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Abstract

Expansive soils are clays which undergo large shrinkage and swelling movements as a

result of changes in subsoil moisture. Previous methods for the design of footing systems

to minimise distortion and cracking in buildings constructed on expansive soils have been

based on idealised mathematical models. These models inherently simplify the complex

nature of expansive soil behaviour. An alternative probabilistic design approach, based on

data derived from many built and tested footings is proposed, and has a number of

significant advantages over traditional deterministic methods.

Relevant data required for this project were obtained from six local councils within the

Adelaide metropolitan area. These dala include: current owner's name and address;

building type; raft footing details and engineer's soil classification and borehole details-

The probabilistic approach enables the level of risk associated with each individual design

to be quantified, whereas the current deterministic design methods give no indication of the

associated risk. A probabilistic approach enables the design engineer and the client to

make informed decisions regarding the desired level of risk and the economic cost, which

is likely to reduce the possibility of future litigation. This thesis focuses on stiffened raft

foorings built on Slightly (S), Moderately (M) and Highly (H) expansive sites as defined by

the Australian standard for the design of residential foundations, 452870.1-1988 (Standard

Associations of Australia, 1 988a).

A series of design charts are developed which relate crack widths, and associated

probabilities of exceedence to standard raft footing. It has been found that the probabilistic

design approach, while not intended to replace existing deterministic methods, provides a

-t
q!

,f

'l

! xil



Abstract xlll

valuable design tool. The technique enables the designer and client to make rational

decisions based on probabilities of cracking and associated costs of footing construction.
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l{otation

Throughout the thesis, the following terms refer to the definitions presented below.
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Chapter One

Introduction

1..1 INTRODUCTION

Damage to structures, which are built on soils which shrink and swell with change in the

sub-soil moisture, is a problem that is not uncommon throughout the world. These soils are

known as expansive soils. An increase in soil moisture causes swelling of the clay,

whereas a decrease in moisture, causes shrinkage, both of which result in vertical

movements of the soil layers. Furthermore, the movements are accompanied by strong

uplift forces which can cause damage to structures. If the foundation movements are

uniform throughout the building, clistortion of the building is not affected. However, due

to variation of the soil profile or soil moisture over small lateral distances, differential

movements occur, which can compound footing performance.

This expansive soil problem is not only a concern for engineers and home owners of

Australia, but also for people throughout the world. According to relatively recent studies

in the United States, it is estimated that damage losses to man-made structures, due to

expansive soil related movements, is about $7000 million annually (Krohn and Slosson,

1980). These damage losses are greater than those from the sum of all natural catastrophes

such as earthquakes, cyclones and landslides.

1
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Introduction

This problem is also very common throughout various parts of Australia, particularly

Adetaide. In South Australia, considerable sums of money are spent on the repair of

structures damaged by expansive soil movements. Even though stringent local government

regulations are enforced in South Australia, some of the structures built on expansive soil

still undergo distortion and cracking within the first few years of construction. This

distress can be tolerated if it falls within the acceptable limits as specified by the relevant

Australian standards for residential footing construction, 452870.1-1988 and A5287O2-

' IggO (Standards Association of Australia, 1988a and 1990).

The majority of houses which are built on expansive soils in Australia, ate either based on

the Mitchell (1979) or Walsh (1984) methods. These techniques utilise highly idealised

two-dimensional and deterministic models to describe soil-footing interaction' E¡¡en

though these procedures are very useful for the design of residential footings, inherent

uncertainties in the methods may sometimes lead to unsatisfactory footing designs-, An

. alternative and, perhaps more logical, course of action, under these circumstances, ts to

, 
revert to an empirically-based, probabilistic design technique. ,

I.2 AIMS AND SCOPB OF THE STUDY

This research aims to investigate the effects of expansive soils on residential footings and

to produce probabilistic design charts based on a survey conducted in different regions of

metropolitan Adelaide. The probabilistic method provides the design engineer with some

guidance to the level of risk associated with the design process. Furthermore, this

technique aims to provide a more realistic approach to the footing design by incorporating

the behaviour of actual footings tested under a variety of site conditions. This study

extends the work originally proposed by Kay and Mitchell (1990) and, in the process, seeks

to eliminate the following limitations that existed in their research:

The data required for the study was confined to only one local council area, thus

limiting the number soil tYPes;

Due to time constraints and other reasons, the survey was restricted only to the exterior

of the dwellings.
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Chapter l. Introduction

In this study, a survey was ca¡ried out in six different local council areas of metropolitan

Adelaide, thereby incorporating a number of different soil types. The six different councils

selected were

. Campbelltown;

o Enfield;

. HapPY ValleY;

¡ Marion;

¡ Prospect; and

. Tea Tree Gully

This study focuses on the design of raft foundations built on slightly, moderately and

highly expansive sites as given by 452870.1-1988 (Standards Association of Australia,

1988a). Visual inspections were carried out for the exterior as well as the interior of the

dwellings.

1..3 THESIS LAYOUT

This thesis has been undertaken with the aim of producing probabilistic design models for

residential footings built on expansive soil. Chapter 2 deals with the literature review

dealing with recent developments in the field of expansive soil engineering. In addition,

footing types, superstructure and current design practices are discussed as background,

which is extended in later chapters.

Chapter 3 describes the compilation of the data which was carried out in two stages over a

period of 1g months. The first stage involved the compilation of data from the six different

local councils. The second stage involved the visual inspection of those houses who

responded to a questionnaire inviting the owners to participate. The resulting information

was then stored in a database specif,rcally developed using MS Access 1'1@ software. In

addition, this chapter discusses and compares various databases developed by a number of

other researchers in geotechnical engineering'

J
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In Chapter 4, analyses are discussed which are based on the methodology proposed by Kay

and Mitchetl (1990). These analyses have been performed using the data detailed in

Chapter 3 and normalisation and data smoothing operations. [n addition, this chapter

contains various probabilistic design charts developed from the results of these analyses.

In Chapter 5 the probabilistic design charts are compared with footing designs proposed by

the Mitchell Method, as implemented by the program SLOG, and deemed-to comply

designs recommended by 452870.1-1988 (Standards Association of Australia, 1988a)' A

number of different case studies are presented and compared.

Finally, summary and conclusions are presented in Chapter 6, along with areas for future

research.

It should be noted that in mid-1996, the Australian Standard 452870 was updated

(Standards Association of Australia, 1996). While the previous version of this code was

used in this study, the 1996 edition does not contain any modifications that would

significantly affect the results of this research.

4



Chapter Two

Literature Review

2.1, INTRODUCTION

Expansive soils, that is, those which shrink and swell with changes in moisture content, are

a problem encountered throughout the world. Structures built on such soils may undergo

considerable damage. This chapter reviews the progress that has been made in the design

of residential footings built on expansive soil. In addition, this chapter contains essential

background knowledge which will be developed throughout the thesis.

The chapter begins with a discussion of the nature and formation of expansive soils, and

the occurrence of these soils in the metropolitan area of Adelaide, South Australia.

Following this, the chronological development in footing design and the type of

construction used to limit structural distortion is discussed. A critical review of the current

residential footing design practice is presented, in addition to treatment of probabilistic

methods which are gaining wider popularity in the field of geotechnical engineering. The

summary at the end of the chapter provides a justif,rcation for the proposed research.

2.2 EXPANSIVE SOILS

A soil which undergoes some degree of volume change as a result of moisture changes is

termed expansive. Expansive soils are mostly well defined clay layers containing minerals

5



Chapter 2. Literature Review

which react to changes in moisture. The clay particles are plateJike and are extremely fine

grained, having a particle size of generally less than 0.002 mm. For illustrative purposes, if

one imagines a coarse grained sand that is the size of a cricket ball, a clay particle would

then be the size of a pinprick. This section examines the nature and formation of expansive

soils, the different soils of Adelaide, different methods of quantifying the reactivity of soil,

factors which influence the heave, fundamental concepts in expansive soil mechanics and

the Australian standard used to design residential footings.

2.2.1 Nature and Formation of Expansive Soils

Soils are surface deposits formed by the weathering of rocks and sediments. Weathered

mater.ial is transported by wind, water, or downslope movements and redeposited in a

different form, often over great distances. These are known as transported soils and most

of the soils which cause problems for domestic footings in South Australia are in this group

(Selby, 1919).

The three predominant minerals which influence the expansiveness of soils, in order of

increasing reactivity, are:

Kaolinite;

Illite; and

Montmorillonite.

Kaolinite consists of alumina sheets joined to silica sheets by a hydrogen bond- This bond

is relatively strong, and as a result, water is unable to penetrate between the layers giving

kaolinite a relatively stable structure. Hence kaolinite exhibits low expansive behaviour.

In contrast, illite consists of alumina sheets between two silicon sheets resulting in a weak

bond between layers. Here the layers are held together in a strong bond and, as a

consequence, illite exhibits low expansive behaviour, although more expansive than

kaolinite.

6
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Chapter 2. Literature Review

Montmorillite has a similar structure to illite, with the difference being that the basic units

are held together by a weaker bond. As a result, water is able to penetrate easily between

the sheets and causes a separation between the layers resulting in the soil swelling several

times its volume. Thus montmorillonite exhibits more expansive behaviour than kaolinite

and illite.

It follows that the expansiveness of a given soil depends upon the proportion of clay

minerals present in the soil mass. An increase in soil moisture causes swelling of the clay

which results in vertical movements of the soil layers. This vertical movement, which

occurs within the clay mass, is transmitted to the soil surface. Furthermore, the movements

are accompanied by strong uplift forces which can cause damage to structures founded on

them. Foundation movement, if uniform over a building site, does not cause structural

distortion. Differential movements, due to lateral variations of the soil profile or soil

moisture can, on the other hand lead to distress in structures built on such sites.

A common cause of differential movement, often found in Adelaide, is the presence of

gilgais. These gilgais are formed as the result of extreme wet and dry seasons and

frequently show an undulating surface. These undulations are apparently caused by

swelling (heave) caused by moisture changes and have given rise to the local term "Bay of

Biscay Soils". Gilgai undulations commonly have amplitudes from one to two metres and

consist of two types: surface and sub-surface gilgais.

An example of a surface gilgai is shown in Figure 2.I and are developed within the

uniform clay profile of highly reactive soils. Shrinkage of the soil during the dry season

forms fissures, which allow non-reactive soil particles to infill these cavities. During the

wet season moisture penetrates through the fissures causing expansion of the reactive

material, which forces the soil vertically upwards to form a ridge or dome between the

fissures.

Sub-surface gilgai, as shown in Figure 2.2, is a type of formation which is very coûlmon ln

the Adelaide region. They are formed because of the presence of deeper reactive clays in

the soil profile. The mechanism of sub-surface gilgai formation is similar to that of a

surface gilgai formation. Undulations, which are formed at the base of the profile are

7



Chapter 2. Literature Review

transmitted to the surface. Sub-surface gilgais cause particular difficulties for domestic

foundations as the distortion of the soil profile can make superficially conducted site

investigations unreliable.
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2.2.2 Soils of the Adelaide CitY

The soils of the Adelaide region are divided into 12 groups depending upon their genetic

history (Taylor et al., 1974). Each of these groups exhibits a specific soil profile with

recognisable horizons according to its mode of formation. These soil groups are tabulated

in Table 2.1. Some of the expansive soils which are of concern for footing design in South

Australia, are associated with the soil types of black earth (BE); red brown earth, type 3

(RB3); brown soloniseflsoll (BS); andterra rossa (TR). It is necessary to discuss each of

these soil types, as they differ significantly in the magnitudes of their respective

shrink/swell potentials. In addition, these soil types will form part of the database of

footing performance detailed in Chapter 3.

2.2.2.I Black Earth

The Black Earth profiles are found in large areas towards the north of the River Torrens at

Gilles Plains, Modbury and Hope Valley, as well as in small pockets to the east and south

of the city. In Adelaide the Black Eafih group consists of an assemblage of dark coloured

expansive clay soils which show a wide variety of profile characteristics, related to the

origin of the parent material and has been formed on fine grained alluvium subject to slow

drainage and periodic wetness (Taylor et al., 1974). Most of the black earths have high

shrinkage and expansion properties.

