the stiffness matrix to correspond to the degree

is likely to suffer a separation is given an index nDmber

To tackle all the different cases of separation, th~y

are classified into five different groDps.Each joint that

indicating the type of separation expected. The various

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

Crack Type 1: These joints are connected to plat~s and/or

They are allOwed to separate in the vertical direction only.

space members with rectangular parallelopiped solid elements

ment of the Joint when a type 1 crack is indicated there.

on both sides of the plate or member, as shown in Fig. 2.5a.

are determined by testing the sense of the vertical displace-
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planes and in all directions at a corner.

- ----In this case the_joint isCraci,kType 4 (Fig; 2.5d):, ' \
surrounded by solid elements only. The separation is free

\
to o~cur in anY,~irectionJ.depending on ~he relative

Crack Type 2 (Fig. 2~5b): This case is similar to Type 1

except that the solid elements are present on one side of

direction by disconnecting the solid element from the

boundary of the soil in contact with rigid plane such as

magnitudes of the normal tensile stresses.

'/

Cr~ck Type 3 (Fig. ~.5c): This ~ase is similar to Type 2

except the ~lates a~d the members are vertical and separa-

tion takes place in the hOrizontal direction.

parent joint I and attaching them to the dummy joint N.

a plate or member. The separation takes place in a vertical

Crac~ Type 5 (Fig. 2.5e): This is fOr a joint on the

have freedom of in-plane movements only, the out of plane

side of which only the bOdy is analysed. No dummy jOint is

needed to tackle such a crack. These jOints would normally

degree of freedom being restrained. When a tensile separation,

rock and also for a joint on the plane of symmetry, on one

plane degree of freed?m is lifted. The separation can take

place in two directions at the intersection of two boundary

out of plane, takes place, the restriction on the out of
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2.4.3 Procedure fOr Crack Propagation Analysis

For the determination, initiation, propagation and

closure of cracks satisfactorily, an initial knowledge of

zones where cracks may develop is necessary. The problem

may first be analysed without any crack and the directions

and positions of th~:tensile stresses are determined. The
I
, 1finite element mesh may then be redesigned if necessary.,

,
.The jOints and mesh are renumbered and is then analysed

by the non-linear inCremental procedure with facilities of
crack propagation:

,I I'l
Initially the mesh is uncracked and the analysis

\,
starts in the normal way. Once a crack is det~cted at a

point, the elements on either side of the crack are

separated by activating the dummy jOint. At this stage

the crack width if zero and both the parent and the dummy

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 ~th~r and overlap, the crack i~ closed.

This is done by simply rejoining the elements to their

parent joint. As the loading progresses new cracks develop

elsewhere in the mesh in both the horizontal and the

vertical directions. 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

~lter continuously.
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is'known to be an anisotropic material, the treatment of\

'I
which requires, in general, twenty one

presented in Chapter 1, the wide Use of brick walls as

From the discussion On analysis of infill frames

elastic parameters may be reduced to four.
with the sides of a brick. Thus the total number of independent

with the orthogonal planes of material symmetry coinciding

brickwork in walls may be reduced to an orthotropic material

bed joint are assumed to be planes of material symmetry,

Nonisotropic or anisotropic materials display.direction_

2.5 oRTHoTRoPIC INFILLS Of FRAMES

addition, the planes parallel and perpendicular to the

Examples include corrugated and rolled metal sheet, fillers

dependent properties. Simplest among them are tho.sein which

the material properties differ in two mutually perpendicular

composites, reinforced concrete, and grid work. Brickwork

,
in sandwich plate construction, plywood, fibre reinforced

directions. A material so described is orthotropic. A number

of manufactured mat~iials are appro*imated as orthotropic.

infill of building frames is qUite evident. Hence the brick

used as infill of frames need to be treated as orthotropic

infill walls Dr the other materials discussed above when

independent elastic
I

constants. However, if bripk walls are to be treated as ~
!two dimensional problem, the central plane of the wall must

I

be a plane of symmetry of the material structure. If, in

material for a more rigorous analysis. The finite element

•
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requires formulation of Hooke's law as

2.4

2.5

•

E'
x

1 -v vx y
E =

x

,
E

a x (E: +v E: )>, , X 1-v v .. x y Y
I x Y ,
I, f
I ,

E
a = Y ; ( E: +v E: )Y 1-v v ! y x x.,

x y,

T = GY >xy .xy

2.5.1 Basic Relationships and Determination of Elastic
Constants

foundation-soil interaction problem follows.

i,
fOrmulation of the orthotropic infill walls for inclusion

in a general finite element treatment of the structure-

Solutio~ of the bending problem Of orthotropic plates

Here v • v and E', E' are the effective Poisson's ratiosx y x y . . ,
and effective modulii Of elasticity respectively. Subscripts

x and y relate to the directions. xy plane coincides with

the midplane Of the plate and z-axis is normal to this plane

as shOwn in Fig. 2.6. G is the shear modulus Of elasticity

for the orthotropic material. a , a are normal stresses
x y

along x and y directions and T is the shearing stress.
xy

E: • E: and yare the corresponding linear strains andx y xy
shearing strain. Introducing notations
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Eq. 2.6:

.~------

2.6

E'
E = Y
Y 1 -v v

x Y
2.5, ,

E v E v
E = x Y = Y x
xy 1 -v v 1 -v vx y x y

G = E <: + E :<:
X x x .xy Y

G = E <: + E <:y y y xy x

:r = GyXY,xy

Z
o2w<: = - ;;Zx

2
<: = Z~ 2.7y 2oy

2
Yxy = - 2Z~

o xo Y

the Hooke's law represented by Eq. 2.4 may be expressed ~s

with displacement w in the z-direction these are

The str~in-displacement relations are based up~n purely !
/geometrical considerations and remain unchanged for orth6C

tropic plates •.Hen6e far a plate element shown in Fig. 2;6

The stresses are obtained by introducing Eq. 2.7 in to
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Z dz

o
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Z .a w-- + 01a/= - (0
y

M
Y

Z(E aZ aZw
)0 = - __ w + E -Zx x axZ xy ay

Z aZw
0 = - Z(E a ~ + E

a xZ
) Z.8Y y ay xy

1: ZGZ aZw
= -xy axayi

derived from
"'I,

M t/Zx

i
I.

r~ =y

M -t/Zxy

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

Inserting Eq. Z.8 into Eq.Z.9

M (0
aZw

+ 01
aZw

)-- -Z -Zx x ax ay



resulting in approximate expressions ~r the elastic constants.

often lead to assumptions, with regard to material properties,

/

•t \

----..

patiosE', E',. x y

shear tests, as

)

may be obtained by tension and

of isotropic materials and the plate rigidities

t3 ,
t3E E v01

xy = x y=
12 12(1-v vx Y

, 0 G t3J = -_.xy 12

where

t3 ,
t3E E

0 = x = x
x 12 '12(1-v v )x Y

E t3 E :t3
0 = y = Y

2.11Y 12 12(1-v v )x y

I
I
i' The expressions fOr' 0 , 0 , 01 and 0 represent ~/

'x Y xy
the flexural rigidities and the torsional rigidity of an:

39

In brickwork, the elastic moduli and Poisson's ratios

orthotropic plate respectively. Practi~al consideration~

The orthotropic plate modulii and Poisson's
v ,V and Gx y

in the caSe

are then calculated from Eq. 2.11. However, analytical

determination of the elastic constants.
techniques may as well be employed fOr the approximate

parallel and perpendicular to bed joint can be determined

experimentally by loading samples of brickwork along these
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derived analytically by considering the deformation of an

-----

2.14

•

v
..::L. )
E '
Y

1 +rr-
x

- o(
v 0
..::L. =E I

Y

o
= - t"'" -

x
E:

X

two directions. The expe;imental determination of shear

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

element subjected to pUre shear as shown in Fig. 2.7. It

should be noted that brickwork in infill walls' will be

• From the geometry of triangle obc,and its deformed;,

i
assumed to behave lk~ear elastically in the present analysis.

The element in Figp l.7b is cut out from that in Fig. 2.7a

by planes inclined ~t 450 to the x and y axes. Equilibrium

a shear stress T equal in magnitude to the normal stress
to in Fig. 2.7a.

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

shape ob 'c' in Fig. 2.7c:

using Eq. 2.5 the following relations are obtained.

oc' oc t acE:
tan ( 1T

~) x 2.12ob' = '4 - = ob t o bE:y

where y is the shear strain and E: and E: are normal strains.x y
Since y is small and oc = ob,

1T tan ~ - ~tan '4 - 1 1 +E:tan ( 1T - ~ ) x 2.13'4 = = =1+ tan * tan ~ 1 t ~ 1 tE:
Y

From the generalized Hooke's law given by Eq. 2.4 and also
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In the above, 0 = _ 0 and 0 = 0 have been substitutedx y
in' conformity with Fig. 2.7a. Now the strain energies in':

I
I

2.16

2.18

2.19

2.20

1= 2'

E I (1+v hE '(1+v )x y y ,x

E' E'x y

1 0-0-2 G

1 02
2

E ' E '
G = x Y

E '(1+v hE I (1+v )x y y x

1= 2 Ty =

sr2 =
G

1-2
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,l;l... + ~ o( 1 .2 ) 2.15I E = = rr +y E ' E ' E'Y x Y
x

in Fig.' 2.7a is

I
EmplOying Eq. 2.14 and Eq. 2.15

1 2 1 ~- '1 02 (-1.... VxU1 = 0 (£I + E I ) + ':" + - )2 E ' E'x y' xY

1 02
E ' ( 1+v ) + E' ( 1+v )

= x y y x
2

E' E 'x y

strain ener'gy per unit vol Ume in Fi g. 2.7b is:

the two statically equivalent ,elements of Fig. 2.7a and

,Fi~;,2.7b should be equal. Strain energy per unit volume

Equating U1 and U2 from Eq. 2.17 and Eq. 2.18:

Therefore,
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assembling several elements.

(membrane) ','
i
I

i) For small displacements, the inplane
\

bending stiffness are ,uncoupled. In otherwords the

---.----

and

Before the stiffness combination procedure is presented,

2.5.2 Finite Element Formulation: Stiffness Matrix:for
Orthotropic Wall Element

If three dimensional structures'under arbitrary load

elements should be provided. In the analysis of three dimen-

of combination should be in accordance with the fOllowing

the bending deformations and vice-versa.
displacements prescribed fOr 'inplane' farces do not affect

both inplane and bending load carrying capacity for the

observations:
t,

cOnditions are to be analyzed USing orthotropic wall elements

sional structures, therefore, the inplane and the bending

stiffnesses have to be combined accordingly, The process

ii) The inplane rotation 6 (rotation about the local
z

z-axis) is not necessary far a single ,element. However, 6
z

and its conjugate farce Mz have to be cOnsidered .in the

analysis by including appropriate number of zerOes to

obtain the element stiffness matrix far the purpose of

derived in explicit fOrms. In problems of plane stress the

the independent element stiffness matrices for a plane stress

and a plate bending element of orthotropic material will be

displacement field is uniqUely given by the U and v displace_

ments in directions of the cartesian, orthogonal x and y
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2.21a

2.21 b

give no cOntribution to internal work.

given scheme. The origin of the local co-ordinates is chasen

at node 1, while their directions are parallel to the

axes. The only strains an'd stresses those have to be consi-

components of stress are zero by definition and therefore

element considered, with nodes 1,2,3 and 4 numbered as per

Fig. 2.8 shows the typical rectangular plane stress

dered are the three components in the x-y plane. All other

u,v in x and y d~rections iespectively. The displacement
•

element boundaries. The dimensions of the element are a

the element is given two translational degrees of freedom
I

,
"-and ~ along x and y directions respectively. Each node of ,

'i -._._.

functions of the element are well documented and can be
expressed as

The above fUnctions automatically guarantee continuity of

displacements with adjacent elements because displacements

vary linearly along any side of the rectangle and, with

displacement will clearly exist all along an interface.

identical displacement imposed at the nodes, the same

The values of the constants U1, u2' U3 •••• Us in

Eq. 2.21 can be expressed in terms of the nodal displacements

,
. \

i',



2.22b
I .