A strongly variable feature of black earth profiles is the content of lime and its depth of

occuffence. Due to this irregular and unpredictable occurrence of lime, severe structural

distortion can occur. A black earth profile is normally dark grey to black, in its dry state,

and extremely sticky, very firm and highly plastic when wet. on drying, black earths

develop wide, fissure-like shrinkage cracks, which lead to gilgai, as described previously.

Absorption of water is, at hrst, rapid through the granular surface and passing down

shrinkage cracks until swelling of the wetted clay closes them. In all other regions, expect

in the calcareous horizon the permeability is low. This condition is intensified if surface

drainage around the building allows undue wetness to develop in the calcareous zone. In

sunìmary, the Black Earth profile allows large shrinkage and swelling movements in all

9
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clay horizons and the soil materials generally have high bearing capacity except where

calcareous material is abundant.

Table 2.L Soil types of the Adelaide city. (After Taylor et al., 1974).

2.2.2.2 Red Brown Earth TYPe 3

Red Brown Earths usually occur on smooth, moderate to gentle slopes associated with the

drainage systems of the Torrens and Sturt Rivers, and with the very numerous creek lines

with undefined channels issuing briefly from the escarpment (Taylor et al., 1974).

Aitchison (1956), stated that the most widespread of the shrinkable clay soils occurring in

Adelaide is the Red Brown Earth Type 3 (RB3)-

10

SKSKSkeletal Soils

SWSWSlope Wash

DS2
DSDune Sands DS1

EMSEMSEstuarine Muds and Sands

ALALAlluvial Soils

BSBSBrown Solonized Soils

S2
SSolodic Soils S1

P4

PPodzolic Soils
P3

P2

P1

TRTRTerra Rossa

RZRZRendzina

BEBEBlack Earths

RB9

RBRed Brown Earths

RB8
RB7
RB6

RB5,5A
RB4

RB3,3a,3b
RB2
RB1

Soil Type SymbolGroup SvmbolSoil Group
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The common profile characteristic of RB3, as described by Taylor et al., (1974), arc a

brown or grey-brown, fine sandy or silty surface soil (A horizons) followed by a well

developed, prismatic to angular blocky structure, red-brown clay subsoil (B horizon). The

BCa horizon is usually less than one metre and is browner in colour and variably

calcareous. This horizon usually merges with the parent material (C Horizon). Large

shrinkage and swelling movements occur in the subsoil. The movement in the BCa

horizon is smaller than in the B horizon. Subsequently when there is sufficient moisture

change, large soil movements can also occur at greater depths.

2.2.2.3 Brown Solonised Soil

This type of soil occurs principally on the western side of the Para Fault Block and its

escarpment, from Ingle Farm to South Adelaide. The main spread of the brown solonised

soil is the broad band running down from Para Hills to cover the northern city area and

continuing past the Torrens Valley to the southern margin of the central city block. This

soil varies from a thin layer up to three metres thick, overlying the Keswick and Hindmarsh

Clay in most of the city area (Taylor et al., 1974).

Brown solonised soil is highly calcareous and is primarily derived from windblown

material. The combination of fine and coarse mineral materials, give rise to a wide variety

of soil profiles (Taylor et ai., 1914). The common physical characteristic of these different.

varieties is the zone of lime rich silt and limestone nodules at shallow depth. The soils may

be grey, brown or reddish-brown, and may be loose and powdery or firm. The soft lime

may be dispersed or may occur in pockets. Hard lime occurs as nodules and lumps in a

sandy to clayey matrix, and with the absorption of moisture, this matrix loses its bearing

capacity and has the potential for collapse. Physical properties of the brown solonised soil

are soil horizons which are subject to small shrinkage and swelling movements. Brown

solonised soil frequently overlies clay of highly expansive nature at depths of less than

three metres, and is capable of creating a water table in the overlying highly permeable soil-
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2.2.2.4 Terra Rossa

In this group, the soils are red or red-brown in colour, and are derived from limestone or

other calcareous rocks. Taylor et al. (1914) stated that the depth of these soil is generally

shallow, about 450 mm, and they show little development of profile horizons. Deeper

profiles may grade to Red Brown Earths which are liable to some shrinkage and swelling

movements, as discussed previously. The bearing capacity of those soils and the

underlying weathered rock materials, is usually high. Again, powdery forms of lime, if

present as a layer, tends to reduce the strength of the soil upon wetting.

2.2.3 Fundamental concepts in Expansive soil Mechanics

The fundamental concepts in expansive soil mechanics are classified into three main

components, which are: soil suction; Instability Index and moisture content. A brief

treatment of each of these is given in the following sections.

2.2.3.1 Soil Suction

Soil suction is a measure of a soil's affinity for water. In general, the drier the soil, the

greater is the soil suction. Mitchell, (1979), described that every soil has a property called

its state of total suction or free energy h,,which is a measure of the tendency of the soil to'

undergo a change in moisture content. Thus, total suction, h,, is comprised of two

components as given by Equation (2.1):

T2

(2.r)hr= h,n+ h"

where: h = matrix suction;

= solute suction.

m

h

Matrix suction is a result of the surface tension of the water "drawing" moisture into the

void channels of the soil matrix. Solute suction is due to the osmotic potential of the soil

which is dependent on the pfesence of dissolved salts within the soil.
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Mitchell (1979) stated that, when the soil is drier, the matrix suction is higher since the

capillary tension is greater, and solute suction is higher since the concentration of dissolved

salts is greater. Conversely, when the soil is wetter, the state of soil suction is lower.

However, due to the solute suction component, a soil which is very wet may still have a

high total suction.

Soil suction are often measured in logarithmic units, pF, because of the high values

encountered, and are given by Equation (2.2):

u =log* (h) (2.2)

where: = suction (pF),

= suction (cm).

Thus, the flow of moisture through a soil mass is governed by the suction gradient within

the soil profile, with moisture travelling from regions of low suction to regions of high

suction. The total suction, h,, can be determined by measuring the magnitude of relative

humidity, RH, of the enclosed air surrounding a soil sample from Equation (2.3).

u

h

(2.3)

where: h, = total soil suction;

R = universal gas constant (0.08207: )"c'

T = temperature ("K );

M = molecular weight water (18.02 g/mol);

RH = relative humidity.

When the state of suction is measured at intervals of depth down the soil profile, the

resulting relation between suction and depth is termed the suction profile. Since the state

of suction is dependent on the state of moisture, the suction profile will tend towards

h, = 4{n{nn)

t
ú
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equilibrium with a moisture source either at the boundaries or within the soil mass. An

example of a suction profile, typical of a semi-arid climate, is shown in Figure 2.3.

Suction ftf)
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Figure 2.3 Typical soil suction profile for semi-arid climate.

Gener.ally, it will be convenient to express the suction change as decreasing linearly with

depth. As a consequence, the suction profile is generally modified as shown in Figure 2.4'
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Figure 2.4 ModifÏed suction profÏle.
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Soil suction can be easily measured by pressure and suction plates, vacuum desiccators,

psychrometers or calibrated filter papers (Peter, 1979; McKeen, 1980; Wray, 1984)'

2.2.3.2 Moisture Characteristic

The relationship between moisture content and suction is termed the moisture

characteristic, c, and is defined as the ratio of change in moisture content, Áw, to the

change in soil suction, Lu, and is shown in Equation (2.4).

Lw (2.4)
Lu

The moisture characteristic is often expressed in the units of pF

It has been found that the same value of soil suction leads to different values of moisture

content in soils of different textures (Mitchell, 1984). According to Morris and Gray

(1976), ihe more clayey the soil, the higher the value of its moisture content at a gtven

suction. When soils are wetted and dried, considerable hysteresis occurs in the moisture

content - suction relationship. Croney (1952) subsequently observed that this hysteresis is

smaller for clay than it is for sand. For all practical pu{poses, the value of c can be taken as

a constant defining both the wetting and drying behaviour of the soil'

2.2.3.3 InstabilitYlndex

The Instability Index, 1r,, is the ratio of vertical strain to suction change. This 1r, value has

been experimentally observed by Aitchison and Woodburn (1969), Aitchison (1970), and

Lytton and V/oodburn (1973). The 1o, is equivalent to ttre suction index used by Snethen

(1980) and Johnso n (1979), or the suction compression index used by McKeen and

Hamberg (1981).

The limitatio¡s of this simplified procedure have been summarised by

Richards et al, (1984) as follows:

j

[i

i

f
I

;

I
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o it assumes that 1o, is linear over the possible range of soil suction and soil stress;

. it ignores stress and rnoisture paths, including hysteresis;

. it ignores solute effects particularly over long periods of time;

o it ignores in situ soil conditions, such as fissures, lateral stresses and long term and

large scale effects.

Despite these limitations reasonable results can be achieved provided that some care and

judgement are exercised. However, Cameron (1989) described that like other soil

mechanics properties, an approximate constant value for 1,, can be determined.

. Core shrinkage test;

. Loaded shrinkage test; and

. Shrink Swell test.

Details about the tests could be found in various sources (e.g. Cameron, 1989;

ASZB7O.2-1990). Of the above three tests the most reliable test is the shrink swell test.

According to Cameron (1989) this is true since this test does not require suction

measurement. Cameron (1989) also observed that core shrinkage test is the least reliable

test, since this test requires determination of the moisture characteristic.

In addition to the three tests listed above an alternative method for the determination of Ir,

has been suggested by Mitchell and Avalle (1984), which uses the correlation between

plasticity Index (PI) and Instability Index. Figure 2.5 shows the results of 80 samples from

18 sites in South Australia, and three samples from Victoria. In each case the Atterberg

limits and pedological classifications of each of the soil profiles have been obtained in an

attempt to develop a relationship between PI and Ior

It can be seen from the Figure 2.5 that considerable scatter exists in the relationship

between Ir, and PI. However in general, the higher the plasticity index, the higher the Inr

Furthermore, observed scatter was reduced, when the samples were grouped according to

pedological classification. This implies, that once the soil has been pedologically

Commonly, three soil tests are used to measure 1,,,:

_t
Itt

:

I

!
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classified, it is possible to estimate the Ir, by means of the PI. Since the PI can be

determined reasonably well using the standard field identification toughness test, it is also

possible to estimate Ir,viathe relationship suggested by Mitchell and Avalle (1984). This

estimation procedure is known as the visual-tactile method. It involves visual and manual

inspection of the soil and is very much dependent on the experience of the assessor. The

method is widely used in South Australia for the estimation of 1r,.
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2.2.3.4 Modes of Distress Due to Soit Movement in Super Structure

As soil under a building swells and shrinks relative to surrounding soil, doming and

dishing develops in the footing. This doming and dishing of the foundation soil and

footing, although it may be only few millimetres, causes the distortion in super structure.

When the moisture state in the subsoil under structure is variable across the structure, a

differential soil movement occurs. Due to these differential soil movements, two modes of

distortion which are relevant to this project have been identified.

When the soil moisture content at the perimeter of the structure is greater than that in the

interior, footing will be deformed into a sagged shape. This mode of distortion is subjected

to a condition of edge heave. On the contrary when the soil moisture content at the

perimeter of the structure is less than that at the interior, footing will be deformed into a

hogged shape. This mode of distortion is subjected to a condition of centre heave. Two

modes of distortion are shown in Figures 2.6 and2.7 -

Two modes of distortion are easily differentiated by their crack pattern. The crack pattern

of the edge heave will be always wider at the bottom and narrower at the top.

Alternatively, crack pattern of the centre heave will be always narrower at the bottom and

wider at the top. If the structure is of insufficient flexibility making it unable to

accommodate the footing distortion arising from these differential soil movements, the

structure will be affected. This is usually evident by the development of cracks in the walls

of the structure, and the distortion of internal fittings, which can be of a magnitude large

enough to make the occupancy of the structure aesthetically unsatisfactory and physically

inconvenient. The potential causes for these distortions are:

. Effects of vegetation;

. Poor drainage;

. Extreme dry or wet conditions; and

. Poor irrigation practices.
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2.2.4 Methods Used to Quantify the Reactivity of Soils

As mentioned before, volume changes or heave, in soils are caused by changes in the soil

moisture content. This is generally the case in expansive soils. This volume change may

be the result of either natural or man-made influences. Experience has clearly

demonstrated that more substantial foundations are required at sites where high seasonal

heaves occur. The majority of techniques used to design foundations for lightly loaded

structures require an estimate of the seasonal heave at the site.

Since the 1950s researchers have endeavoured to develop reliable seasonal heave

prediction methods which are similar to those used for clay settlement calculations. These

methods can be classified into following four types:

. Empirical;

. Semi-empirical;

. Consolidometer technique; and

. Mathematical moisture flow model

A brief treatment of each of these is given in the following sections.

2.2.4.L Ernpirical Mehods

The main parameter involved in the prediction of heave from an empirical approach is the

assessment of swell potential; usually given the qualitative states of low, medium or high'

The prediction of heave is made by multiplying the appropriate potential heave strain by

the layer thickness and by the depth reduction factor, and summing each of the layer

components to determine the total seasonal heave (Holland and Cameron, 1981).

Seed et al. (1962) assessed the swell potential as the percentage swell of a laterally

confined sample which had been soaked under a surcharge of 7 kPa after compaction to its

maximnm standard density at its optimum moisture content. The authors then proposed an

empirical relation between swell potential, soil activity and clay content. This relationship

is shown in Equation (2.5).
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S, = 0.000036 A244 C'44 (2.s)

where: = swell potential;

= soil activity;

= clay content.

Van der Merwe (1964) used a similar approach to Seed et al. (1962) but instead of swell

potential he has used plastic index, clay content and activity to predict the heave potential.

Ranganathan and Satyanarayana (1965) argued that the logical parameter for assessing

swell potential is the shrinkage index of the soil. The authors then proposed a relationship

between swell potential and clay content and it is shown in Equation (2.6).

s/

A

C

Sn=KC' (2.6)

where: = swell potential;

= constant;

- clay content;

= constant.

Holland and Cameron (1981) found that swell potential is a poor predictor of heave and

should only be used to indicate the likely degree of heave potential. In addition, Holland

and Cameron (1981) found that the site climate, environmental influences and unsaturated

effective stresses are ignored while assessing the swell potential.

2.2.4.2 Semi-EmPirical Methods

Semi-empirical methods are based on generalised heave/swell pressure curves derived from

a series of laboratory tests. Such an approach was first presented by McDowell (1956) and

were based on tests performed on clay samples remoulded at various combinations of

moisture and density. He then derived the generalised form of heave/swell pressure curves,

sP

K

C
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shown in Figure 2.8. These pressure curves were characterised by the magnitude of

volumetric heave, AVs, experienced by a representative clay sample under free swell

conditions. To enable evaluation of AVo, he then suggested empirical correlations between

it and shrinkage limit, sh-rinkage ratio and moisture content.

The basic assumption of this method is that it is universally applicable to all soils under

conditions. V/ith the help of the heave curve, direct readings are made of clay

expansion to saturation under a vertical restraining pressure. He also assumed that linear

strain is approximately equal to 33 percent of the volumetric strain. Subsequently, seasonal

heave is calculated by summing the incremental movements throughout the soil profile.

s
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Figure 2.8 Heave/swell pressure curves. (After McDowell, 1956).

2.2.4.3 ConsolidometerTechnique

The consolidometer technique can be achieved by using either a direct or an indirect

approach. The US Army Corps of Engineers (1961) used the direct method to predict the

seasonal heave. Their approach requires undisturbed samples to be taken, when the soil

profile is in its driest state. The samples are then placed in the consolidometer and allowed

to swell to saturation under a vertical applied pressure which is equivalent to in situ

overburden pressures.
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Jennings and Knight (1957) introduced an effective stress approach which accounted for

the influence of soil suction on the vertical stress. The method proposecl by Jennings and

Knight (1957) involves the following steps:

The in situ soil conditions are represented on the "adjusted natural moisture

content (NMC) curve", as shown in Figure 2.9'

Appi ied Pressure
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f' Po-P"f * ÁP

-P"f * ôP

Point I
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Figure 2.9 Adjusted natural moisture content curve.

(After Jennings and Knight,1957)-

Ot¡ = Po - P¡+ LP (2.7)

where: ol = effective Pressure;

Po = overburden Pressure;

p; = negative pressure, which results from the sample being wetted to

near saturation;

Lp - applied load.

The effective pressure may be approximated using the Equation (2.1).

The fin¿rl void ratio e, is read from the saturated consolidation curve at the pressure, 6r, .

2

J
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The difference, Le, between e" (in situ void ratio) and e,is then determined.

Finally, the seasonal heave, Nt,is determined by using Equation (2.8):

4.

5

24

(2.8)m=irfti,u,

where:

In contrast, Clisby (1963) preferred to use an indirect consolidometer technique and he

considered only total stresses in estimating the seasonal heave. From a series of tests he

found that the swell curve of a soil can be def,rned by the e-Iog@) curve obtained from the

progressive unloading of the swell pressure, ps. An undisturbed sample is placed in a

consolidometer and preloaded to restore the original lowest in situ void ratio, eo. The

sample is then flooded and allowed to swell for 24 hours, after which time a consolidation-

rebound test is performed. The graphical representation of the consolidation test is shown

in Figure 2.10.

It is evident from the figure that the consolidation curve is commenced at an overburden

pressure po, ata point A. A straight line through A, parallel to the rebound curve is drawn,

which represents the swell curve of the sample. Where this line intersects the in situ void

ratio, eo, at point B, the corresponding pressure represents the "no volume change

pressure", p". The seasonal heave is then estimated using the Equation (2.8)'

The major disadvantage of this technique is its extremely long testing period, which makes

Lh

Le

e-

H¡

N

= seasonal heave;

= change in void ratio between the pressures;

= in situ void ratio;

= thickness of the ith soil layer;

= total number of soil layers contributing to the vertical heave.

it both tedious and costlY to use.
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Figure 2.L0 Graphical representation of consolidation test. (After Clßby,1963).

2.2.4.4 Mathematical Moisture Flow Models

In this approach the prediction is based on solving an unsaturated diffusion equation using

mathematical principles. Richards and Chan (1971) solved the diffusion equation by a

finite difference technique. By entering the initial suction, end boundary conditions and the

soil permeability constants, they determined the soil suction profile. Heave values were

then estímated by converting suction profiles into moisture contents using experimentally

determined relationships for each clay type encountered. Finally the vertical heave, Lh,

was estimated by means of Equation (2.9):

Void
Ratio

LIrí

= vertical seasonal heave;

= seasonally wettest moisture content (7o);

= seasonally driest moisture content (Vo);

= specif,rc gravity of solids;

= thickness of the ith soil layer.

N,=åå[ 
]

(2.e)

where Ah

ww

W¿

G"

NI¡



Chapter 2. Literature Review

Equation (2.9) assurnes that the linear strain is one third of the volumetric strain and the

soil voids are filled with water, and is valid for only saturated and quasi-saturated soil

moisture conditions. While using Equation (2.9) lor unsaturated soil conditions such as

high suctions or low moisture content, significant error may be introduced. This is the

major limitation of this method.

Later Richards (1973a, b, c; 1974) developed a finite element approach to solve

unsarurated soil conditions. A similar approach was adopted by Lytton and Watt (1970) to

solve the diffusion equation by using suction as a moisture variable and again assuming

linear heave to be one third of the volumetric heave. The major limitation of their

approach is that the critical correlation between specific water volume and total specific

volume has been formulated on the basis of the behaviour of a very limited number of clays

(Holland and Camron, 1981).

Johnson and Desai (Ig75) developed a similar technique which involved solving the

unsaturated diffusion equation using suction as the moisture variable, but employed a finite

difference technique. Suctions were converted into moisture contents using an empirical

relationship chart developed by Black (1962), and shown in Figure 2. 1 1. Then the surface

heave was estimated by a technique which involvecl the approximations of both

McDowell's and Lytton and'Watt's approaches.

SÌ=-a\\\
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l.t.Þ{ñ\x\\.\l

\\N\\'
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Figure 2.1L Relationship between soil suction and moisture content.

(After Blnck,1962).
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2.2.4.5 Summary

The major conclusions given by Holland and Cameron (1981) relating to these general

heave prediction methods are as follows:

The empirical and semi-empirical methods of heave prediction, which are generally

based on clay soils, are of little value;

Consolidometer methods, employing full sample saturation, do not accurately model

the real seasonal moisture conditions and tend to over estimate heave, unless the

necessary undisturbed clay samples are taken during the seasonally driest time- More

accurato values can be determined using more complex methods based on the Modified

Oedometer technique (Peter, 1979). The major disadvantage of this method is its high

relative cost; and

The simple mathematical moisture flow model of Richards (1967) and expressed in

Equation (2.10) considers both soil prof,rle and annual extremes of soil moisture. It is

presently the most satisfactory method of heave prediction for design purposes.

a

sH: +> (2.10)

= Seâsonâl soil heave of the soil layers with individual thickness of Â11;

= seasonally wettest moisture content;

= seasonally driest moisture content;

= soil specific gravity.

^r",,1ffif*
where: SH

w

w¿

G

w

However, Equation (2.10) does not take into account the effects of the applied loads on the

soil thus this method may be more realistic, if it is used for relative shailow soil profiles.

Another method which is gaining greater popularity in predicting soil movement is based

on the concept of soil suction (Mitchell, 1980). Predictive techniques using soil suction

appear to be more reliable because they account for many of the fundamental concepts

associated with the behaviour of expansive soil. Central to this method is the Instability
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Index, 1,,,, discussed previously in Ë2.2.3.3, is defined as the ratio of vertical strain en to the

suction change, Âø. Thus:

In, (2.rt)

Since

AL (2.r2)ev
L

combining and rearranging Equations (2.1 1) and (2'I2), yields

AL I Lu. L (2.r3)

28

ey

Lu

pt

Thus the total ver[ical surface displacemert, .],, of the soil profile is the sum of the

displacements of the individual soil layers undergoing a suction change Lu.

Hence

Lu,L, (2.14)

where: Ip,, = instability Index of layer' i;

Lu, = total suction change over layer, l;

Li = thickness of soil laYet, i.

2.2.5 Factors Which Influence Heave

The main factors which influence the magnitude of seasonal heave can be divided into two

broad categories:

Geotechnical characteristics and site conditions; and

Environmental influences.

The environmental influences are further classified into natural effects such as tree root

activity and normal seasonal effects, and human influences such as garden watering,

t' =LI 
"'

a
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leaking underground water services and deficient stormwater drainage system. This

section briefly discusses each of the factors which affect heave.

Type and Amount of ClaY

The major factors which govern the potential for volume change are: the

composition of the clay minerals present within the soil mass; its surface chemistry;

the fabric of a particular clay; and the salt concentration. Holland and

Cameron (1981) stated that, for engineering purposes, the type of clay mineral

present in a soil mass is indirectly determined by the use of standard soil index

tests, such as linear shrinkage or plasticity index tests and are often empirically

related to heave.

Soil Profile

The thickness and location of potentially expansive clay layers in the soil profile

considerably influences the seasonal heave. If the expansive clay is overlain by a

layer of non-expansive topsoil, or overlies bedrock at a shallow depth, the swelling

of the clay will be greatly reduced (Holland and Cameron, 1981)'

a Climate

Generally, expansive soils will only shrink swell and if the prevailing climatic

conditions lead to significant seasonal wetting and drying. As a result, seasonal

heave will be greater in semi-arid climates where short wet and long dry periods

lead to substantial moisture changes in the soil.

a Moisture Variations

Since heave is directly related to suction changes within the subsurface profile, any

mechanisms which affect the subsoil moisture regime will consequently influence

the heave. Such mechanisms include:
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. Site drainage;

. Leaking services, such as water mains, sewer and storm water drainage

pipes; and

. Irrigation practices which cause an excess, or a deficiency, in the subsoil

reglme.