2.2'2c

2.22d

2.23

2.22a

1
X = a, y = 0 and. u = u2' and therefore

- ,

= C-1ps -ps

I

!
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v1, u2' v2 •••• u4' v4• This is achieved by substituting,
the values of the cD-ordinates of each node in turn in Eq.2.21

and solving for a1, a2 •••• as' Thus, at node 1, x = Y = 0

and u = u1• Substituting these v~lues in Eq. 2:21a

Similarly, at node 2;

Proceeding in the same manner and substituting the co~ordinates

of nodes 3,4 in.'turn in Eq.' 2.21a, the following valUes 0'1'

a are obtained.

Similar expressions for as,•••• as can be obtained by

substituting the nodal co-ordinates in Eq. 2.21b. The

solutions of as' •••• as are given by replacing u1' u2 etc.

by v1, v2 etc. in Eq. 2.22a, Eq. 2.22b, Eq. 2.22c, Eq. 2.22d

respectively. Thus the fOllowing relationship is obtained
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2.24

2.25

obtained.

= A {a}.-ps - ps

{ X}
- ps

.. ps

= B-ps

au
dX

ps

{ X}
- ps

= A C-1
-ps ps

b1 ,1 = b1 •3 = b3 2 =-b3 4 Y 1- = aD _. -, , a

b1 5 = - b1,7 = b3 6 = - b3 8 = - y, , , aD

{ E}
- ps
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and C-1 is an: 8x8 matrix containing constant terms Of the_ps

element dimensions a and b only.

The strain vector{E} . is obtained by utilizing the- ps

strain~displacement relationships. By performing the

appropriate partial differentiations of the displacement

of ,Eq.2. 21, the following relationship is
~

where A is a 3x8 matrix containing terms Of x and y only.-ps
Substituting for {~}ps from Eq. 2.23 into Eq. 2.24,

the 3x8 matrix B is obtained by perfOrming the matrix-ps
mUltiplication A C-1• The elements of this matrix-ps -ps
are given below explicitly:



matrix expressions are given below:
stiffness matrix is explicitly obtained. The stiffness

2.288T 0 8 dxdy-ps -ps -ps
b a
J J
o 0

;

! x 1b2 2 = - b2 6 = b3,'1= - b3 5 = ao - 'E', , ,

b2 4 = b2 8 b3 3 b3 7 = x- = = - - aD, , , ,

K = t-ps

{o} = 0, {E} l 2.26- ps -ps -,'ps
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the other elements of 8 are zero.-ps
stress-strain relationship is given by:

~,

1\
E E 0x xy

0 = E E 0 2. 2i7'-ps xy Y
I

0 0 G

All
The

Finally, the stiffness matrix Of the plane str~ss

The elastic properties matrix 0 ,in plane stress analysis-ps
for'orthotropic material, is given by

E ,E and E are given by expressionS 2.5 and shearx y xy
modulus G for brickwork may be calculated from Eq. 2.20.

element of orthotropic material is obtained from

where t is the constant thickness of the element. Performing

the matrix multiplication in Eq. 2.28 and carrying out the

integration as indicated for each term of the product, the



In which each K~~ ~s a 2x2 submatrix. The s~bmatrices are-~J

written explicitly below:

-----,
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symKPS
-11

KPs KPs
-21 -22

K = KPs Kps-ps -31 -32
KPs KPs
-41 -42

KPS = KPs = [ "'N2 N3 ]-11 -44
"

"-
i N3 N4+N5,

KPs KPs [ N1+N2 -N 3

J
= = i-22 -33

"-N 3 N4+N5

[ -N1>.5N2 -N6 JKPs = KPs =-21 -43
N6 .5N4-N5

[.5N1_N2 N6JKPs = KPs =-31 -42 .,N6 -N 4+. 5N5

KPs ~ [-.5N1_.",
'3 J-32

N3 -.5N4-.5N5

KPs
o [-.5N1_.5'2 -'3 J-41

-N 3 -. 5N4-. 5N5

E tb
~; N3 t E ta

where. N1 x • N2 (E +G); N4 -!iJ;= ~, = = '4 =xy

N5 = Gtb
and N6 = t (E - G)'-:ra- '4 xy
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as shown in Fig. 2.9 is :
, !

local co-ordinates is chosen

== 1, 2, 3, 4 an d j == 1, 2,. 3, 4.

The stiffness matrix" given above is derived with respect

for the plate bending .element which is derived next.
'" ,I

'I The rectangular .element of a piate, the x-y plane

The stiffness matri:'(:~psis symmetrical. This implies
that the submatrices have the relationship

carried out after combining it with the stiffness matrix

coinciding with its midplane,- ,. ,
consi~ered. The origin' of 'the

dimensions of the element remain the same as those of the

at node 1, while directions of x and y axe's are parallel to
. I

element boundaries and z is nOrmal to the mid plane. The

placement in the z-direction, w , the second a rotation about
n

plane stress element. At each node displacements {X I bare-n p
introduced. These have three components: the first a dis-

the x-axis, exn' and the third a rotation about the y-axis,
eyn•

The element displacement now is given by the listing
of the nodal displacements as

{xlpb = {2i1 1$2 2i3 2i4 Ipb
2.30

where, {2in1pb = {wn e I = {wn (3W) (3w ) Ixn yn !yn ax-. n '

i
" toithe local co-ordinates shown in Fig. 2.8. A transformation1 .

to global axes is therefore necessary and this will be



/.

!
i

.J

Vz

v

: -

i,

L__--- l..-_-_~.x
<D "z

, I.•..--------_ .

v

V)

CD "3

~,
b

V I

CD ul

I •
a

•'.
l,

FIGURE 2.8 NOTATIONS FOR THE PLAi'TE STRESS ELEMENT.

FIGURE 2.9 RECTANGULAR PLATE BENDING ELEMENT.

I
/-
I
I



2 ~31

2.32{~} pb= C-pb

49

be used to define the shape functions in terms of the

Continuity of w between elements is imposed all along any

j
I

• The following polynomial expression may conveniently

twelve parameters:

, ,
found, Zienkiewicz (1977); and for practical usage, the

. { "

/ -I -

use of above non-conforming shape function is quite,,
acceptable •.

interface. However, a discontinuity of normal slope will

occur at the element boundaries except at the nodes making
i

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

wher e

The constants a1 to a12 can be expressed in terms

of the nodal displacements w1, 8x1' 8y1' ••• w4, 8
x4

' 8y4•

This is achieved by writing dawn the twelve simultaneous

equations linking the values of wand its slopes at.the

nodes when the co-ordinates take up their appropriate values

and then salving for a1,to a12• Listing all twelve equations
in matrix form
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---.

2.33

2.35

2.36

2, 2 d.W
~- ~

=

{s:} p b

E:
Y

I
IY i

xy

i

{et} = C-1 {X}pb -pb - pb

{d = A- pb -pb

Refering to Eq. 2.7", a generalized strain-displacement

C is a 12x12"matrix cO(1taining constant terms of the-pb

element dimensions a and b only. Inverting

50

Remembering that stresses are in 'fact the usual

as

-relationship .for the finite element analysis can be written

By performing the appropriate partial differentiations of
the displacement Eq. 2.31

where ~pb is a 3x12 matrix containing terms of x,y and Z

only. Substituting for{2}pb from Eq. 2.33 into Eq. 2.35

The 3x12 matrix B is obtained by perfo,rming the matrix,:"pb

mUltiplication ~pb £~~.

bending and twisting moments per unit lengths in x and y

directions and refering to Eq. 2.10, the stress-generalized



the operation of integrating. The term within the integration

2.40AT 0 Add) {C -1}-pb -pb -pb x Y -pb
a
f
o

aT 0 add-pb -pb -pb x Y

b
f
o

pb

a
f
b

defined by the four constants 0 , 0 , 01x Y

M
x

M
xy

M
Y

b
f
b

K = t-pb

51

Finally, the stiffness matrix of the element of

T
K = {c-1} (t-pb -pb

{9:} pb =

.'.

strain relationship may be written as

The elastic properties matrix 0 b for an orthotropic-p
slab with principal directions of orthotropycoinciding with
x and y axes are

and .0 given by Eq. 2.11 and is expressed as,xy
I• ,

------c., i

0 01
" 0

Ix ,
\ ,- • ,

!0 = 01 0 0 2.38-pb y. .'

0 0 0xy

constant thickness t is obtained from

or substituting ~pb.£~b for ~pb from Eq. 2.36 in Eq. 2.39

The terms not containing x and y have been removed from
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I
!
L

are o"''--

.. _--
2.41

b2 2
X1 = 50 (~0 +-; 0 ) + 30 D1 + 84 D

a x b y xy

X2 20 2 D 8b2 D= a +y xy
X3 = 2(1b2 D + 8a2 Dx xy
X4 3D a2 D 15 bD1 5b D= b + +y xy

X5 30 b2 15aD 1 D= -D + + 5aa x xy

X5 = 15 ab D1

b2 2
X7 50 30 c D 84= - ~D + -'- - D 30D1a x b2 y xy

sign is multiplied out and integrated explicitly with more

An explicit expression for the stiffness

matrix' K b has been evaluated for the caSe of orthotropi.c-p
material and the result is presented below.

. pb
in which each K .. is a 3x3 submatrix. The submatrices-~J

written ~plicitly belOw:

Introducing the notations

_ ..-~,
. , ,

KPb Symmetrical-11

K 1 KPb KPb= nab x-pb -21 -22
KPb KPb KPb, -31 -32 -33" I,
KPb KP'b KPb KPb-41. -42 -43 -44
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2 b2X8 50 a 0 30 0 30 01 84 0= -
~

+ -Z - -y x xya
2

X9 15 a 0 5b 0 15 b01= b y xy

'.----c-
,,

/
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= 1,2,3,4= 1,2,3,4 and j

X8 X13 -X 14 X8 X13 X14KPb
-X13. X15 0 KPb -X13 X15 0-31, = =-42

~ -X14 0 I X16 X14 0 X16 ~---.;. ,
_./ ., ..,'

X17 X18 X12 X17 X18 -X1 2.KPb I
KPb •

-32 = -X18 X20 0 = -X18 X20 0, -41
-X 19 .0 X21 X'19 0 X21

It has already been mentioned that for analysis of

The stiffness matrix K is symmetrical. This implIes-pb
again that the submatrices have the relationship

using plate elements, both inplane and bending load carrying

three dimensional structures under arbitrary load conditions

The stiffness matrix ~pb is derived with respect to the
local co-ordinates.