Tree Root Activities

Trees have the ability to dry out soils within the zone of influence of their lateral

root system (Ward, 1948; Hammer and Thompson, 1966; Burn and Penner, I915)'

It is commonly accepted that trees may dry clay soils via their root system at lateral

distances of up to one and a half times the tree height if planted in line or in a group

(Holland, 19S1). Thus, drying out of the soil in the vicinity of vegetation alters the

pattern of seasonal movements by extending the drying cycle. The extent of

desiccation is controlled by the type of vegetation, the location and distribution of

the vegetation, and finally, the stage of vegetative growth and its possible

concurïence with drought conditions. Even grass, by itself, has been shown to

extend the drying cycle of some soils (Russam and Dagg, 1965)'

Apart from the above factors other in situ phenomena which influence the seasonal heave

to a lesser extent are dry density, stress histoty, particle orientation, magnitude of

horizontal soil stresses and permeability.

2.2.6 Standard for the Design of Residential Foundations on

Expansive Soils

ln response to requirements by the geotechnical and structural engineering profession,

Standard Australia published the "Residential Slabs and Footings" code of practice:

AS2g70.1-19gg and ASzgTo.z-1990 (Standard Association of Australia, 1988a and 1990).

The standard bases footing design on a site classification, which is, in turn, based on the

free surface movement, y,,. The value of y" is a site characteristic and is the amount of total
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movement at the surface due to moisture variations from the design dry state to the design

wet state. These design conditions may include considerations of the influence of the

house and a reasonable garden on the site, as well as seasonal and climatic influences-

Due to the variation of climatic and other environmental influences the standard uses a

statistical definition of y"; that is, the value that has a 57o chance of being exceeded in the

life of the house (taken as 50 years). While determining free surface movement, the effects

of trees, man made effects such as galden watering, leaking underground water services

and deficient storm water drainage system are not considered.

452870.1-1988 (Standard Association of Australia, 1988a) recoÍlmends one or more of

the following methods while classifying a site:

1. A site can be assessed in accordance with Table 2.I of 4S2870.i-1988 (Standard

Association of Australia, 1988a) and are reproduced in'lable 2.2. Visual assessment

and interpretation of existing masonry building walls on light strip footings which

have existed for no less than 15 years in a similar soil is the main criteria for this

method.

Table2.2 Simple classification of sites. (After 452870-1988).

EOften Category 3 or more severe damage and area is usually

well known for damage to houses and structures

HOften Category I and2 with occasional examples of Category 3
or more severe

MOften 1 but 2

SRare 0or1
Site ClassiflrcationCharacteristic Performance of

Z. Sites may be classified on the basis of the strength of the soil. The strength of the soil

can be estimated using either penetrometers or from the simple field rules given in

Table CZJ of the 452870-1988a (Standard Association of Australia, 1988) and is

reproduced in Table 2.3. However, this method may not be suitable for sites having

highly variable soil types.
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Tabte 2.3 General summary of the site classification. (After 452870-1988).

EDeep cracks occur in groundExtremely Reactive Clays

Moderate to Highly
Reactive Clays

MorHDeeper and more plastic
SShallow and less plasticSlightly Reactive Clays

S,M,H,EorPSoft clay or silt
Silts and Clays PVery soft clay or silt

A,SorPLoose sand
Sand or Gravel AMedium dense sand or gravel

AStrongly cemented sand or gravelRock

ClassificationPhysical CharacteristicsSoil Type

3. A site can also be classified on the basis of the predicted surface movement, y".

A52870.2-1990 (Standard Association of Australia, 1990) recommends that the

method of calculation of y" be based on the Instability Index and soil suction. The

Instability Index can be estirnated using any of the methods described previously in

Ë2.2.3.3,whereas the soil suction is estimated using the appropriate values given Table

2.4. For the purpose of designs, the site classifications are related to the calculation of

y" is shown in Table 2.5.

Table2.4 Wet and dry extremes for soil suction at different locations.

(After L5287 0.2'1990).

3.01.5Albury

1.5t.2Brisbane

2.01.5Hunter Valley

1.51.5Sydney

2.01.2Melboume

4.0t.2Adelaide

Depth II (m)Change in suction 
^z 

(pF)Location
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Table 2.5 Site classiflrcation. (After 452870.1'1988).

Extremely reactiveEv">70
Highly reactiveH4O<y" < 7O

Moderately reactiveMZO<y.< 40

Stightly reactiveSv"< 20

FoundationClassSurface Movement (mm)

For South Australia extremely reactive sites are further sub-divided into:

. El = Extremely reactive 1 where 70 mm < y" < 100 mm

. E2 = Extremely reactive 2where y"> 100 mm

2.2.7 Standard for Footing Design

The footing systems shall be designed in accordance with either of Sections 3, 4 and 5 of

A52870.1-1988 (Standard Association of Australia 1988a) for expansive soil sites,

classified as described in the preceding sections. Design of footing systems on slightly

reactive sites shall comply with Section 3 of the standard, while the Section 4 concentrates

on moderately and highly reactive sites, and Section 5 relates to extremely reactive sites-

AS 2870.1-1988 (Standard Association of Australia 1988a) points out that the Section 5

applies to the region where there is well established local knowledge of Class E sites, deep

clays and semi-arid climate and have significant effect on building. These regions include

Adelaide and its environs.

As a guide a stiffened laft footing system for a reactive site can be designed either of the

two ways. These approaches are refened to as, deemed-to-comply standard footing system

design and, design by engineering principl¿s. The former method is based on an empirical

approach that consists of selecting the depths of stiffening beams for the raft directly from

the Figure 5.1 of the 452870.1-1988 (Standards Association of Australia 1988a). These

are reproduced in Figure 2.12 and showing depth and reinforcement details. Selection of

depths of stiffening beams are made on the basis of house flexibility and site reactivity.
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Any internal wall

100

>50 >50
400

(a) A¡ticulated brick veneer (b) All internal beams (c) futiculated solid brick

Edge beam

All dimensions in mm
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D

300300

4.04-Y163-Y161000ABV

4.O3-Y163-Y16800Clad frame
Class E2 site

4.03-Y163-Y16800ABV

4.02-Y162-Y16625Clad frame

Class EI site

4.0 (edee bearn)4-Y164-Yt6800ASB

4.0 (internal beam)3-Y163-Y16800ASB

4.03-Y123-Y12500ABV

4.53-Y122-Y12500Clad frame
Class H site

4.0 (edee beam)3-Y163-Y16625ASB

4.0 (internal beam)2-Yt62-Y12625ASB

4.O3-Y122-Y12400ABV
6.03-Y122-YL2400Clad frame

Class M Site

Beam Spacing (m)

BottomTop
Beam

Depth (mrn)

Site Class and
Type

of Construction Reinforcement

Edge and Internal Beams

F:igure2.l2 Standard for stiffened raft design. (After 452870.1-1988).
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The raft beam sizes shown in Figure 2.12 were determined using Mitchell Method of

analysis. Thus this method indirectly adopts the same ideology used by the Mitchell

Method.

The second approach involves applying one of the various mathematical techniques

developed by a number of researchers (e.g. BRAB, 1968; Lytton, l97O and l9lI: V/alsh

lg74,lg18 and 1984; Mitchell, 1979). The general procedures for the design of stiffened

raft using engineering principles should take the following steps into account ( A52870-2

1990).

The characteristic surface ground movement, y", is estimated from the site

classification or in accordance with Appendix D of 452870.2 1990.

The design value of differential movement, yn,, is then estimated by taking into account

the moisture conditions at the time of construction and the influence of the footing

system and edge paths on the design moisture conditions. In the absence of more

accurate calculations ym can be taken as:

(Ð 0.7 y, for centre heave;

(iÐ 0.5 y" for edge heave on an initially dry site; and

(iiÐ 0.3 y" for edge heave on an initially wet site.

The live loads and the dead loads are assessed in accordance with 451170.1 and

AS 1170.2.

The following load and foundation movement combinations should be used:

Dead load + 0.5 (live load) + foundation movement.

Relative diff'erential movement limits for houses are taken from the Table 2.6 in the

absence of specific information.

Table 2.6 Limits of relative differential movements.

35
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a

a

a

a

I
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401/300Timber Frame

30U400Articulated Masonry Veneer

201/600Masonry Veneer

151/800Articulated Full Masonry

10u2040Full Masonry

Max Differential RatioDeflection RatioType of Construction
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The structural moments can then be determined by computer analysis of the soil footing

interaction. The recom.mended methods of eomputer analysis are the Walsh or Mitchell

methods. The relevant structural elements can then be determined using conventional

reinforced concrete design methods.

2.3 FOOTING TYPES

The footing is that part of the house which is in direct contact with the soil. The footing

type required fbr a house will depend on the type of construction, floor system and

drainage. Since the 1940s, the following footing types have been developed in order

minimise structural distress resulting from expansive soil movements:

. Strip Footing;

. Pier and Beam Footing;

. Deep Tee Beam Footing; and

. Stiffened Raft Footing.

Each one of these footing types is discussed in the following sections'

2.3.1 Strip Footing

A strip footing consists of reinforced-concrete beams, rectangular in cross section, which

support the external and internal walls of a house. This type of footing is used in relatively

stable soil and is normally used in conjunction with timber floor and has been in use in

Australia since the 1920s. Principal features of this type are: beams are usually seated on

stable layers and which loosely form a structural grid; trenches are excavated to a designed

level and the sides are formed above the ground level. A typical cross section of a strip

footing is shown in Figure 2.13.

The classical approach used to design strip footings is based on limiting the bearing

pressure to an allowable value by selecting an appropriate width of the beam (Woodburn,

1g7g; AS2g70.l-lggga). Selby (1984) stated thar the combination of timber floor and strip

footing proved unsuitable in areas of expansive soil as ventilation beneath the floor can

I
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cause long term drying out and shrinkage of the foundation. A disadvantage of this type of

footing is that when the foundation is unstable to a substantial depth, it is unlikely to resist

movements and is uneconomical on deeply unstable soils (Woodburn, 1979).

Timber Floor

Figure 2.13 Cross section of a strip footing.

2.3.2 Pier and Beam Footing

In the 1950s this type of footing was introduced to overcome the problem of cracking due

to the light strip footings used for the interior walls and when it is necessary to isolate the

structure from foundation movements. This type of footing normally used in conjunction

with timber floors and is suitable for use in the following situations:

. On cut and fill sites;

. In areas of deep reactive soils;

. In areas where surface layers are soft; and

. Loose or reactive soils are underlain by more stable soil'

The principal features are: beams are set clear of the soil on deep seated pier and piers are

seated on relatively stable soil. A typical cross section of a pier and beam footing is shown

in Figure 2.14.

37
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Stable Layer

Figure 2.L4 Pier and beam footing.

Details regarding the design proceclure for pier and beam footings may be found in

Woodburn (1979). Disadvantages of this type of footing are:

. When the level the of stable soil is very deep, the cost of construction is high;

. Dwarf walls, which supports the floor are likely to distort due to the movements in

surface soil;

. If the base of the pier is seated on unstable soil any resulting movements may cause

distress; and

. The method of construction is comparatively difficult'

2.3.3 Deep Tee Beam Footing

This type of footing consists of narrow, deep reinforced-concrete tee beams. With the

construction of deep beams, very large stiffnesses can be achieved (Mitchell, 1984). This

type of footing can be used in reactive soils in conjunction with timber floors and the

beams should form a structural grid. The site is usually levelled and then trenches are

excavated to the required dimensions by a trenching machine. Concrete is poured

separately from the excavated section to the tee head, but are connected by reinforcement'

This type of footing can be used in either cut and fill sites or filled sites. It is desirable to

ventilate the space between the floor and ground level. The main limitations of this type

are: the subsoils must be capable of excavation by trenching machine and, in highly

¡
tIt
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reactive sites, problems still arise due to side thrust and adhesion on the beams. A typical

cross section of this type is shown in Figure 2.15.

Head

Sub

Figure 2.L5 Deep tee beam footing.

2.3.4 Stiffened Raft

In the 1960s it had become apparent that in many situations, particularly in relation to

expansive soils, the footing types in current use provided poor resistance to structural

distress. In response to this the stiffened raft footing was developed, and since then, has

become the most popular footing for residential construction in south Australia.

The stiffened raft footing system consists of reinforced concrete sub-beams arranged to

form a grid or grillage. These sub-beams are cast integrally with a floor slab to form the

footing system of high strength and stiffness. As described previously, it is this type of

footing which will form the basis of this research. The main types of stiffened are:

. Standard Raft; and

. Grillage Raft.

39
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2.3.4.L Standard Raft

The standard raft footing consists of a grid of reinforced concrete sub-beams cast integrally

with the reinforced concrete slab. This type of footing is used on compacted soil in

conjunction with a reinforcecl concrete floor. The site is generally be levelled prior to

excavation of the beams and a vapour proof barrier is laid prior to placing of

reinforcement. The footing beams and floor slab are usually poured in one operation' A

typical cross section of this type is shown in Figure 2.16.

There are many techniques available for the design of this type of footing and these

techniques are discussed in following sections. Walsh (1984) stated that the advantage of

stiffened rafts in poor foundation areas is the utilisation of its strength and stiffness in

reducing differential movements. The disadvantages of this type of footing are:

. It does not prevent moventent on unstable soils;

. Floors are likely to heave if the reactive soil is dry at the time of construction; and

. Inadvisable on soil with a high water table.

Compacted Soil

Figure 2.L6 Typical cross section of a standard raft.

2.3.4.2 Grillage Raft

The grillage raft footing consists of narrow and deep reinforced concrete sub-beams

integral with a reinforced concrete slab. A typical cross section of this type is shown in
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Figure 2.17. As for the standard raft, the site is generally levelled prior to beam excavation

and a vapour barrier is laid prior to placement of reinforcement. Excavation of the beams

is performed by a trenching machine. The slab and the sub-beams are poured separately

usually on subsequent days. The advantages of using this type of footing are:

The moisture is maintained at a uniform level;

Deep narrow beams provide both structural and moisture barrier benefits; and

The structural stiffness is greater than that of a standard raft due to increased depth of

the beams.

The main disadvantages of this type are

It is only possible if the site can be trenched;

If the soil is dry at the time construction some degree of underfloor heave may occur; and

It is not advisable for high water table.

Soil

Figure 2.17 Typical cross section of a grillage raft.

2.4 BUILDING CONSTRUCTION

The type of wall construction and interior finish can be important in masking the visual

evidence of cracking caused by foundation movement in problem soils. In order to

rationalise the footing design procedures for the types of structures normally used in

domestic and light commercial construction, it has been necessary to classify the various

a

a

a
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construction types in terms of their response to deformation. The type of wall construction

generally determines the flexibility of the super structure which, in turn, determines the

ability of the building to withstand footing movement without cracking. The following

section briefly discusses the various types of construction in common use for residential

structures.

2.4.1 Super Structure ClassifÏcation

In domestic construction there are at least five recognised types of construction, as shown

in Table 2.7 , inorder of increasing flexibility. Deflection ratio is the ratio of the maximum

displacement between two points divided by distance between them. In addition, it is the

ratio that defines the deformation caused within the structure as a consequence of footing

movements.

Table 2.7 Different types of super-structure. (After Woodburn, t979).

2.4.L.1 Solid MasonrY

This structural type has masonry walls throughout, often internally plastered and with

continuous masonry over doorways and windows. A sotid masonry house, when compared

with a timber framed or masonry veneer house, has three advantages which distinguish it

from the others

Superior fire resistance;

Higher thermal capacity; and

Better acoustic proPerties.

42
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a

Very flexiblell209 to 1/300Timber clad or Pre fabricated

1/300 to 1/600Articulated Brick veneer

1/500 to 1/800Brick veneer

1/800 to 1/1000Articulated masonry

Brittle1/2000 minSolid masonry

FlexibilityAllowable
Deflection Ratio

Wall Construction

a
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However, a distinct disadvantage of this type of construction is that it readily displays signs

of distress or cracking as a result of relatively small movements. Footing movements of

the order of 5 mm will generally cause some cracking over doorways and windows

(Woodburn, L9l9). However these problems can be overconte, to a certain extent by

providing articulation, or control joints.

2.4.L.2 Articulated Solid Brick

In this type of construction, the walls are separated into distinct sections which are free to

move relative to one another. This can be achieved by the use of full height door and

window frames. Vertical control joints may be formed in the brickwork in both the interior

and exterior of the building, which may be visible. Such door openings break the structure

internally into a number of separate masonry panels, each of which would rarely exceed

5 m in length (Woodburn, 1919). This type of construction has evolved as a means of

controlling super-structure movements to parts of the structure where they will be mainly

unnoticed, such as over window and door frames.

2.4.1.3 Brick Veneer

In this type of construction a brittle external masonry skin and flexible timber framed

interior are combined. The allowable deformation of this type of structure is considerably

higher than that of the solid masonry types because movements which occur within the

structure rarely show. Due to the ever increasing demand for low cost housing the use of

flexible super-structures on lighter footings is becoming more wide spread.

2.4.1.4 Articulated Brick Veneer

This type of structure has a fully articulated masonry skin and plasterboard-lined interior.

The method of articulation is the same as discussed in $2.4.1.2. Ariculation of the internal

plasterboard skin is also carried out by leaving joints in the plasterboard over some

windows and doorways and covering these with battens and beads.
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2.4.1.5 Timber Framed or Prefabricated construction

These structures are the most flexible and can accoÍrmodate large foundation movements

with minimal distress. Footings often consist only of pads or supports to raise the structure

off the ground.

2.5 CURRENT PRACTICE OF FOOTING DESIGN ON

EXPANSIVE SOILS

There are a number of methods presently being used for the design of residential rafts on

expansive clays. The following sections summarise the more common methods employed'

2.5.1 BRAB (Building Research Advisory Board) Method

The BRAB (Ig5l) merhod of raft footing design was developed in the USA, in the late

1950s and was based on local experience

This method is based on the following assumptions

The footing slab is supported by the soil at the centre of the slab for hogging, and at the

edges for the sagging mode of deformation as shown in the Figure 2.18;

Tlie ratio of support, c is constant for all sizes of slab, and is dependent upon the

Plasticity Index, PI and a climatic factor C*; and

The weight of the structure is distributed uniformly over the entire area of the slab,

giving an equivalent uniformly distributed load'

For these conditions, the following equations were developed for a structure of length, z,

width, B, and footing stiffness, 81.

wr] B1-c)

a
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^ MI:A- 6EI
(2.n)

Further the rafts are broken down into series of overlapping rectangles. The bending

moment and shear force are then calculated for each rectangle using the above equations.

Once the bending moment and shear force have been determined the slab can be

proportioned using conventional concrete design practice. The BRAB (1962) report

recommended that the calculated deflection ratio should be less than values given in Table

2.8.

CU2 CU2

Figure 2.L8 BRAB mode of deformation. (After BRAB,1962)'

The BRAB (1968) has set an example for other researchers to develop more realistic

models. Lytton (1970), Mitchell (1979) and 'Walsh (1984) ali developed their models

broadly dependent on the BRAB (1963) approach. All these researchers have tried to

reduce the inefficiencies of the BRAB (1968) method. These limitations are:

The method assumes the support index and design equations are the same in both

deformation modes, however, many designers believe the centre heave moment is more

than the edge heave moment (Snowden and Meyer,1976);

L

B

B

CL

a
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The method gives very conservative beam depths especially for larger rafts;

The critical relationships between c, PI and C* are determined empirically, but no

explanation for these relationships are available (Holland et al., 1975); and

Since the method was developed in the USA, and because the support index is dependent

on a climatic rating, the BRAB method is applicable only within the USA (Wray, 1980;

Pidgeon, 1980).

Table 2.8 Permissible differential settlements for stiffened slabs. (After BRAB,1962).

r/360ASB
1/300BV or ABV
U240Timber Frame

Maximum Permissible Deflection Ratio (NL)Superstructure Type

2.5.2 Lytton Method

This method (Lytton, I97O) is based on the analysis of a raft on an already formed mound

of soil. The critical mound shapes are shown in Figure 2.I9, and is given by

Equation (2.18).

x x

v
Centre Heave

v

Figure 2.L9 Lytton's modes of deformation. (After Lytton,L970).

!=kx^

Edge Heave

(2.18)

= Ílourrd exponent;

= constant;

= difference in elevation of the soil between the centre and the edge;

= horizontal distance from the high point.

fn

k

v

x

where:
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If the raft is non rectangular it is divided into overlapping rectangles similar to the BRAB

(1968) method. Each rectangle is then designed separately. Lytton (1970) originally

developed chart solutions for different modes of raft behaviour. Later, Lytton (1971)

modified his approach to include a climatic risk factor. He also determined the support

coefficient equivalent to BRAB (1968) by assuming the superstructure applies a uniform

load over the rigid slab. The following equation for the support coefficient was also

derived.

47

(2.re)m I *+ r1#- --L

':**tl;) Lål*

where L

m

= support coefficient;

= rnound exponent;

= subgrade modulus(assumed constant) ;

= initial differential movement of the mound before the slab is applied.

ku

!,,

It is evident from the Equation (2.19) that the support coefficient is dependent on the

selection of a mound exponent. Subsequently, Lytton (L971) has suggested that the mound

exponent could be possibly obtained from:

L (2.20)m=-
Z

where = slab lengl-h;

= depth of seasonal ground movement.Z

Woodburn (1979) suggested that, for the Adelaide region, m could be taken to equal 4.

With the support.and loading conditions determined Lytton (1971) then considered a rigid

beam on a Winkler foundation to obtain formulae for the convenient determination of the

one-dimensional bending moment, the shear force and the required stiffness of a raft. The

one-dimensional bending moments are corrected for the two-way action in a raft design by

using empirical factors developed from computer analyses. Once the design moments are

L
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calculated using the concrete theory the beam and the slab depths and the reinforcement

can be selected. These selections are then compared for their allowable values.

The main limitations of this method are :

The magnitude of the mound exponent m,has a significant influence on the magnitude

of the bending moment. Hence, the lower the value of m the higher the bending

moment; and

The adoption of a rigid raft on the mound can lead to extremely conservative designs

for very large rafts (Holland et al., 1975).

2.5.3 Walsh Method

The Walsh design procedure follows the BRAB (1968) method and is a development of the

Lytton (Igi D method. The support index, c, is derived using the same differential

equations as Lytton (IglD method. However, the Walsh method differs from the Lytton

method in that it assumes that the raft is placed on the soil before the formation of a mound

shape. Also, it assumes that the modulus of subgrade reaction, k, is under a swelling,

rather than a shrinkage.

The initiai soil shape for centre and edge heaves were represented by a central flat top and

base respectively, with parabolic convex edges over a distance e, as shown in the Figure

2.20. Finite element theory was used to solve the differential equations describing the

beam on a coupled Winkler foundation. Walsh then developed design factors C, and Ctby

carrying out a series of computer analyses for a range of the non-dimensional parameters:

where

l,i and &
= allowable differential deflection;

= maximum differential heave;

= edge distance;

- footing length;

= load per unit area; and

= swell stiffness.

a

A

Y

e

L
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FIat Parabola FIat

49

e e

Centre Heave Edge Heave

Figure 2.20 Walsh's modes of deformation. (After wø\sh,1984).

Walsh (1978) found that shear strength was insignificant and therefore considered only

bending moment and stiffness. The results for bending moment and stiffness were defined

by:

(2.2t)

øt = (t- cr) L4 (2.22)
964

The design factors C, and C, deternúned in terms of thc non dimensional parameters

V/alsh (1984) published a revised design procedure for raft footings, a brief summary of

which, follows:

step L: Determine the expected differential heave l*, the edge distance, e, and the

swell stiffness, k'

Step 2: Calculate the average total long term load, lÐ, on the foundation over the

entire slab.

Step 3: Subdivide the slab into a number of overlapping rectangles and use the larger

section in the overlapping regions.

Step 4: Determine the allowable differential movement, A, using TabLe 2'9'

tM=lr-c,) oT

Ae
Y, L

and &
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Table2.9 Allowabledeflection.

Step 5: Determine

^

Step 6:

Step 7:

Using Equations (2.2I) and (2.22) calculate the moment, M, and stiffness,

EI. The section properties are then determined in accordance with

conventional reinforced concrete design.

Arrange the design for the entire slab so that where the sections overlap, the

larger section properties are used. All beams must be continuous from edge

to edge of the slab.

the support indices Ct and Cz using the values for

(Ð

KY
and

e

LY

a

The limitations of this method are

In an uniformly loaded footing, bending moment in centre heave will lead to a less

conservative value (Mitchell, 1984).