X1 Sym X1 SymKPb
-X 4 X2 KPb -X 4 X2-33 = =-44
-X5. X6 X3 X5 -X 6 X3

X7 X9 -XlO X7 -X9 -X10

KPb = X9 X11 O. KPb = -X9 X11 0-21 -43
",. X10 0 X12 X10 0 X12
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capacity for the elements be provided. Now a typical

orthotropic wall element subjected simultaneously to

'in plane' and bending actions (Fig. 2.10) is considered.

Considering first the inplane action, the relationship
between the nodal displacements and nodal farces can be
written as

Px1 u1
P y1 v1I ----
P u2 Ix2, / \ ! ,,

\ I
I "". P = K \ V2 2.42y2 -ps ,
I

P x3 u3
Py3 v3
P x4 u4
P y4 v4

p . and p . indicate the components of force at node iXL yL .

(i = 1,2,3,4) parallel to the X and y axes respectively.:
K has been defined in Eq. 2.29.-ps

Similarly, the relation between the farces and

displacements corresponding to the bending of ~he plate
can be written as
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can be combined to obtain' the total stiffness matrix K as

2.43

and ~pb are subdivided into 2x2 and 3x3 submatrices

as shown in Eq. 2.29 and Eq. 2.41. Now, remembering

P z1 w1
Mx1 e x1
My1 e y1
pz2 wz
Mx2 ex2
M y2 = K ey2,-pb

P z3 w3

Mx3 e x3
io-

M
, ey3 y3

P- I w4z4 !

Mx4 ex4
My4 e y4

that the inplane and bending stiffnesses are uncoupled, these

K-ps
respe€ltively

appropriate number of zeroes have been included corresponding
to e : and its conjugate M '.

Zl. Zl.

shown below. FOr the pUrpose of assembling several elements,

where P . indicate the component of force parallel to Z-axisZl.

at notie i, M , and M , represent the generalized forces
Xl. Yl.

corresponding to the rotations (generalized displacements)
e : and e . at node i(i=1,2,3,4) respectively. K b is obtainedXl. Yl. _p
from Eq. 2.41.
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-,-'--.

-.;"

Symmetric al""

0 0

ps
0 0

~~
pb pb ,

S~3 0 0 SK
3x 3x344

0 0 0 ,0 0

. ,";

0'

i,

o

... ---

: -"

'0

"

\.

ps
00 0 !L,22x2pb pbS!41 0 '0 S~23x3 3x

0 0 0 0

ps
0 0 1£22

2x2
pb

'0S!~1 0
3x

/0',0 0

r •

ps
1£11
2x2
,0

o ',,0

o

ps
K '-412x2
o

pb

~13x5

':000

. KP~
,-21
2x2

, '0',

•• .:_ r~ •• -

.""

I
i
i
I

.;.;,.
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2.47
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1S = T5ab "
In the above,

._-~.

2.46 /

The stiffness ,matrix given by Eq. 2.44 is with

reference to the local xyz co-ordinate system ,shown in

Fig. 2.10. It is therefore necessary to transform the

local stiffness matrices to a COmmon set of global coordi-

nates x'y'z'. Jhe global' stiffness matrix of the element
can be obtained as

Here, I , m , n , for example, denote the set of directionx x x
cOn sines Of x axis. Thus I , m and n are consines of anglesx x x
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FIGURE 2.10 ORTHOTROPIC WALL ELEMENT Su~JECTED TO
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2.4S,

o

o

o

m , n are fOr z axes.z z

G ~T K. Q 2.48K .. =-~J -~j

in which K .. is taken from 2.44 and is Of the form-~J

included between x-x', x-y' and x-z' respectively. Similarly,

,
KPs /, 0
-~J
2x2 !K. i

SK~~ \-~j = 0 i
/ I6x6 '. -l.J \

" - ! 3x3

0 0

Elements of stiffness submatrices are calculated first

Now the typical 6x6 stiffness submatrices in global

in local coordinates by the transformation

coordinates are obtained from their corresponding submatrices

array for overall joint stiffness matrix by transforming

in local co-ordinates, and then stored ina one dimensio~al

the elements in global system and transferring to appropriate

Once the vectors of the nodal displacements {X} and
- ps

{~} b are obtained from an analysis, the strains at any
- p

element stiffness matrices •

are calculated only to take advantage of symmetry of the

locations of the array. In the program, submatrices of the

lower triangle of the stiffness matrix of any wall element

2.5.3 Calculation of the Strains and the Stresses in the
Orthotropic Wall Element

..••.
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centroid of an element.

8-ps
!

point in the element can be calculated from Eg. 2.25 and

Eg. 2.3.0 respectively. This is achieved by SUbstituting

the coordinates of the point in,the 8 and 8 b matrices-ps _p
already discussed in the previous sub-section. The stresses

at the same point are calculated fromEg. 2.26 and Eg~2.37

by premultiplying the corresponding strain vectors by 0
-ps

and 0 matrices evaluated far that element frOm Eg. 2.27-pb
and Eg. 2.38 respectively.

However, explicit expressions were used in the

It is Usual to COmpute the stresses and the strains

at ;.thecentroid of the element. Substituting the centroldal.,

coordinates x =,'a/2 and 'y = b/2 in the expressions far
/ ;,

and 8 b' the matrices can be evaluated at this point.-p .

computer program to calculate strains at the centroid of

an element frOm its nodal displacements already evaluated.

Similarly, direct expressions for stresses in terms Of the

strains were utilized to calculate the stresses at the



Chapter 3
i

THE FINITE ELEMENT COMPUTER PROGRAM

3.1 INTRODUCTION

Important aspects of an interactive problem along-

with\.the methods of c?nsidering non-linearity and crack

propagation have bee~ described in the preceding chapters.

The purpose of ~his thapter is to describe the development

of a finite element program that utilizes these features

incorporating orthotropic infill wall elements in an

integrated structure-foundation_soil system. The nature
II 1

of the programs is general and they can be used to analyse
, . . t

large. practical structures with ..orthotropic infills •. .

Special care. has been taken to reduce the USe of the

computer cOre storage and the execution time. 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 Tec.hnology.

The prOgrams were developed around a suite of

routines originally developed by Rahman (197B) fOr the

CDC 7600 computer. Special routines for handling di!ect

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:



elements used to represent the infill walls are capable of

elasticity matrix used was that Of an orthotropic material

/

1 •
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This is a

These elements, develOped
by Majid (1972), can take account of the irregularities

Space frame member elements:

at the ends Of the members in addition to the centre

Appendix.

elements were taken frAm a package developed by Bray

(1973}. This element is also described in Art. Al.2 of

Rectangular orthotropic plate elements: These rectangUlar

Rectangular plate elements: These elements have both
, ,,

in-plane and out of plane forces and displacements. By

described in Art. A1.~ Of Appendix.

a suitable selection of the degrees of freedom and the

line representation Of the frame members. The element is

plate bending elements Or as shear wall elements. These--_.

stiffness terms these elements can either be used as

Of a plane stress element and a plate bending element. The

taking both inplane and out Of plane deformations. The

four noded element is formed by combining the stiffnesses

with the directions Of orthotropy coinciding with the

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

Rectangular parallelopiped solid elements:

variation of displacements between the nodes. Each node

Of the element can have three translational degrees Of

regUlar prismoidal element with eight nodes and a linear,

froodom. The element .has been described in Chapt~£ 2.
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program are as follows:

---
CDC 7600 computer

type of elementl
I•

selecting an efficient storage scheme of the

(a) reduction of the use of the core storage by

was used as the basic unit, an additional

at a time and the efficiency is not hampered
significantly (Rahman, 1978).

FOr all the above elements the stiffness matrix

was.formed explicitly in order to save computer time.

stiffness matrix.

the determination of stresSes and fOrces etc.

part of the stiffness matrix is held in the core

Explicit expressions were also developed and used for

(b) development of program to utilize the backing

storage facilities in IBM 4331 so that only a

originally developed by Rahman (1978) fOr,

The non-linea~.analysis is performed by the incre-

mental method described in Chapter 2, the mechanical

properties of the soil being given by an explicit set

of 'Tact - Yoct curves. AlthoUgh a suite of routines,

and routines for handling of direct access disc backing

storage in IBM 4331 computer were incorporated in the

prOgram. Besides, the original routines were recorded in

3.3 GENERAL FEATURE5-.0F THE COMPUTER PROGRAM
" i

their use in the present program. The final program contains

FORTRAN 77 and installed and tested on IBM 4331 prior to

about 4030 SOurce statements. The general features of the



3.3.1 Storage of the Stiffness Matrix

carefully selected to reduce the use of the core space

with disc.
I,,

that ~hichis changed by contributions of non-

remains unaltered in sUccessive analises from

, 1

linear elements. Details of the technique can be
found in Rahman (1978).

I/O operations

representation Of non-linear soil properties.

method.

and the backing store of the stiffness matrix
solution blocks (Rahman, 1978).

ensuring an efficient transfer between the core
I
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phases in order to isolate the part ~f it which

(d) construction of the stiffness matrix in two

(0) development of a routine for computation of

stiffness contributions of the orthotropic infills.

(g) use of spline fUnction to implement a smooth

The scheme of storage of the stiffness matrix was

(h) computer implementation of the crack propagation

(f) utilization of an' efficient solution routine

(e) construction of stiffness matrix joint by joint

l' to simplir'y the" storage techniques' and minimize-_

I.

without an undue increase in the execution time. A variable

band width storage scheme suggested by Jennings (1966, 1977)

was adopted. In this scheme, only the elements between
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in the disc backing store. When a part of the stiffness

---
'<',l In addition to the compact storage scheme just

described some program modules wer~ developed to take

3.3.2 Construction of the Stiffness Matrix

The Overall stiffness matrix is constructed in two

advantage of the backing storage facilities so that only

a part of the stiffness matrix is held in the core at a /

of the lower triangle of the matrix were stored (Fig.3.1).

This wa~ achieved by storing the elements in a continuous

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

one dimensional array ina row-by-row seqUence. For example,

the first non-zero and the leading diagonal in each row

time. This was attained by opening three working files

by reducing the number of elements of stiffness matrix to
. . 5 . 5

be.stared from 4x10 to 2x10 , an econOmy of atleast 46%,

matrix is fUlly constructed it is written into the backing,
store. The same area of the core space is then used to

the number of transfers, stiffness matrix ~ was subdivided

cOnstruct the next part of the stiffness matrix. To reduce

phases. In the first phase, the matrix is constructed with

in such a way as to make its parts independent of each other
during the assembly process.

the contributions from the linear elastic elements only.

successive analyses. In the second phase of construction,

This incomplete stiffness matrix remainS unaltered in the
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the contributionS from the non-linear elements are sUper-

imposed on this matrix~ In each increment of the load only

the second phase of the construction is repeated. However,

when new rows and columnS are introduced to the stiffness

matrix due to the development of a crack, the first phase

of-,the construction has also to be repeated.

3.3.3 The Solution Routine

A program for solution of simultaneous linear equa-

tions by Gaussian elimination technique modified to suite
!I' " _

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

used in this thesis. The stiffness matriX,is divided into
• I

a number of segements in such a way that each,segement

contains a number of complete rows. The direct access

backing store file is also divided into fixed length blocks

in which each complete 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 solution

blocks in a subroutine CSOIV. 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 ~ 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.



67

element.

---

tension separation in a structure-suil system has already

3.3.5 The Implementation of Crack Propagation

A method Of following the crack propagation and

The routine is entered before each increment Of the load

The solution routine uses two scratch arrays to

A subroutine GVALUE is included in the main program

to obtain the instantaneous shear moducus of each solid

to calculate the valueS of Tact and G for any v_alue Of yoct.

tedly for all the analyses with this soil. This output

consists Of the nodal values of Tact' Yoctand the secon~

derivatives ~ at each node for each curve.

"{,program was written to formulate the spline func~

tions far a set of Tact - \Yoct curves described in ChaptJrr 2.
\ - ~ I

For any particular set of cUrves obtained for a given soil,

this prOgram is run only once and the output is used repea~

3.3.4 The Use of Spline Functions
i

the same block by block sequence in the reverse order.

active block. The back silibstitutionprocess also follows

is the part of ~ currently being eliminated. The second,

called the passive block, corresponds dynamically to the

cOpy two blocks of the stiffness matrix ~ from the backing

store into the care. The first, called the active block,

,other parts of ~ that are necessary in eliminating the
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with the help of two subroutines ORTOBT and ORTSTR.

/

1/'.
"
I

matrix Of I

stiffness matrix in the subsequent increments
I, --_

The ,explicit derivation Of the stiffness

3.3.6 The Contribution of Orthotropic Infills

of any crack and automatically takes measures for modifica-

phase of the construction of this matrix by using a subroutine

tion of the,
of load.

~tresses and moments per unit length at the centre

I

using a subroutine SEPRTN in the general finite element

prOgram. The subroutine was originally developed by

Rahman (1978) and subsequently edited fOr installation in

IBM 4331 computer by the author. A call is made to the

,
been described in Chapter 2. The method is implemented

subroutine prints out a running history of the propagation

new separation or the closure of any existing crack. The

I
!the orthotropic infill walls has been described in Chapter 2.

to the overall stiffness matrix are computed in the first

The contributions of the stiffness terms of the wall elements
I

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

ORTHPl. The direction cosines of the rectangular elements

are calculated by calling a subroutine ORTHOC. A subroutine

elements in the appropriate locations of the overall stiffness

ORTWRT formS and writes away stiffness terms of orthotropic

Of gravity of each orthotropic wall element are calculated

,subroutine, after ea~h increment of load~ to detect any
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frcJ the spline functions and so on.

the',data and ,control of the incremental .
,

mai~ segment of the program reads
\.. \

nodal coordinates and element connectiVity.

matrix into solution blocks, reconstruction of the load

These include transfer of data to and frOm the backing

store in fixed length blocks, division of the stiffness

other grOUpS for performing various computational chores.

Ancillary routines are used by subroutines of the

third routine controls the incremental procedure by summing

It also initiates the non-linear analysis by generating

the displacements and stresses etc. and by altering the

non-linear elastic properties of the material.

The control routines perform such functions as the

The general structure-soil interaction finite element

vector in each increment, calculation of elastic moduli

initial values .of the non-linear elastic parameters. Ano~her

routine in this grOUp performs the task of assembling the

global stiffness matrix in each increment of the load. A \

/. ' .overall management of
Ianalysis process~The
i
Iand generates the

!

prOgram was developed by a logical combination of some

source statements. The subroutines can be grouped into

3.4 THE STRUCTURE OF THE COMPUTER PROGRAM

thirty seven subroutines spreading over about 4030 Fortran

four categories depending On the functions they perform.
1

These are: (i) control routines, (ii) ancillary routines,

(iii) element routines, and (iv) speciality routines.
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the strains, the fOrces and the moments.

{

"

"

:

---.

flowchart of the complete program is shawn in

finite element used in the program. They evaluate the

The subroutines are combined in the program during

,
Two specialit~ 'subroutines perform the solution of

I

simtiltaneous equatio~sand the control of crack propagation

proceSs. The solution routine utilizes the Gaussian elimi-

procedure of detection, initiation, propagation, closure

The element subroutines formulate each. type of..

element stiffness matrices and calculate the stresses,

Itheir corresponding passive blocks from the backing stord.

The crack propagation subroutine incorporates an automat~c

nation method coupled with the compact storage scheme. The

stiffness matrix is eliminated block by block ;.
1 .reading as necessary the appropriate, active blocks and

matrix accordingly.
and inactivating dummy jOints and altering the connectivity

Fig. 3.3.

and bifurcation of cracks in the finite element mesh. Th~

physical changes in,the mesh due to changes in the crack

configuration are automatically catered for by activating

simplified

linkage editing to form an executable module. A grossly



Obtain values of modulus of elasticity E ,
Poisson's ratio vp parallel to bed jOint~ plate
thickness t, ratid of moduli of elasticity
Ep/Eq and the joint numbers of the four nodes
of the element through common blocks

, .

. ,

----

\
Call subroutine ORTWRJ to form and write
away stiffness te'rms of the orthotropic
plate in proper locations of the overall
jOint stiffness matrix K

Calculate direction ',co.sinesfor the
rectanguLar orthotropic plate from nodal
co-ordinates by 'a subroutine ORTHDC'

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

FIGURE 3.2 BLOCK DIAGRAM OF SUBROUTINE ORTHPL.

.\ •...



FIGURE 3.3 SIMPLIFIED FLOWCHART OF THE COMPUTER PROGRAM.

--""-;-

J

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

Generate solid element data either automatically orread from manual input depending on IAUTo = 1 Or 0

Call subroutine GVALUE to calculate the value ofshear stress T t and shear modulus G for supplied°c:values of shear~ng strain Yoctfor soil.
i .-

I l
Read rectangular plate, orthotropic wall and spaceframe member informations and loading details

~
Call subroutine SKRPPo to construct stiffness matricesof the rectangular parallelopiped soli d elements andtojwrite them in the backing stare -,

~

,
, I

Divide overall'joint stiffness matrix K into fixed I
1ength solution blocks by ca.llil'lg,..subrou'tine CSoIV

I
Call subroutine LOADS to fOrm load vector from load ,matrix

Calculate stiffness contributions of different finiteelements meeting at a jOint to overall jOint stiffnessmatrix K calling subroutines RECTPL, STIFMM, oRTHPL

+
Superimpose stiffness terms Of the non-linear solidelement on the incomplete global stiffness matr ixand transfer the completed matrix to backing store fileby subroutine ASMBRP

• 3.2



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

---

No

Is it the first increment

No

Is number of load increments
less than max. number of
increment desired NI

YE5

Enter with values of increment number, numbers of
~~ints and solid elements, INOOOF and INOCRK to
subroutine SEPRTN

J

For each jOint calculate incremental and total
~6rmal nodal stresses b~ averaging the'centroidal
stresses Df,the solid ~leffientsconnected to it

Alter the material properties of the nan-linear
elements and accumulate the jOint displacements
and the element stresses and strains after each
load increment by calling subroutine CONTRL

Calculate stresses, mOments and farces in rectang-
ular plates, walls and space frame members calling
subroutine RPSTRS, ORTSTR, MEMFCM respectively

Calculate stresses and strains in solid elements
from global displacements u,Sing subroutine RPPOST

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

Solve system of equations L'= ~ ~ by subroutine
SOLVE and form the joint displacement matrix from
.the solution vector by calling subroutine OISVEC

YES

Check all jOints with nan-zero crack index far
pOSsible cracks •.Introduce cracks where indicated
and return

3.1



Chapter 4
i

INTERACTION ANALYSES OF FRAMED STRUCTURES

4.1 INTRODUCTION

In the preceding chapters the method of analysing

an integrated structu~e-foundation-soil system with frames

hav~ng orthotropic infills have been described. The finite
," - I

element computer prOgram developed for this purpOSe can
. 1

now be utilized for analysing orthotropic infilled three-

dimensional framed structures resting on soil.

In order to study the interaction behaviour and to
t •

, ---examine the influence of various parameters on such behavioui,
'. . ',.... \a series of analyses on typical structures were carried o~t.

.. .' ,. .' i ~
This chapter describes the'structures selected f6r analy~is:-

their properties, loadings and the finite element repre-

sentation.

4.2 STRUCTURE WITH SYMMETRIC PLAN CONFIGURATION

The first structure analysed was a five storied

framed bUilding with rectangular plan configuration, as

shown in Fig. 4.1. It consisted of 5 frames at 7 m intervals,

each spanning 7 m in the transverse direction. The frames

were connected together in the longitudinal direction by

a system of beams. The space frame thus formed had slabs at

each floor level. The building rested on a 0.3048 m thick

raft foundation. For a general case the frame pane15 had

ortho tropic wall infills. The soil strata included in the

'"

, >'
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was taken as 42 m x 63 m. It was assumed that the soil

! 4 4
7.1 9xlO.- m

beams and the cOlumns]
1The cross-sectional aFBa fori

in Fig. 4;2 for ~ better ~iew. The
1

were ?ll prisma~ic members.

the superstructure. The horizontal extent of the soil mass

finite element analysis had a maximum depth of 8 m below

exceptingLthe top. The boundary nodes of the s oil mass

mass was supported by rigid permeable boundary on all sides

,
were free to slide over the boundary but were prevented from

,
displacements normal to the boundary •

.The finite element mesh for the integrated structure-

area about both the major and the minor axes was

2 . ,all such members was 0.0929 m and the second moment of i

soil system is illustrated in Fig. 4.1. The mesh for the
'"supe~structu~e along with the raft foundation is sho~n _

1

There was a total of 115 space frame elements. The roof and

be 0.127 m. iThe depth d of the soil'was varied between,

thickness each. The raft consisted of 4 plate elements.

floor slabs were divided into 20 plate elements of 0.127 m

Upto 65 orthotropic wall elements were con~idered to account

for the infill ,walls. This corresponded to the case when

4 m and 8 m fOr various analyses. Each time the pattern and

the number of divisions in the vertical direction were

all the panel areas bounded by the beams and the columns

contained infill walls. The wall thickness was taken to

elements represented the soil mass. The structure-found~tion_

kept the same. A total of 160 rectangular parallelopiped
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walls were taken.

/

with openings are taken into consideration.

accounted for by'using reduced values of elastic
1

moduli as s~ggested by Thorburn (1978).