Uncertainty exists in the appropriate selection of edge distance ¿, of the initial shape of

the distorted soil surface even with the use of computer program (Mitchell, 1984).

2.5.4 Swinburne Method

This method was developed by considering the two-way action of a plate with stiffening

beams along discrete grid-lines. The method was examined using the finite element

computer program FOCALS (Fraser and Wardle, 1915). Holland (1981),

Holland et al. (1980) and Pitt (1982) of the Swinburne Institute of Technology, modified

FOCALS to help develop design charts for the routine design of housing footing on

expansive soil. These form the basis for the development of the Swinburne design method.

a

U250For Timber and Clad Houses

1/500For Brick Veneer and Articulated

1/1000For Structures without Articulation
Allowable Deflection (NL)Type of Superstructure



Chapter 2. Literature Review 51

This method uses a distorted soil surface having a flat top with parabolic convex edges

over a clistance, e, for both centre heave and edge heave, it has flat edges over distances ¿

that transform to parabolic, convex central surfaces meeting at the centre as shown in the

Figure 2.2I. Because of the considerable support given in the edge heave, the edge heave

moments are much less than the centre heave moments (Mitchell, 1984). Centre heave

moments are considered critical for the design putpose thus neglecting the edge heave

moments

FIat Parabola Flat Parabola

_le

D

Centre Heave Edge Heave

Figure 2.21 Swinburne,s modes deformation. (after Holland., 1981).

Mitchell (1934) stated that, only single-storey brick veneer loading was considered in the

computer analysis. Which is the major limitation of this method. Holland and Richards

(1984), justified this by claiming that the heavier edge loads ¿ue compensated by a greatet

soil support while using for more than one storey. 'Wray (1930) and Pidgeon (1983) argued

and showed that the magnitude of the perimeter wall loading have considerable impact on

the design. And also the program FOCALS requires a prior knowledge of the sub-beam

depth for analysis and it can be expected that the bending moment will be dependent on the

depth adopted (Mitchell, 1984).

2.5.5 Mitchell Method

This method was developed by Mitchell (1979), by considering a non-uniformly loaded

beam on a Winkler spring foundation. This allows beam to deflect to the permissible

deflection ratio of the structure. Inorder to obtain the analytical expressions for the

e
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bending moment, beam equation was integrated at the footing centre for both centre and

edge heave conditions. The shape of the initial distorted soil surface was taken as concave

for edge heave and convex for centre heave, which is shown in the Figute 2.22.

X

x

Centre Heave Edge Heave

Figure 2.22 Mitchell's modes of deformation. (After Mitchell, 1979).

An approximation to the shape of this initial distorted soil surface is reasonably defined by

polynomial known as the Lytton equation and can be represented as:

Y (2.23)

where: = free swell movement

= maximum differential heave

= a shape factor, represented by the expression:

v

v

v

v

Y

m

0.75L

a

length of the cover;

depth of the suction change

(2.24)

where: l,-
a=

A number of experimental studies (eg. 'Ward, 1953; DeBruyn, 1965 and'Washusen, 1917)

have been conducted to test the accuracy of Equation (2.23) in defining the predicted

shape. Mitchell (lglg) verified the Equation (2.23) using the results of these studies. In

response to the soil movements, the footing witl be subjected to soil pressures because of

its own rigidity. The soil pressure can be large enough to cause excessive displacements of
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the structure supported on the footing. Thus it is necessary to determine the soil pressures

on the footing. In order to determine the soil pressures on the footing, the equilibrium

position of the deformed footing in both modes must be found. Mitchell (1979) arbitrarily

used Equation (2.25) to define approximate shape of the footing.

2x (2.2s)ô- A

where: A = the maximum allowable differential displacement

Furthermore, Mitchell (1979) established following three conditions if the footing is in

equilibrium:

n The superstructural loads must equal the soil forces acting over the length of the

footing in contract with the soil;

. The bending moment due the external loads and soil forces must be equal to the

bending moment corresponding to the curvature of the particular footing

stiffness; and

n At any point of intersection between the soil profile and the footing profile, the

soil displacement y, is equal to footing displacement ô. Thus Equations (2-23)

and (2.24) are equal.

The three conditions were solved simultaneously by Mitchelt (1979) to determine the

distribution of soil forces along the footing length. Thus enabling the determination of the

moment and shear forces acting on the footing to permit design.

The above analysis enabled Mitchell (1979) to accurately predict both the expansive

movements and the determination of the deflection of a footing, and developed a design

procedure. Brief summary of that design procedure is as follows:

Determine the geometry of the structure and footing, particularly the length, L, the

breadth, b, various types of loads on the footing, moment of the structural loads about

the centre of the footing, Mo and the allowable deflection, A, from the deflection ratio.

Allowable deflection has been determined empirically and is shown in Table 2.10.

L
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Table 2.10 Allowable deflection ratio. (after Mitchell,1979).

I/200 to 1/300Timber Frame

1/300 to 1/600Articulated Brick Veneer

1i500 to 1/800Brick Veneer

1/800 to 1/1000Articulated Brick
1/2000 minSolid Brick

Deflection RatioSuper Structure

Conduct a site investigation to determine the parameters like in situ soil suction,

Instability Index, diffusion coefficient and swell stiffness.

Define the expected environmental conditions and determine the differential soil

movements for both edge and centre heave.

Determine the required stiffness, 81, moment and deflection for the footing for both

edge heave and centre heave.

Structural elements can then be determined using conventional reinforced concrete

design methods.

It is now evident from the preceding sections that these techniques utilise highly idealised

two-dimensional and deterministic models to describe soil-footing interaction. Even

though these procedures are very useful for the design of residential footings, inherent

uncertainities as described previously in the methods may sometimes lead to unsatisfactory

footing design. An alternative course of action is to adopt empirically based probabilistic

method. The following section summarises the probabilistic design technique-

2.6 PROBABILISTIC N,ÍETHODS

There is some degree of uncertainty associated with all phenomena with which civil

engineers must work. For example, peak traffic demands, total annual rainfalls, steel yield

strengths and performance of buildings will never have exactly the same observed values,

even under seemingly identical conditions. Subsequently, the task of the design engineer

now is to deal with this uncertainty in a realistic and economical manner- How the

engineer chooses to treat the uncertainty in a given phenomenon depends upon the

situation. The probabilistic approach appears to be realistic in this case. This section

a

a
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strengths and performance of buildings will never have exactly the same observed values,

even under seemingly identical conditions. Subsequently, the task of the design engineer

now is to deal with this uncertainty in a realistic and economical manner. How the

engineer chooses to treat the uncertainty in a given phenomenon depends upon the

situation. The probabilistic approach appears to be realistic in this case. This section

summarises about the significant benefits of the probabilistic method over deterministic

methods and the ideology of Kay and Mitchett (1990).

2.6.1 Significant BenefÏts of Probabilistic Methods

The mathematical models discussed previously, inherently simplify the complex nature of

expansive soil behaviour and the soil-footing interaction. Subsequently, an alternative

probabilistic design method has a number of benefits over deterministic methods and

which include:

a The degree of risk associated with a footing design can be quantified: Litigation, as a

result of residential footing failures, has cost the community several millions of dollars.

Since the probabilistic method enables the degree of risk to be quantified, a

probabilistic footing design will allow the client and engineer to make informed

decisions regarding the desired level of risk. As a consequcnce, such an approach is

likely to reduce litigation.

More reliable and rational design technique: Since the probabilistic design approach is

based on the performance of actual footings which have been built and tested in a wide

variety of design situations. Such an approach provides a more realistic and reliable

design methodology than that given by deterministic techniques.

C omp lime nt s e xi s tin g d e t e rmini s ti c de s i gn t e chnique s'

a

a

2.6.2 Probabitistic Design Format of Kay and Mitchell (L990)

This method was aimed to provide the design engineer with some guidance to the level of

uncertainty that exists in the design process. Most of the methods currently used have

camouflaged this uncertainty. Frequently, an entirely unwarranted level of faith is placed

on results that are obtained from sophisticated computer analyses. To convey such a level
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developed permits selection from a range of beam depths subject to a maximum crack

rvidth and the desired level of risk. The following section outlines the analysis of this

method.

2.6.2.I Kay and Mitchell (1990) Method of Analysis

Kay and Mitchell (1990) argued that the outer fibre strain for a simply supported elastic

beam is simply supported elastic beam is inversely proportional to the beam stiffness

parameter, EI, where E is the Young's modulus of the concrete and 1is the second moment

of area about the axis of bending. The same applies to a cantilevered beam and a similar

assumption would not be unreasonable for an elastic beam raft interacting with an elastic

foundation. The width of a crack in brickwork placed on such a beam should be

approximately proportional to the beam stiffness. To support this Walsh (1985) indicated

that, on the basis of small number of trials using analytical model that he had developed,

crack width varied inversely with the second moment of inertia raised to the power of 0.8.

Subsequently Kay and Mitchell (1990) considered using this inverse proportionality in their

study to normalise the crack wirJth for some arbitrary stiffness. They have used

100 MN/m2 as an arbitrary stiffness in order to normalise the data. It should also noted that

this arbitrary stiffnesses were later removed in the analyses. Normalised crack widths were

then divided into ranges according to a square root scale bounded by the values 0-0.25,

0.25-1.0, 1.0-2.25,2.25-4.0,4.0-6.25 and so on. The results were subsequently plotted at

the end of the range.

A curve fitting operation was carried out in order to produce a continuous representation of

the data. They have used exponential type of curves for the representation of data. For the

measured results an equation was used of the form and is shown in Equation (2-26).

CF= 100(1-ae-bEc\ (2.26)

56

= the percent cumulative frequency of the equivalent crack width (ECI¡Ò:

= curve fitting parameters.

I

ü
ti

where: CF

arb
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Kay and Mitchell (1990) then argued that a procedure based on measurements taken within

the first ten years of construction is likely to be unconservative for engineering design

purposes. In addition, Domaschuk et al. (1984) and Osman and Hamadto (1984) has

demonstrated that there is an increase in damage level with the age. In light of these

practical and theoretical evidence Kay and Mitchell (1990) then considered reasonable for

design to incorporate long term effects. As a result, they doubled the crack widths actually

measured in the study. This is included in the Equation (2-26) by halving the exponent and

shown in Equation (2.21)

cF = 100(1-ae-bEcwr2) (2.21)

The probability of occurrence , PC, for a particular crack width, W", was taken as 100 - CF

and also using the inverse proportionality between the crack width and the raft stiffness,

PC was then written as and it is shown in Equation (2.28).

PC =looae-bElwt2oo (2.28)

They then used the standard arrangement of stiffening beams and obtained a direct

relationship between beam depth, D, and raft stiffness, 81. The EI value was determined

for a wide variety of cases and an empirical relationship was obtained using the

Equation (2.29).

fr[-s3.o\n(o)-rs.r (2.2e)

Using Equations (2.28) and (2.29) a design table was established for various range of crack

widths to suit a particular circumstances. Three different crack widths such as I mm,

2 mm and 5 mm were selected for a range of possible beam depths, the corresponding

probabilities were evaluated.

57
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2.7 SUMMARY

The emphasis of this chapter has been to review the development of relevant research

arisen since engineers have realised that special precautions have to be followed when

constructing dwellings on expansive soil. Although considerable progress has been made

in the development of reliable and accurate heave prediction methods for expansive soil, a

number of research over the past three decades has led to many theories for the rational

design of residential footings on expansive soil.

Techniques rvhich are discussed in $2.5, for the design of footings on expansive soils, are

very useful for the design of residential footings but inherent uncertainties in the methods

may sometimes lead to unsatisfactory f'ooting designs which include:

provision is made in the design models for two models, pre-formed, two-dimensional

mound shapes, described as centre and edge heaves. The use of the simple soil

distortion mounds has a number of inaccuracies such as the assumption of a raft

interacting on a pre-formed soil surface differs from the real situation where mounds

develop after the raft has been loaded and constructed; the assumption of simplified

deformation modes used in the design ignore the complex distorted shapes which can

occur in the field, due to varying site environments, soil variability and man-made

influences; all the methods are based on the two-dimensional analysis of a beam on a

deformed mound, which contradicts the real situation where the problems are

invariably three dimensional.