A fixed ibase arialysis of bare frame with n(J.,soi-l~, , .
, , ,
I \

'The sam~ as analysis (a) but orthotropic infil~
! \. i
I', ,

walls with openihgs are inclu'ded. The openings Iwere

(a)

(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 orthotropic infill walls

The remaining three analyses were performed for load

(e) The analysis of the complete structure, the

foundation and 8 m deep soil having orthotropic

infill walls without openings. To represent this

A total of 11 analyses were performed. The direction

case, normal values of moduli of elasticity of

/
I,

soil integrated mode! thJs consisted of 340 joints, 24 plates,

160 solid elements, 65 orthotropic. wall elements, and 115

space frame members with 936 unknown degrees of freedom.'

,
of wind loading was ~lways perpendicular to one of the

i ,
for each of the two ~oading cases, viz. simultaneous action

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

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

case 1 only. These are:

- I'wider faces. The following four analyses were carried out
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consisted of 5 frames at 7 m intervals. Three Of these

,.

---.

i,

\

/ ,\
" \4.3 STRUCTURE WITH ASYMME1RIC PLAN CONFIGURATION

Additional elements were included in the structure;

described in the preceding article to obtain a T.shaped

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

Henceforth identification numbers such as la, lb, etc.

will be used to indicate the above described analyses for

load case 1 and 2a,2b etc. for load case 2. Thus for

soil, with the depth of the soil taken as 6 m, when the

example, analysis lf will mean analysis in the absence of
1

infills of the complete structure, the foundation and the

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

,
lateral loads.

structure is subjected to the action of vertical and

the plan. The structure is illustrated in Fig. 4.3. It

two had three 7 m spans. The number of storeys were three.

plan configuration. This introduced an eccentricity in

frames had a single span Of 7 m and each Of the remaining

A space frame was obtained by linking the above plane

the frame panels had orthotropic wall infills. The structure

rested on a 0.3048 m thick raft lying on a 8 m thick soil

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

frames by beams in the longitudinal direction. As before

a system Of slabs were considered at each floor level and
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,
i

numbe~

Fig. 4.1. Colum~ and beam sections were taken
I '.. \

as those described in Art. 4.2. The total
I It"

the same

shown in

the soil mass on all sides excepting the 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_
1

soil System ,is shawn in Fig~ 4.3 whereas Fig. 4.4 ill us-

,
exas.tly the same as that. for rectangular plan structur'=----_

. . . . ~

lateral extent was 42 m. A rigid permeable boundary enclosed

A total of 8 analyses were performed. Four of the

trates tAe finite element mesh for the superstructure along

with the raft foundation. The mesh for the soil remains

,
consisted of 18 plate elements. The raft was divided intb

of space frame ~lements was 99. The roof and floor slabs~/

6 plate elements and the infill walls were represented by

57 orthotropic wall elements. The slab, raft and wall thick_

nesses remained the same as those described in Art. 4.2

and the soil thickness was 8 m for various analyses. The

350 jOints, 24 plates, 160 solid elements, 57 orthotropic

wall elements, and 99 space frame members with 900 unknown

integrated structure-foundation_soil model consisted of

degrees of freedom.

identical analyses corresponded to load case 2. The analyses

analyses were done fOr load caSe 1 and the rest exactly

far any of the load caSes are:
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4.4 LOADING ON THE STRUCTURES

Ifashion
i, .

base analysis of bare frame of T-plan
I '\. __.. . ,. ,

with no!soil under the ac~ion of' load case 2.; \ .,
cases will be identified in an identicalAll other

example, a fixed
,t
'jstructure

As before, identification number 2h will mean, for

(i) The same as (h) with orthotropic wall infills '

The 5-storey and the 3~storey three dimensional

complete structurei the foundation and the soil.

having openings.

I

f
A fixed base analysis of bare frame with no soil.

(j) The analysis, in"absence of infills, of the

(k) The same as (j) with orthotrqpic infill walls
having openings.

I .

in future discuSsions.

structures in Fig. 4.1 and Fig. 4.3 respectively were

subjected to both vertical and wind loads. The vertical

load receives contribution frOm deed weight of the struc_

ture end live load. The dead load was taken as 3.35 kN/m2

on each floor of the building. The live load, fOr a

residential private apartment hOuse, taken from the

recommendations of the American Standards Association
2publicatiQD, was 1.92 kN/m • These vertical loads on the

floor were applied as concentrated forces at the joints.
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The wind forces recommended in CP3 (Chapter V,

part 2, 1972) depend on the location, topography, building

size and heigbt, ground roughness and building life. The

code gives a variable wind pressure distribution along the

height of the building with the maximum at the top reducing

towards the bottom. Basic wind speed defined as 3 second

gust speed to be exceeded on the average once in 50 years was

taken as 62.5B m/sec, Choudhury (1975), for location Dhaka.

Although the value. seems to be over estimated, it was con-

sidered satisfactory fo~ the present analysis purpose in
J , _,I

absence Of more precise data. The wind pressure distribution
\ i I _ \

in t~e bUildings/was calcLlated for Dhaka city approxima~ing
I 1 . . I

" .•.• \ - I

the topography factor equal to 1.0, ground roughness equal

to 3 and assuming class B building size. The resulting wind

pressure distribution is shawn in Fig. 4.5. This presSUre

was applied as concentrated horizontal forces at the joints
on the windward face of the building.

4.5 MATERIAL PROPERTIES

For all the analyses the material for the frame

members, the floor slabs and the mat foundation was assumed

to be reinforced concrete. The modulus of elasticity E and

Poisson's ratio V were taken to be 2.2x107 kN/m2 and 0.15
respectively.

The orthotropic infills were assumed to have material

properties of brick walls. Thus the modulus Of elasticity

/

'.'
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sail was taken to be 0.33.

,,
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to bed joint E and the corresponding Poisson'sp,

were taken to be 6x106 kN/m2 and 0.15 respectively.

parallel

strain curves shawn in Fig. 2.1.
Ia t" values not coinciding Ioc ~
:/with the values' indicated in the curves, suitable inter- I"~

ratio v
p

pOlatiOn or extrapolation schemes were used.

Sail properties were to be obtained from unconsolidated

undrained test. In'the analyses to be fallowed, the sail,
"prop'~rties were obtained ,from the set of octahedral "shear__

,
moduli of elasticity were halved where it was necessary.

The ratio of the modulus of elasticity E parallel to the,
p

bed Joint to the modulus Eq perpendicular to it was approxi-

mated to 1.4. It is',worth noting that 'from considerations of

possible presence of openings in t~e infill walls, the

particular type of sail lying :,belowthe superstructure and

stress and octahedral shear
\

For properties of sail with,

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

These were utilized in the absence of test results for a

AlthOugh the curves shawn in Fig. 2.1 are tentative,

they represent a set of practical values of sail properties.
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DISCUSSION ON RESULTS

symm'etric plan configuration and 8 for
, f

asymmetric plan configuration, were

the nomenclature introduced and explained in. the Chaptex---.!!.. -

be increased. The term gradient Of relative displacement

Chapter 5,

5.1 INTRODUCTION

Thus the analyses are numbered 1e, 1hetc. without further
I . \ _ j. . \ .' I

explanation. It should be'I:ecalled, however, that cases
I . I ' .,

with letters.a to g relate to structures with symmetric, ,

As mentioned earlier, a total of 19 ~nalyses, 11 for

performed. Results of these analyses are presented and

tabular form. Different analysis cases are indicated by

In some of the figures presented, the term load

critically examined in this chapter in graphical and

used in this chapter will mean the ratio of the difference

these letters denote action of vertical plus lateral load

Iplan configuration and thOSe with h to k to structures with
i

asymmetric plan configuration. Numbers 1 and 2 preceding'

increment factor with notation A has been used. This factor

indicates the ratio of the actual load applied to the

and vertical load alone respectively.

in displacements Of two points to the distance between

structure and the maximum valUe of load upto which it will

a structure with
! a structure with

. \



structure this nature is not prominent.
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,,
5.2 THE DEFLECTIONS OF THE STRUCTURE AND THE RAFT

5.2.1 Sway of the Structure

Sway at different floor levels of the central frame

for analysis cases 1a, 1b, 1c, 1d and 1e has been ,shown in

Fig. 5.1 for maximum values of loads given in Art. 4.4.

The curves for cases 1a and 1b show no ~way at.the base.

This is because the analyses assume a fixed base without

any soil contribution. The remaining curves which represent
interactive analyses of the structure and the soil show

~ .

cert'bin amount of /lateral,'displacements at the base •.Curves-
j l '\ , .

I (\ )' ,for bare frame analyses cases 1a and 1c clearly indicate
" . \ . t

the double curvature natu~e of the deflected shape Over I.,
the structure height. In the remaining cUrves for infilled

I
!

Comparing curves 1b with 1a and 1d with 1c, it may

be observed that the sway is highly diminished in the

presence of infilled walls and this applies to both fixed

base and interactive analyses. Thus the top sway are 1/117,

1/4851,1/62 and 1/140 respectively for case 1a, 1b, 1c and

1d and the reduction in sway due to the presence of infill

walls is 97.59% fOr fixed base and 55.72% for interactive

analysis. The actual contribution of infill walls to the

increase of lateral stiffness 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 1c is compared with that of caSe
,

1a, it is found that in the absence of infill walls soil

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 increases the top sway 34.62 times. It

becomes clear that the inclusion of soil in the analysis is

mOre important in the case of highly stirf infilled frames
than in more flexible bare frames.

Curves of Fig. 5.2 show the variation of the top sway
of the central frame against the load increment factor A

----~-t I, _
fOr analysis cases indicated aiong',the CUrves. ,As may be

' l \ ' ' I
expected, the maximum top, sway 'OCcurs in the caSe of ba~e

I \ ~ , j
frame-soil interactive analysis (case 1c). The minimum is

,observed fOr fixed base analysis Of orthotropic wall infilled
frame (case 1b) and it is 1.28% of the maximum sway. Th~

other analysis cases give intermediate values for top sw?y.

From the comparison of CUrves for infilled frame analyses

(cases 1b and 1d) with bare frame analyses (cases 1a and 1c),

it is confirmed that throughout the loading history the

percentage reduction in sway due to the presence of infill

walls is much less significant in a flexible base analysis
than in a conventional fixed base analySis.

Comparison among curves for cases 1e and 1d (Fig. 5.1)

reveals that Openings in the infill walls do not change the

sway values significantl'y, when the conventional approach of

opening consideration is employed (i.e by halving the wall
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approach.

fl'oor levels
\

1j\and 1k as

Sway of the external frame CmOF (Fig. 4.4) of T-planI ' _. . _I

structure at different

analysis cases 1h, 1i,
, f

due to the presence of infill walls is higher in the T-plan

demonstrated that the real inCrease in resistance to sway

f,
I

stiffness) and the reduction is 4.31% for top sway. However,

contribute much towards the increase of top sway at any

that the top sway diminishes by 98.2% and 81.13% due to

load level. TheBefore, it is indicated that openings in

infill walls increase the structJre sway only marginally

has been plotted fori
fshown in Fig. 5.3. I
•

Comparing curve~ 1i with 1h and 1k with 1j, it is found'

this reduction at the top,is more significant than at the

base; Comparing curves for cases 1e and 1d of Fig. 5.2, it

when their effect is accounted for by the conventional

is observed that the openings in the infill walls do not

When compared to the corresponding percentage reductions,

I,
infills for fixed base and flexible base analyses respec~ively.

configuration. This is considered to be due to the inherent

infills 16.13 times due to interactive analyses. The.'

Comparing sway for cases 1j and 1k with those for 1h

and 1i (Fig. 5.3) respectively, the top sway in the absence

adjacent interior frames which are much stiffer.

lateral stiffness of the exterior frame contributed by the

of infills inCreases 1.53 times and in the presence of

(97.59%-and 55.72%) obtained for rectangular plan, it is
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is acting.

/

I,
I,

analysis cases 1h and 1j for maximum

It is interesting to note that whenI,' _

one-bay frameCMDF towards the three-- \ -.. , ' I
top~way in both of the cases 1h and

'I ~ '. I

Variation in the vertical displacement Of point c at

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

analysis and flexible base analysis respectively. This

~were higher, 1.885 times and 34.62 times far bare frame

analysing structures bare or infilled, and also the impor-

,
1 'Sway diagrams in three-dimensions of the T-plan,

tance of selecting inherently stiffer plan configuration.

I

I
corresponding increases for rectangular plan configuration

demonstrates the importance of including the soil in

1j and the base~sway inca~e 1j gradually decrease. This
I

is considered to be obvious as the T-flange is stiffer

These correspond to
~ !values of the load.

I' I1 i
moving from external, I '
6ay frame LNPRJ,/the,

than the web in the transverse direction in which the load

5.2.2 Vertical Deformations of the Structure

A for the first eight analysis cases of the. structure with

the top Of the central frame with the load increment factor

Comparison of CUrves for cases 1b with 1a and 1d with 1c

symmetric plan configuration are plotted in Fig. 5.5.

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 58.97% for
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and in case of infilled frame-~---
I

1a with1c),
i

with ~b)is qUife consi~erable. Interactive,
\ I

this vertical displacement at maximum I
. 1

caSe

I
I

fixed base and 20.79% fot interactive analyses. It may be

point. This confirms that the fundamental pUrpose of infill

noted that the reductions in vertical displacements are much
\

less significant than those in horizontal sway of the same

loads, remains significant thoUgh perhaps to a lesser extent,

placement of pointc (Fig. 5.5) in case of bare frame

The influence of soil on vertical displacement of

when the contribution of soil is accounted for.

walls, i.e. to increase the frame stiffness against lateral

The extent of influence of the soil on vertical dis-

/
case 1.b

Ianalysis increases- .
load by 14.5 times for bare frame and 28 times for infilled

point c (Fig. 5.5) for load case 2 (vertical load actingl

alone) is identical in nature to that for load case 1

deflection much for bare or infilled frames on fixed base.

,
(co~paring

~
(comparing

The respective increases are only 20.46% and 22.16%. Similar

of curves for cases 1a with 2a and 1b with 2b shows that

additional lateral load does not increase the vertical

comparison of curves for interactive analyses shows a

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

(vertical and lateral load acting simultaneously). Comparison

.considerable increase in the displacement of point c.
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an interaction analysis.

A in Fig. 5.7.Comp~ring
I

the relative displacement
. ! /' ~

./A exceeds that with respect

factor A for analysis cases.1c and 1d. For the same cases,
'" I.

the 'gradients of relative vertical displacements amollg .tAe--c-t I . 'j, . ,points mentioned are plotted against, I \
curves of Fig. ;;.7, it is found that. •. .

and 2d, the computed increases are 56.38% and 65.84%

amplifying vertical displacement is attributable to the

displacement~of the soi~, which can be accounted for only by

respectively. This increased effect of lateral loads in

at the top of the structure plotted against the load increment

Curves in Fig. 5.6 illustrate the relative vertical
displacements of point C with respect to points A and 8

to pOint 8 for both infilled and bare frames. The correspon_

ding gradients frOm Fig. 5.7 give a different picture. The

,
of point C with respect to point

gradient of relative vertical displacement of point C with

deflection with respect to point A. However, one thing is

respect to B exceeds significantly the same gradient of

common in both the figures; orthotropic infills decrease both

the relative vertical displacement of a point and the giadient
of relative vertical displacements.

5.2.3 Displacements of the Foundation

of the raft under the central frame of rectangular structure

Displacement for cases 1c, 1d, 2c, and 2d (Solid lines)

and differential displacement fOr cases 1c and 1d (dotted lines)

I
\" .
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structure.

/

----,.

/

I
I

th,ose
I

both in the presence and in the absence Of

infills. This becomes evident from a'

the ,displacement
f'

orthotropic wall

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

for 1c an.d 1d respectively. Observing displacement and

apparent that the influence of wall infills on the displ~ce_

differential displacement curves for cases 1c and 1d, it 1s

ment itself is mOre pronounced than that on the differential

of the horizontal wind loading on vertical load increases

,
on displacement is seen to be less significant cOmpared to

respectively. However. as with the vertical displacement

of points in the structure, this influence of wall infills

the load cases. These reductions are 17.77% and 21.67%

that the orthotropic walls reduce the displacement in both

are shown in Fig. 5.8 drawn against load increment factor A.

Comparing cases 1c with 1d and 2c with 2d. it is observed

that on horizontal sway discussed previously. Superposition

differential displacement that induces stresses in the

displacement. This observation is Significant as it is the

the interactive analysis is found to influence the displace_

ment. thOUgh not to any significant degree. At maximum load,

The variation of displacement with A for case~ 1c, 1f,

and 19 is shown in Fig. 5.9. The depth of soil included in

the displacement obtained by taking 8, 6, and 4 m soils are

70.9 mm, 65.3 mm and 61.1 mm respectively for the rectangular

structure. Reducing the soil depth included in the analysis



FIGURE 5.8 DISPLACEl'i :NT AND DIFFERENTIAL DISPLACEMENT OF RAFT
UNDER INT_;RNAL FRAME OF STRUCTURE WITH SYl'111ETRIC
PLAN CONFIGURATION FOR DIFFERENT ANALYSIS CASES
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FIGURE 5.9 LOAD-DISPLACEHENTCURVES FOR DIFFERENT SOIL
THICKNESSES.
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The variation Of top sway Of the central frame and the

The three-dimensional deformation of the raft under

Displacement under column G and differential displacement

,
to half reduced the displacement by only 13.8%. This is

considered to be due.td the fact that. soil strains diminish

87

rapidly with depth and that only a moderate depth Of soil

included in the analysis will suffice for a reasonable
interaction analysis.

I ,

differential displacement~under it with the thickness of

Underlying sOil strata is shown in Fig. 5.10. A sudden

increase in both th~ sway and the differential displacement
is Ob\served when the soil is inc,luded in the analysis. -----.-

lJ

However, the fiatness of the upper region Of the CUrves
that inclusion i

confirms the observation of a great depth of. -

soil dOes not significantly increase the sway Or the differen_
tial displacement.

the rectangular structure in presence and in absence of wall

infills are shown in Fig. 5.11. The deformation is the

combined effect of vertical displacement and horizontal

displacement. The difference of vertical maximum deflections

under the central and exterior frames is negligible (3.39%)

fOr infilled frame and considerable (36.56%) fOr bare frame.

The mOre pronounced warping Of the raft under the bare framed

structure indicate that the stiffer infilled frames help
distribute the stresses mOre evenly under the raft.

. I

between cOlumns D and G of frame AKQI and the same quantities
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differential j,. ,
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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 ,displacem~nt under'column G .of frame
AKQI is less when in~illed, and the reduction is 27.64% at

maximum load with r~spect to the bare frame. But the diffe-
• , 1rential dlsplacement between the columns D and G under the, /

same frame is mOre for infilled case, the reduction in the

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

external frame CMOF, the picture is the reverse. The dis-l __

plac~ment under cOlu~n OF'of this frame is
; \ .

structure" the r~duction being 14.43~. The
i"

displacement, orithe other hand, under frame CMOF are much

reduced if orthotropic infill walls are present, and the'

reduction at maximum load is 72.62%. This differential

behaviour under the internal and external frame characterizes

the T-plan struc~ure and was not noticed in the rectangular
structure.

Fig. 5.13 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

structure 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 CMO'F and the

minimum under. internal frame AKQI. The general tendency of



FIGURE 5.12 DISPLACEMENT AND DIFFEFSNTIAL DISPLACEMENT OF
RAFT OF STRUCTURE WITH 'illYl'1l'1ETRIC PLAN CONFI-
GURATION FOR ANALYSIS CASES 1j .AND1k.

/

3

Q,I
i

I
D G ,

G of frame AKQI
OF of frame CMOF
between columns,

C,M O,F,

between columns

A,K

Legend

1 2

Displacement (mmx10-1)

4, 2 ~ 1 1i ", -/, -I ;-

"""

1k (infilled)

-- 1j (bare)

1
1-disPl~~ement und;r 'coi~n
2-displacement under column

!
3-differential displacement

D and G of frame AKQI

/
'4-differential displacement

" CMand OF of frame CMOF

o

1.0 3 (,4
,I\.
, I'
: I

c< 0.8 . I I
• I IJ.t

I I0
+> I ,
u I ,III

'H 0.6 I I
+> ,I
s::

I I'"s I,
'"

"
J.t
u ,
.~0.4 I ,

I'
'tl

"III ,I0
H "I,

0.2



FIGURE 5.13 DEUECTJ::D SHAPE OF RAFT FOR THE STRUCTURE \-lITH
ASYMMETRIC PLAN CONFIGURATION FOR l~iALYSISCASES 1j AND 1k.
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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 8ENDING MOMENTS IN FRAMES

The bending moment distributio~ in the beams of an

internal frame of the rectangular structure for bare frame

analyses (cases laand lc) are shown in Fig.5;14a.The

same for infilled frame analyses (cases lb and ld) are
,

shown in Fig. S.1.4b. It ts apparent frOm both the figu~e~
t / ' -.

that consideraticin of soil in the interactive analysis has

negli,gible effect on these moment distributions, both I
. . ./'qualitatively and quantitatively. Whereas comparing curv~s

;of Fig. 5.14b with those of Fig. 5.14a, it is observed that
,

infill walls decrease the beam moments to a very Significant

degree (98.19% 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. Soil 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 soil on the beam and
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FIGURE 5.16 COLill"lli BENDING MOMBNTS OF THE INTERNAL FRAME
OF STRUCTURE WITH SYl'frIETRIC PLAN: ANALYSIS
CASES 1b AND 1d.
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column moments may be du~ to the presence of a stiff conti-

nuous raft under the columns; Then bending moments are

expected to be much different for the fixed base and inter-

active analyses if the columns were supported on isolate,d
footings.

Variation of column bending moments with different,
floor levels for load case 1 is shown in Fig. 5.17a fOr

bare frame analysis and in Fig. 5.17b for infilled frame.