The contribution of the super-structure stiffness is neglected in evaluating the raft

l
,tj

,t:

a

a

stiffness.

The allowable deflection ratios used in the design of residential footings were

developed empirically using only a limited number of cases, and only domestic

construction was considered. Furthermore, deflection ratio will also vary with changes

in the environment subsequent to the construction.

r
I

;

!
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The assumptions and uncertainties impose caustic limitations on the accuracy of the

methods described in $2.5.

The methods adopted by 452870.1 and 2 (Standard Association of Australia, 1988a and

1990) as the recommended procedures for the design of residential footings are those

proposed by Mitchell (1919) and Walsh (1984). In addition this method uses a value of

free surface heave, % , to determine the site classification. The prediction of free surface

heave, in itself, is subject to the following limitations:

A palameter referred to as Instability Index, Ir,, is used to predict the free surface heave

of the soil. However, the Instability Index is non-linear and its magnitude changes

according to the direction of the suction change. In addition, common laboratory

methods used to determine the Instability Index have poor correlation between the

predicted and the rneasured values. Furthermore, these laboratory methods are time

consuming and very expensive for general footing design. The visual-tactile method

which is cliscusse d in Ë2.2.3.3 involves the manual and visual inspection of the soil to

determine the Instability Index using Plasticity Index. However, Eden and Hill (1994)

have shown that estimating Instability Index using this method, results in extreme

variability and depends greatly on the classifier.

59

,i

:*
Iil

a

o In the prediction of y", 452870.2-1990 (Standards Association of Australia, 1990)

recommends the use of linearly-increasing, triangular suction change profiles. This

profile is a simplification of a limited number of case studies where no allowances have

been made for: extreme dry or wet conditions; effects of vegetation; Ieaking services;

poor irrigation practices and poor drainage.

I

The predicted value of y,, is usually based on the results of two or three boreholes. As a

consequence, there is little allowance for the variability of soil properties across the site.

As can be seen, none of the methods account for the complex site conditions that the

footing and the soil will experience in practice. An alternative course of action, in order to

minimise the effects of expansive soil, is to revert to an empirically based design

t
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procedure. With the introduction of the empirically based probabilistic method, the

associated risk may be quantified prior to the construction of the structure.

The following chapters present the research carried out on the performance of footings

constructed on expansive soil, the risks associated with this performance and the

development of probabilistic methods for the design of footings built on expansive soils.
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Chapter Three

Compilation of Database

3.1 INTRODUCTION

A database is a collection of data that are relevant to a particular topic or pu{pose- Further,

the system of storing and retrieving information in a database is called a database

management system (DBMS). A computerised DBMS is a program, which is used to store

and retrieve data on any type of output. This chapter reviews the progress that has been

made in the geotechnical database management systems. In addition, this chapter contains

the methodology of the data collection and examines the relationship between a number of

parameters stored in the database.

3.2 EXISTING DATABASE MODELS

Collecting information about the geotechnical engineering and documenting them in a

sensible format in order to provide relevant information for the future work is a challenge

to the engineering community. In addition, when the size of the collected data is too large,

electronic data retrieval and sorting becomes inevitable. Consequently, a number of

electronic databases have been developed over the last decade or so. A number of the

relevant geotechnical engineering databases will be examined below. To ease the

operation, most of the databases are formulated with the following objectives:

6I
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. The system must be operable by persons with, at most, only limited knowledge of

computing;

. Data must be input in a manner that is both efficient and simple;

. Only factual information should be stored and it must be as complete and accurate as

possible;

. Flexibility of terms must be allowed on input; and

. Retrieval of the information should be designed to the user's needs.

Over the years, several authors have developed databases to suit their requirements and

these include: database systemfor soil classification using CPT data (Chan and Tumay,

1991), reliability analyses in geotechmcs (Favre et al., 1991). Each of these authors have

emphasised the requirement of the databases for storing data in geotechnical engineering.

Some of the advantages have been listed and these include:

o Free ofredundancies;

. Inconsistencies can be avoided;

" Unified integrity control as well as security and safety can be obtained;

o The data can be shared;

. Standards can be enforced;

. Conflicting requirements can be balanced;

. Provide the community with an improved planning and decision making tool ('Wood et

aI., 1982; Touran and Martinez,1991); a.nd

. Supports query answering facility.

GEOSHARE

GEOSHARE (Wood, 1980; Wood et al., 1982; 'Wood et al., 1983; Day et al., 1983) is a

database developed for the Construction Industry Research and Information Association

(CIRIA) in Britain, to compile site investigation information. In addition, it was compiled

to investigate the feasibility of the storage of geotechnical records in a computerised

databank and avoid the use of external codes (Wood et al., 1982).

62



In the GEOSHARE database the information was stored in two f,relds, which were:
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. Numerical data; and

. Descriptive data.

The former includes numerical borehole reference data, sample tests and water level tests.

The latter incorporates soil description and non-numeric borehole reference. These are

summarised in Table 3.1.

Tabte 3.1 Information stored in GEOSHARE-

(After Wood et al., 1983 and Day et al-, 1983).

50 character per boreholeGeneral comments

Formation name/geological origin

Soil description
Secondary soil type
Primary soil type

Structure and organic content
Colour

Consistency/compaction
Descriptive

'Water level readings

Sample and test data
Laboratory tests

Sample recovery
In situ tests

Depths of strata

Casing limits

Borehole reference data
Borehole diameter

Date of drilling
Ground surface height

Grid reference
Numeric

ExamplesTypes of Data

By formulating the data in this way the computer will check automatically for logical

erïors. However, the non-logical errors can only be found by manual checks. The

descriptive data involve terms and phrases of a particular type and coding of this

information is necessary for efficient storage. Consequently, a scheme has been devised to
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perform transformation of the normal English into coding language which is performed

internally by the computer.

The input operation is carried out by providing information relating to each category and

responding to programmed queries using normal English. Either the complete term or a

truncated form comprising the first four letters are entered. In addition, it checks for the

appropriate vocabulary, if present, it is coded and stored. Otherwise, two closest

alphabetical terms are displayed to the user as possible alternatives. The user can either

accept one of the alternative terms, re-input the data or up-data the vocabulary file.

ASCE Database

ASCE (1991) compiled a database to collect, organise, and disseminate case histories of

shallow foundation behaviour. The database program was developed using DBASEIV. It

is a menu driven interactive database and has several options such as input, viewing and

analysis. The input allows the user to enter new data, correct existing data or cancel data.

The viewing option allows the user to look at any case history in the database, and to create

a subset of case histories satisfying a number of conditions. The analysis option allows the

operator to use a number of design methods to predict the response of a shallow foundation

and to perform correlation studies.

Kay and Mitchell Database

The Kay and Mitchell (1990) database was compiled to collect, analyse and develop

probability design charts for houses built on expansive soils. In addition, this database

includes only houses constructed on raft footings from the City Council of Campbelltown

in Adelaide, South Australia. The database consisted of relevant data from houses built

between L972 to 1985. The information pertaining to each house was then assembled on a

simple coding form. The information included in the database was:

. The borelogs from the site investigation;

. Dimensions and reinforcement details of the footing beams and slabs;

o The footing layout from the engineer's construction report;
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o Details of the super-structure;

. The name of the current owner of each house;

o The width of cracks on the exterior of each house; and

o Various site conditions, such as positions of downpipes, trees, taps, concrete pathways

and drainage.

Current Study

The current study utilises the same database formulation methodology used by Kay and

Mitchell (1990). However, for ease of data storage, manipulation and presentation, the

database was developed using MS Access 1.1@ software and is known as CRACK-SMH.

The following section details the formulation of the database used in this study.

3.3 FORMULATION OF THE CRACK SMH DATABASE

The CRACK SMH database has been formulated to reduce the effort required to enter,

store, manipulate and output data. This database has numeric as well as text parameters.

The information stored in the database include:

o Name of the council;

o The address of the site;

o Building application number;

o Date of construction;

. TyPg of suPer-structure;

o Soil borelog;

o Footing cletails and layout of existing houses built on expansive soil;

o Internal crack width;

o Position of the crack; and

o External crack width.
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3.4 DESCRIPTION OF THE DATABASE

Databases formulated using the MS Access 1.1@ software utilises a collection of objects,

such as tables, queries, forms, reports and macros. It is a relational database management

system (RDBMS) which allows data to be organised according to any subject. The

advantage in a RDBMS, such as MS Access 1.1@, is its ability to quickly search for, find

and bring together information stored in separate tables. In order for it to work most

efhciently each table should include a field or set of fields that uniquely identifies each

individual row or record stored in the table. In a database terminology it is named as

primary key. In addition, it can store information about how subjects are related to each

other.

Data were compiled over the period from September 1993 to Decembet 1994, and were

arranged in the database in the form of tables. The tables used were labelled as:

Main;

Addiess;

Technical; and

Inspection.

In each table various fields were included for the effective use of the database, which

included:

o Main: Building application number - Each council

describes a unique number to each building

application. This number is used in each table of the

database to uniquely define each dwelling.

Year of construction - The date of construction of

the stiffened raft footing.

Estimated heave - Estimated maximum surface

heave of the site.

66
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a Address

Technical

67

Site classiflrcation - The site classif,rcations with

reference to 452870.1-1988 (Stanadard

Association of Australia, 1988a).

Building applÍcation number - As mentioned in

the table Main this information uniquely identifies

each dwelling.

Address - Information regarding addresses of all the

houses for correspondence with a home owners or

residents.

Postcode - The postcodes of different suburbs and

helps in creating the mailing lists to a required

format.

Building application number - Primary key of this

table to define each dwelling as described in the

previously.

Type of stiffened raft - Identifies the rafts as either

grillage raft or standard raft.

Raft beam details - Dimensions of external and

internal beams are stored in this column.

Shape of the raft - Shape of the raft are sub-divided

into L, rectangle and other complex shapes.

Slab thickness - Thickness of the concrete slab

which contributes towards the stiffness of the raft.

a
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Reinforcement details - Beam and concrete slab

reinforcement details.

Inspection: Building application number - Same number as in

the other tables.

Names of the residents - Names residents/owners

who had agreed to participate in the research.

Date of inspection - Date of inspection of the house.

Maximum width of crack - The maximum crack

width noticed with the walls, cornices, floors and the

ceilings of the structure.

Type of crack - To differentiate between center

heave and edge heave.

Damage category - Damaged houses are classified

as per Appendix A of AS2807.1-1988

Calculated critical raft stiffness - Raft stiffnesses

at the critical section of the stiffened raft.

3.4.I Methodology of Data Collection

To provide necessary information for the development of probabilistic design charts for

residential footings built on expansive soil, a survey was carried out in two stages. In the

first stage footing details were compiled from six local councils. In order to include a wide

range of soil types within the database, the following council areas were targeted.

a Campbelltown;



Chapter 3. Compilation of Database 69

. Enfield;

. Happy Valley;

. Marion;

. Prospect; and

. Tea Tree Gully.

These council areas are located in the metropolitan a.rea of Adelaide and are shown in

Figure 3.1. The soil profiles encountered within these council areas contain most of the

major soil groups of Australia (Soil map of Adelaide). In addition, these council areas

encounter each of the site classifications included in this study, that is slightly (S),

moderately (M) and highly (H) expansive soils, as specified by 452870.1-1988a. In order

to compile the necessary data, a letter was sent to each of the councils seeking permission

to use their databases. A sample letter is included in Appendix A. The main objective of

this survey was to identify possible houses that could be used in this research.

Subsequently, houses built on S, M and H site classifications were targeted. Extremely

expansive soils, El and E2 were investigated by Leach et al. (1995). The houses were

selected from these councils randomly but were included they met a number of criteria

such as houses built on S, M and H site classifications and having stiffened raft footing.

Description of the site classification has been discussed previously in *2.2.1. In addition,

only houses built between 2 to 10 years were targeted. The present study focused only on

stiffened raft footings as these are the most common type in current use. Some of the

councils included in the study are relatively old, consequently, construction of new houses

in those councils a-re rare and as a result, fewer new of houses were encountered.