The influence of infill walls become evident when curves

in F;ig. 5.17b are; compared with those in Fig! 5.17a. Tile__
" ., . .-

infills not onlyreduc~ the column moments significantlYl
, \ .' . I

~ ; I ibut also alter the nature :of distribution of moments over
. I

the height of the structure.

The variation of bending moment in .column EG of the

internal frame with A for bare and infilled frame analyses

are illustrated in Fig. 5.1Ba and Fig. 5.18b respectively.

8y 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. 5.19a and Fig.5.19b

respectively for infilled frame analysis. Magnitude of bending

moments diminishes with height, the maximum value being

obtained for the bottom storey beams and columns; Bending

mOments obtained from the fixed base analysis are observed
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/

,
Ito

!
i
!

curves i~\Fig. 5.19 with corresponding
/ ,

in Fig. 5.20, the orthotropic infills are found

i, Comparing

curves

analysis exceeds that from interactive analysis by only

much; the windward column base moment from fixed base

Column bending moments of the internal frame AKQI of

bending mOments respectively in the frame CMOF for bare

beam the reduction is 98.34% for fixed base analysis and

to be higher than those from the interactive analysis. At

43.62%.-

Fig. 5.20a and Fig~ 5.20bshow the ~olumn and beam

the windward column base, the fOrmer exceeds the latter ,by

frame analysis. In the absence of infills, bending moments

reduce the column and beam: bending moments significantly;

for the T-plan structure as well. At windward column base

this reduction is 97.88% for fixed base analysis and 98.41%

for interactive analysis. At windward side of bottom storey

98.7% for interactive analysis.

T-plan structure for infilled frame analyses are shown

due to presence of infills as in the external frame. Thus

the leeward column base moment is reduced by 97.87% in the

The column moments in the internal frame are reduced highly

in Fig. 5.21 and those for bare frame analyses are in Fig.5.22.

fixed base analysis and by 95.58% in the interactive analysis.

.from fixed base and flexible base analyses do not differ
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of which gradually reduces with depth.

,
','

----

infills reduce 0 Slightly. The stress 0
y y

with increasing depth and the maximum is

-
5'.4,STRESSES IN SOIL

f ;. \:

I \
: Oistributidn of vertical nOrmal stress 0 (nodal)I;, y, \

along~the transverse section P-F at soil depths 0,1,2,3,'
, I'

and B m,under the rectanguiai structure is shawn in Fig.S.23.

the presence of

is also reduced

more Or less the same nature at different depths. However,

1c and 1d. The stress variations far both the cases follow

The distributions are plotted for interactive analysis cases

reversal of sign takes place at the top floor (Fig.5.22).

interactive analySis is also interesting to note.

vertical stress distribution along the longitudinal

attained under a node which is located at the extreme edge of

the raft in the leeward side. The stress 0 at the' soil
y

boundary are negligible'but may be tensile, the intensity

The redistribution of the bending moments is most

Shifting of inflection points in certain columns due to

section E-E at various soil depths under the same structure

is shown in Fig. 5.24 for interactive analyses. Considering

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

int~rnal 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
1

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



tion is recorded under the transverse axis of symmetry. The

intenSity of~a almost vanishes at the soil boLndary in this
y /

direction also. The preSSUre distributions reveal that the

93

,
;

"

----
(nodal)

I
I

I

Fig. 5.25 illustrates the distribution Of a
y

bare, structure, the maximum a in the longitudinal direc-y
or

,
eve~ distribution'of soil pressure.

\
'I

alonQ section F-F at different soil depths under the

to thOSe of Fig. 5.23 for load case 1.

rectangular sti~cture for interactive analysis with load

case 2 (vertical load acting alone). The curves in Fig. 5.25

The variation Of vertical preSSUre a with depth under
y

various points in plan are plotted in Fig. 5.26 fOr analySis

increases a beyond the perimeter of the raft and decreasesy

it directly belOw the raft. For both the cases of infilled

gr~ater stiffness Of the infilled frames results in a more

It is observed from the cUrves that presence of infill walls

the symmetry this has been plotted for the left half only.

are symmetric, as expected. The distribution Of a in
y

Fig. 5.25 and their general characteristics are identical

decreases until it becomes again apprOximately steady below

case 1c. Maximum soil pressure occurs under the raft edge

pOint 0 in the leeward side. This preSSure remains appro xi-

mately constant upto a depth Of 1.5 m and then gradually

to that under paint 0 but Of reduced intensity. The a
y

3.5 m depth. The qualitative nature Of a distribution under
y

other raft edge paints J and I in leeward side are similar
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FIGURE 5.23 DISTRIBUTION OF 0' (NODAL) ALONG SECTION F-F
AT VARIOUS DEPTHSYFOR ANALYSIS CASES 1c AND 1d.
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is symmetric about the axis of symmetry because vertical

1 .
/

/

,
/

. !var~ous:
/

/

the superstructure not accounted
!

fOr this may be attributed_to

Band C and under o~her points as

upto a depth of approximately 3.5 m

a under pointsy

variations only

/ \
/ .in the Boussinesq solution.

• " I \ ~

well, show

magnitude.
boundary, soil pressure becomes tensile although of negligible

distribution under leeward point H outside the raft is almost

insensitive to depth. Under pOints G and A, both at sOil,f

For the T-~lan struct~re, the distribution of normal
, I

asymptotic to the upper soil boundary is not exhibited any-

maximum intensity of a •. y

where in the soil. ,The reason
i .',, ,.

the stiffness of the raft and

The distribution of 0y (nodal) along longitudinal

section 8-B of the T-plan structure for the same analysis

for

stress a (nodal) along transverse section A_A aty

soil depths are plotted in Fig. 5.27 fOr flexible base

load alone is acting. The presence of infills decreases °
y

directly below the raft but outside it a for infilled
y

structure slightly exceeds that for bare frame. Thus an

analysis with load case 2 (2j and 2k). The distribution

structure is that these help to distribute ° more uniformly
y

in horizontal directions at variouS depths and reduce the

important contribution of orthotropic infills present in B

and 'stabilizes at greater depths. It is worth mentioning

that although soil pressure reduces with depth, the steep

gradient of a Boussinesq type variation with a stress ordinate
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cases and soil depths are plotted in Fig. 5.28. The maximum

° is obtained under the junction of the web and the flangey

and occurs a t a depth of 1 m. The asymmetry. of the structure

causes the distributions to be nan-symmetric in the longi-

tudinal direction even for vertical loads acting alone. The

"nature of 0 distribution at variouS depths are identicaly

to ea~h other, although the intensity of 0y gradually dec-

lines with depth after certain increase immediately below
the raft."

~ For analyses with "\oad case 1, (both vertical and _

lateral loads acting) of T-plan structure, the variation; \ .

of 0y~(nodal) a~bng transJ~rs~ section A-A at specified

depths are show~ in Fig. 5:29. The influence on 0 of
y

wind load acting on T-planstructure seems to be less
,

pronounced compared to that on rectangular plan structure

(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 0 occurs under the corner nodey

at the junction of the flange and the web in the leeward

side. Compared to stress under the other symmetrically

located corner 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 shows

the distribution of ° in the soil along longitudinaly

section 8-8 of T-plan structures for cases 1j and 1"k from

which conclusions similar to those for the transverse

/
/
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wall s.

immedi~tely belOw the raft gets highl~

to sail at a deeper layer at the same'

elements in succe~sive layers directly under the raft Of the

5.31 far analysis'-rectangular structure are shawn in Fig.
i,

case 1c. The sail
I

strainea compared
,
;

stress level. This is because the sail elements at greater

but ions of sail at greater depths to the displacement of the

The stress-strain curves at the centroid Of twa solid

is nat much dependent an the presence or absence of infill

sail stress distribution is that the maximum stress under

any location occurs at a certain depth below the raft and

nat at the surface of contact of the raft and, sail. Another

observation is that the reduction in sail stresses with depth

i

!
direction can be drawn. 'A general observation regarding

depths have a higher valUe of confining stress 0 t' and
DC 1 ;

are therefore stiffer. This also demonstrates that contri-

structure are smaller even for the same level Of stress in

the elements. The argument is further substantiated by

comparing ~e variations Of stress and strain with. depth

under the same location in the raft, as.shawn in Fig. 5.32.

demonstrates that contributions Of sail at greater depths

The steep gradient Of strain distribution along depth

in the deformation Of structure diminish rapidly and the

inclusion Of a large extent Of sail in the analySis is
nat necessary.



J2

0.1 80.24Q.200.16

Ey

I
0.120.080.04

o

20 depth = 1.5m
~
E......
z
::e: .,
>-

b

12

'.

I is

FIGURE 5.31 STRESS-STRAIN CURVES AT THE CENTROID OF TWO
SOLID ELEMENTS DIRECTLY UNDER INTEE1iAL RAFTEL:t:!'lENTFOR AI'J"ALYSISCASE 1c.

I
I



:'~.
/ :.

"-.

--~.

'-. 1 , .. -

",

,"
'.:" :.

'..

o

2

5

6

, '

.025

€ .y.

.01

" .,

'.,' ..

.01

._..•. ;'

'-'.,"
"- .. '-

6

'0

5

'~.'

:.",'

FIGURE 5.32 VARIATION OF (a) CENTROIDAL STRAIN AND
(b) CENTROIDAL STRESS IN SOIL WITH DEPTH.

-i'

''Z'C .. "

1
:.\':\

\
'. ,

~ , 5 35
.<:"' .,.,
P<'" "A '"It 4



97

5.6 THE PROPAGATION OF CRACKS IN SOIL

The variation in extreme fibre stresses perpendicular

to bed joint at the centroid of bottom most infill wall of

The variation of the width of soil separation (crack)

I
5.5 STRESSES IN INFILL WALLS

. '. Iin~reas, the column moment approximately.two times. Thes~
ifacts indicate that the stiffer the wall becomes, the

larger portion of the column mOment it shares.

an external frame panel of rectangular plan st~ucture with

load increment factoi A is shown in Fig. 5.~3a.-Curves in

Fig. 5.33b show the ~ariation of'column moment with A.',
I ICurves in both of the two figures correspond to analysis

cases 1d (wall with'opening) and 1e (wall without opening).

It may be observed:from Fig. S.33a that infill wall stresses
, I

increase with the. load and at the same load these stresses1\ . • '.; • ....•..•..
I

in walls with opening are .s~aller fhan those in,walls without

6penings. Curves'in Fig. ~;33b show that ~pe~ings in walls
. ,

at the boundary joint under rectangular structure with

increasing A is shown in Fig. 5.34 for interactive.analysis

cases 1c and 1d. I~ the absence of infill walls (1c) the

crack develops when load factor A reaches 0.1. On the

the crack to develop until the load factor reaches 0.9.

The width of crack at the maximum load for infilled structure

other hand, the presence of infill walls dOes not permit

is only 13.4% Of that for a bare structure. Thus the infill
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FIGURE 5.33 COMPARISON BETWEEN INFILL WITH OPENING AND
WITHOUT OPENING (a) LOAD-STRESS CURVES
(b) LOAD-MOMENT CURVES.
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A summary of the deflections and stresses and bending

moments obtained by the various analyses are given ,in.

Table 5.1 and Table-,S.2 for better and. clear understal'lding

walls have a significan~ positive role in controlling the
crack p~?pagation and its'width;"

of the results.'



Table 5.1 Deflections of the structures.

Analy- Thickness Sway at Vertical Differential Maximumses of clay top defl ection displacement displace-
No. o (m) (m) at top (mm) 0' ment

(cm) (mm)-

1a 8 .139 .524 D 0,

1b 8 .00335 .21 5 0 0
0-

1c 8 .262 7,6 40.78(e)1l 7.09
1 46.4(i)1l1l

1d 8 .11 6 6.02 42.0(e) 5.83
42.0(i)

1e - 8 •111. 5.8 40.5 ( e)
40.6 (i) 5.67

I
.257 38. 24( e) ----1f , 6 7.04
i .

43.9(i) 6.53
I,

I
/.256 35.6(e) ,19 '0. 4 \ 6.62

0- , . • 41.9(i) 6.11 :

2a 8 - • 435 0 0

2b 8 .176 0 0 ,- ,,
2c 8 - 4.86 0 4.43

2d 8 3.63 0 3.47 ,-
1h 8 ,0346 .0984 0 0

1i 8 .00062 .052 0 0

1j 8 .053 1. 76 8.41(e) 1. 66(e)
1. 2(i) 2.93(i)

1k 8 .010 0 2.0 2. 3( e) 1. 94(e)
1.6(i) 2.12(i)

2i 8 - .0859 0 0

2j 8 - 3.1 4 0 3. 14

2k 8 - 2.10 0 2. 1

2h 8 - .215 0 0

lie = external frame
lllli!= internal frame



Table 5.2 Stresses'and bending mOments of the structures

Analy- Column Beam. Axial Infill wall Soil (nodal)ses mOment mOment force stress stressNo. kN-m kN-m (kN)
(kN/m2) (kN/m2)

1a 123.9(e) '654.0(e) - -209.5(i) 105.4(i) 1160.0 (i)
1b 1.96(e) 395.6(e) 283.6(e)

4.764(i) 1.92(i) 481.9(i) 391 • 7( i) -

1c 132.2(e) 736.6(e) 11.06(e)208.4(i) 106.4(i) 1134( U - 17.94(i),
1G 1. 96 ( e) 477:.,,6( e) " 365.1 (e) 12.08(e)4.59(i) 1.92(i) 440.8 (i) 343.6(i) 16.14(i)

1e 1.013(e) 325.9(e) 491.4(e) 11.925(e)2.273(i) 1.007(i) 281.1 (i) 435.5,(1) 16'~1a(i)

"- 460. 4( e)
2a III .3147(i) " !966.'.i) 912.0(i) -

, ----..

'; ,I ,266.2(e) 283.5(e)
2b - .268(i) ~238 (i) :367;6(i) 391 • 6 (i) -

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(i) 13.31(i)

1h 85.98(e) 48.61(e) 318.3(e)
53.18(i) 24.08(i) 814.9(i) - -

1i 1.824(e) .805 ( e) 172.1(e) 153.9(e)
1. 13 (i) .64 (i) 270.7(i) 287.3(i) -

1j 80.08(e) 48.61(e) 331.9(e) 5.49(e)109.9(i) '52.19(i) 758.4(i) - 12.52(i)
1k 1.32(e) .63(e) 195.7(e) 199.8(e) 6.03(e)4.85(i) 2.27(i) 207. 7( i) 216.5 (i) 10. 71 (i)
2h 274.2(e)

.376(i) 1.21(i) 812.5(i) - -
2i 144.1(e) 153.7(e)

.198(i) .28i(i) 269.6(i) 287.1 (i) -
2j 290.4(e) 4.98(e)50.35(i) 18.79(i) 752.2(i) - 12.32(i)
2k 190.6 (e) 200.0 (e) 5.85(e)3.09(i) 1.65(i) 203.2(i) 216.9(i) 10.426(i)



three dimensional structure-soil interaction analySis /.

with facilities for crack propagation has proven to

6.1'CONCLUSIONS

,
i.

/Orthotropic

due to infill walls is less when the contribution

structure sway significantly both in fixed base and
Iinteraction analyses. However, the reduction in sway

action analysis. The actual contribution of infill

of the underlying soil is accounted for by an inter-

walls in increasing the lateral stiffness of framed

structures may therefore be less than what is apparent

when the openings were accounted for by the conven-

However, the increase was not found to be significant

from conventional fixed base analyses.

tional approach Of reducing the wall stiffness.

The following are the conclusions that can be drawn

Chapter 6
I

CONCLUSIONS ANu RECOMMENOATIONS FOR FUTURE RESEARCH

I

.".;.be a varsat~'le an~ ,effective tool for investigating
r the phenomenon. of ~nteraction. 'The necessary computer_,

,I; .,' I • .
I \ '

I stora~e and time are not prohibitively extensive.
\
I,
\ . ',

infill walls are found to reduce the

from the present investigation.

(2)

II

,(1)~>:. The general finite element program for the non-linear

(3) Openings in infill walls increase the structure sway.

:

\
I
I
I



(4) Orthotropic wall infills reduce the absolute vertical

(7) Structure sway, displacement and differential displace_

I,
Influen,ce

the lateral stiffness

I
!~!

infil1s increaseOrthotropic

sway.,

of the structure with T-plan configuration in a more .'

effective way than they increase the stiffness of
rectangular plan structure.

~of"p'oints on the" structure, but the reduction ,in these

displacements is less pronounced than the reduction in

i'

of wall infills on the displacement itself is mOre
i '_' .

significant than that,on the differential displacement.

ment all are influenced by the underlying soil strata

included in an interaction analysis. However,

100

increasing soil depths do not proportionately

increase these deformations due to the diminishing

values of strains at greater soil depths. Thus for

displacements as well as relative vertical displacements

a reasonable interaction analysis the extent of soil

to be included in the mesh need not be very largs~

to the structural stiffness, help to distribute the

, '-, ,

I', ,\', " ,
Orthotropic,infills\reduce the displacem~ntof~'I ' ~,\ ,'" ,

~the :taft to a lesser degree than the sway.
. \ I

raft deformation more uniforml,.

"~\\
( 6) ,

, (5) i

(8) Orthotropic wall infills, due to their contribution



(11) Maximum vertical soil pressure occurred under the edges

/

/

interior frames was unique for
" ---.

under the e~terior_and
I •

I ,
the T-plan/structu~e.

I \,

101

as opposed to isolated column footings.

dUe to the stiffness of a continuous raft foundation

manner, while interactive analyses change these mOments
i

only negligibly. The lack of inf.luence of the under-

lying soil on the bending mOments is considered to'be

pressure with depth was less pronounced than a

,
the former co~clusion may change completely if the !di-I

IS~I~ce~ents Jnder the exterior columns of the internal

frame are considered. This differential behaviour

Boussinesq type distribution and the pressure became

plan structure.
almost uniform at depths below 3.5 m for the rectangular

of the raft in the leeward side. The variation of this
- .

In the T-plan stru~ture, the wall infills reduce

displacement but-increase differential displacement under

internal tolumns o~ an internal frame constitut{n~

the flange. While_,u,nd~ran external web _fram~~ th~J~~~P-
~acement is increased and thB differential displacementI . .-- r _. - '" - .• _ _ ' __

is reduced by the presence of wall infills; However,

(9)

\
1--

\
(10)- Orthotropic infill walls are found to reduce the- f

/,
column and beam bendinci moments in a very signific~nt,



---_.of the wind load

\
I
I

.\
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The presence of wall infills in the SUperstructure

in general helps to di~tribute the vertical soil

pressure mOre uniformly in the horizontal direction.

Immediately below the raft the stress a for bare
y

structure exceeds that for infilled structure. On

the other hand a fOr infilled structure ~~ more thany

for bare structure outside the extent of the raft.

Thus maximum intensity of a is reduced due to wall
y

infills.

j i
(13)\. The influence on soil pressure a

~ i y
. acting On T-plan structure is less pronounced compared- , .I. .,
-to that o~ rectangul'ar structure. This is considered

to be due to the increase~ lateral stiffness of the
former.

(14) Strains in the soil at shallow 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 gradient with

depth is steeper than the stress gradient. This gOes

to explain why it is not necessary tOinc.lude a great
depth of soil in an interaction analysis.

(15) Orthotropic wall infills due to thei, contribution

to the st~ucture stiffness help reduce the fo~mation
and propagation of cracks in the SOil.

/
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6;2 RECOMMENDATIONS FOR FUTURE RESEARCH,

Following recommendations can be made to fUrther
develop the present research work:

(1) The generality;of the finite element program developed

hete will permit to analyse various other structure_

soil interacti~n problems besides tHose considered
J /

in this work.! These may include buried structures,
culverts, tunnels etc.

The analyses performed in this work were based. on--~ .
.'

, the assump~ion that' the orthotropic wall infills I
:were in perfect fit 'with the' frame panels. Lack Of!

fit of the infill is a practical problem which may

be tackled with some modification in the present work.

(3) The pOSsible development of cracks within infill

walls at wall frame boundary was not accounted for

in this work. This aspect of infilled frame behaviour

can be taken into consideration in future research.
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'ends Of the member with

"

PO~Sible m~mber'forces and mOments are shOwn in Fig. (A1.1c).

and three.~otations as shown in Fig. (A1.1b). The eight.. .'

Icentroid Of the sectiOn with the shear centre are taken care

Each end rif the member can haVe all three translations

ends Of the member while A and B are the actual centroids

Appendix
. /

THE FINITE ELEMENTS,

A1.1' SPACE FRAME MEMBER ELEMENT

of. In Fig. (A1.2a) i and j are the jOints Specified at the

The element is shown in Fig!.(A1.1) in which the

direction of, the p-axis .is always. from end,1 to end 2.,'

These are the' ax~al fOrce Pa' two she~r forces SR and SO'. . i
torque T and the/moments at the two ends about q and r axes. '\ I '. .

\} I ~ -...

Moi. M02' MR1 and MR2• ~ / . \
' " i I !
~ The irregularitieJ due tot~e~on-coincidence of the

• ! /" ~
~he Specified joints and that of the

direction Of the ends A and B frOm the jOints i and j

of the end sections. PCA and PCB are the distances in p

directions Of the member axis AB frOm the line ij. OS and

respectively. OC and RC are the Offsets in the q and the r

,
between the centroid G and the shear centre C Of the member

RS in the figure are the distances in q and r directions

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
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three translations and two rotations as shown in.Fig.(A1.3b) •.

.':l., .• "
'r l!.

---.

.. -,.'~.

displacements or as a bending element

-'" ;,'

. r

i
!
!
I,

f
I
I

...

out of planefreedom~ w, 8p and 8 are formulated separately •
.q

either as ~ plane element by suppre~The'element can be used
I

ssing the out of plane

The in-plane rotation of the nodes about the r axis is

suppressed. The in-plane displaceme~ts u and v and the

by allowing these.
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