Data collected from all councils consisted of 7 59 footings and are separated into six groups

according to site reactivity and super-structure. These are tabulated in Table 3.2-

Footing details, soil borelogs and the engineer's construction report sheets were

photocopied and other pertinent inf'ormation were noted down in a survey sheet specially

prepared for this research. A sample survey sheet is included in Appendix B. The

distribution of S, M and H sites for each council, as well as the relative proportion, is

shown in Figure 3.2. It is evident from this figure that the Campbelltown city council
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contributes greatest number of houses in the database, whereas the Prospect city council

contributes the fewest.
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Tabte 3.2 Number of houses for different site classifications.

H

M

M

H

H

M

71

H

S

S

M

44IJ46448146Tea Tree Gully

96l4134854Prospect

I2622205384Marion

029157151t39V
950652537159Enfield

t7838467t6r77Campbelltown

ASBABVASBABVASBABV
TotalCouncil Hieh (H)Medium (M)Slieht (S)

Site Classification

33%

@@

Figure 3.2 Pie chart showing the distributions among different councils.
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Figure 3.3 describes the total distribution of different soil classifications. The number of

houses in each group is almost distributed evenly in the database.

Figure 3.3 Different types of site classifications.

3.4.2 Visual Inspection

In order to carry out a visual inspection of each house, letters were sent to each resident

seeking permission to survey their houses. The letter outlines, in some detail, the purpose

of the inspection. A sample letter is included in the Appendix C. Of 759 letters sent,

relatively few, only 255 (34%) questionnaires were returned. Of those returned, 42 owners

declined to take part in the research and the rest did not respond to the questionnaire. A

visual inspection of each of these houses was carried out in order to quanti$ the amount of

damage. Table 3.3 shows the summary of the number of houses inspected.

Each of the residents who had agreed to participate in the survey received a phone call to

affaîge an appointment to inspect their house. Each inspection took approximately 20-30

minutes, during which time the following procedure was adopted:

An internal inspection was carried out to record the locations and widths of cracks

within the walls, cornices, floors and the ceilings of the structure;

a

M
36%

28%
SH

36%
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An external inspection, similar in nature to the internal inspection, was carried out. In

addition, expansion joints were assessed for movement in the external leaf;

To assist with damage assessment, various site conditions, such as positions of

downpipes, trees, taps, concrete pathways and drainage were recorded; and

The residents/owners were asked if they were aware of any cracking, or any other

previous damage, that had been repaired earlier in the life of the structure.

Crack widths, greatet than I trun, were measured using a ruler, whereas smaller cracks

were measured using a hand lens which incorporated an inscribed grid. As a result, it is

expected that the accuracy of crack measurement is * 0.25 mm for cracks exceeding 1 mm

in wiclth, and t 0.01 mm for cracks less than 1 mm in width.

In order to maintain a visual record of the visual inspections a large number of cracks were

photographed. In order to achieve as many positive responses to the questionnaire as

possible, a survey report was prepared and sent to each of the occupiers of inspected

houses, outlining the probable cause, maximum width of crack and the associated damage

category. An example of such footing assessment sheet is included in Appendix D.

Table 3.3 Summary of number of houses.

42749r46Tea Tree Gully

2373054Prospect

1882684Marion

41552139Happy Valley

43548t59Enfield

431053171Campbelltown

Total
Inspected

Total
Declined

Total
Interested

Total Letters
Sent

Name of the
Council

It should be noted that, although various site conditions, such as positions of down pipes,

trees, taps, concrete pathways and drainage were recorded, the effects of each of these were

not separately considered in the analyses which follow. A study investigating the effects of

each of these site conditions may be a worthwhile exercise for future work.



Chapter 3. Compilation of Database

3.4.3 Summary of Visual Inspections

A summaly of the visual inspection is shown in the Table3.4.

Table 3.4 Summary of visual inspection.

411H

Crack Widths
greater than

2mm
58M
24S

103

Damage

Category
as per

AS2870.11988

23492

9821

010

1442H
Cracked 942M

1048S

t656H

Total
No. of
Houses

958M
1067S

Articulated Solid BrickArticulated Brick Veneer
Super -Structure

The following conclusions can be made from the visual inspection:

. Approximately 757o articulated brick veneer houses built on S, M and H site

clas sifications have suffered relatively minor (hairline) crackin g ;

. Of all the articulated solid brick houses inspected on S and M site classifications, none

of them performed well, that is, none had a damage category of 0; and

o BSTo of articulated solid brick houses built on H sites suffered from relatively minor

cracking.

Table 3.5 summaries the distribution of houses according to the damage category as

specified by 452870.1-1988. The damage category as specif,ted by 452870.1-1988

(Standard Association of Australia, 1988a) is reproduced in Appendix E of this thesis-

74
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Table 3.5 Distribution of houses according to damage category.

O.5VoO7o
a
J

IOVo237o2

4%387oI
OVo0.57o0

ASBABVDamage Cateqory

3.5 RAFT STIFFNESS

3.5.L Introduction

As discussed in 92.6.3, Kay and Mitchell (1990) argued that the outer fibre strain for a

simply supported beam is inversely proportional to the beam stiffness parameter, EI, where

E is the Young's modulus of the concrete and l is the second moment of area about the axis

of bending. They also argued that the same relationship, which also applies to a

cantilevered beam, would not be unreasonable for an elastic raft interacting with an elastic

soil. Furthermore, the width of a crack in brickwork, which is placed on such a beam,

should be approximately proportional to the outer f,ibre strain and, hence, inversely

proportional to beam stiffness. To support this notion, Walsh (1985) indicated that the

crack width varied inversely with the second moment of area raised to the power of 0.8. ln

light of this, Kay and Mitchell, (1990) c-oncluded that the assumption of inverse

proportionality seems to be a reasonable approximation. This same logic was adopted in

the present study. Consequently, the raft stiffnesses of each of the houses that were

inspected visually, were calculated. The following sections discuss the procedure involved

in the calculation of the raft stiffness.

5.5.2 Critical Raft Stiffnesses of S, M and H Site ClassifÏcations

Using the visual inspection results which included the location of cracking within the

super-structure, and the footing details obtained from the engineer's reports, the primary

direction of bending was determined. The critical section of the raft is the section at which

cracks are developed in the brickwork, an example of which is shown in the Figure 3.4.

Consequently, raft stiffnesses were determined for both the long and short directions at the
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position where the maximum level of cracking was evident. However, for analysis

purposes, only the minimum raft stiffness of the long and short raft directions was

considered. By using the minimum raft stiffness as stated here, the structure was aimed to

design for the worst situation and also increases its factor of safety. It was this stiffness

that is herein referred to as the critical raft stiffness. A value of 11.3 GPa for the long term

Young's modulus was used in accordance with 453600-1988 (Standards Association of

Australià, 1988b), for 20 MPa compressive strength concrete, which is typical for domestic

construction. The second moment of area was determined using a flange width of 1000

mm for edge beams and 2000 mm for internal beams, in accordance with the A53600-1988

(standards Association of Australia, 1988b), as is shown in Figure 3.5.

Position of the Crack

A-A Critical Cross Section

B int
++H

Bexi

Figure 3.4 The critical section of a raft.
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where:
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q.

Be*t B L2

Figure 3.5 Cross section of a raft footing.

The procedure used in the calculation of the second moment of area of the raft is as

follows. The edge beams were considered as L sections of flange width 1000 mm and the

internal beams were considered as T sections of flange width 2000 mm. The second

moment of area for each section was calculated separately using the standard relationship

as shown in Equation (3.1). These individually calculated second moments of areawere

then summed to determine the total second moment of area, as is shown in Equation (3.2).

I
L

D

A

r

I -- LDt + Arz
12

= Second moment of area;

= length of the flange;

= depth of the flange;

= atea of the section;

= distance from the center of gravity

EI=E(21"+xI,)

= second moment of area of edge beams;

= Second moment of area of internal beams;

= number of internal beams.

where:

x

(3.2)
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To reduce the number of variables involved in the analysis, so that direct correlations

between the critical raft stiffness and the crack width can be obtained by determining the

unit stiffness. Subsequently, unit raft stiffness was determined for each raft by dividing the

total stiffness by the total width of the raft. It was decided that, to enable efficient

calculations of all types of rafts, a macro was written using MS Excel,4.0@. A sample

sheet is attached in Appendix F. Critical raft stiffnesses were then separated into three

classes of site reactivity (S, M, H) and into two classes of house flexibility (ABV, ASB).

3.5.3 Relationship between the Critical Raft Stiffness and the

Maximum Crack Width.

Figures 3.6 to 3.1 1 show the relationship between the critical raft stiffness and the observed

maximum crack width. In these charts the abscissa shows critical raft stiffness as well as

the external depth of beam of the raft corresponding to various raft stiffnesses. The

ordinate, on the other hand, shows the maximum observed crack width.

Beam Depth (mm)

800 1000400 600

o 20 40 60 80 100 120 140 160 180 200

Raft Stiffness (MPa)

Figure 3.6 Relationship between the critical raft stiffness and the maximum crack

width for ABV houses on S sites.
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Figure 3.7 Relationship between the critical raft stiffness and the maximum crack

width for ASB houses on S sites.
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Figure 3.8 Relationship between the critical raft stiffness and the maximum crack

width for ABV houses on M sites.
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Figure 3.9 Relationship between the critical raft stiffness and the maximum crack

width for ASB houses on M sites.

6

5.5

€ ¿.s

Ë4
È 3.s
Ë?

o 2.5

=Z.; l.s
c\l

0.5

0

j

rt3

,i
Beam Depth (mm)

800 1000400 600

0

o 20 40 60 80 L00 120 140 160 180 200

Raft Stiffness (MPa)

Figure 3.L0 Relationship between the critical raft stiffness and the maximum crack

width for ABV houses on H sites.
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Figure 3.LL Relationship between the critical raft stiffness and the maximum crack

width for ASB houses on H sites.

It is evident from these figures that there appears to be little or no relationship between the

data. This result is not unexpected. Leach et al. (1995) found considerable variations in

the size and density of cracks from one site to another. It is difficult to quantify the scatter,

holever, reasons for the scatter may include any one or more of the following:
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The reactivity of the soil is expressed in terms of the site classifications specified in

452870.1-1988. As detailed previously, these classifications include ranges of surface

heave, ¿. Inaccuracies occur when the estimates of ¿ fall close to the boundary

between two site classifications.

The estimation of )" , is itself, subject to uncertainty. As discussed previously, y" is

based on estimations of the instability index, 10,; a soil suction profile and layer

thicknesses. Each of these contain uncertainty which contributes to the variability in

Figures 3.6 to 3.11.

Variability exists in the site environments. For example, as discussed previously, tree

effects, improper drainage, leaking service pipes, cut and fill sites, pits, barren areas

and inadequate paving influence the behaviour and distortion of a footing built on
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expansive soil. Since the database contains many different site environments this

contributes to the variability in Figures 3.6 to 3 . 1 1 .

It is assumed that all the footings involved in this study have used concrete with a 28

day compressive strength of 2O MPa and the raft stiffnesses were calculated

accordingly. The majority of residential footings are constructed using 2O lv{Pa

concrete, however, it is likely that some of the footings were constructed from higher

strength concrete. In addition, it is well recognised that concrete strength increases

with age (Warner et a1.,1989).

The raft stiffness calculations do not include the influence due to reinforcement.a

3.6 SUMMARY

A database was formulated using MS Access 1.1@ to store large quantities of relevant data

collected from various sources. It is evident from the previous sections that databases are

extremely useful in obtaining relationships among different parameters. In addition it is an

efficient and effective means of data storage and retrieval, particularly when large

quantities of data are manipulated.

Relevant information was collected through a survey conducted in two stages. The first

being a compilation of data from various councils. Six different councils in metropolitan

Adelaide were selected in order to encompass a wide range of soil classifications. In the

second stage, visual inspections were carried out to measure crack widths as well as the

locations of each cracks. A database, called CRACK SMH rvas formulated for the

efficient storage and retrieval of data. Relationships between raft stiffnesses and the

measured crack widths exhibited considerable scatter with no trend evident. The following

chapter presents analyses and the probabilistic design charts.



Chapter Four

Development of Probabilistic Design

Charts

4.I INTRODUCTION

This chapter deals with the analysis of the data collected from an extensive survey, as

described in the Chapter 3. Using the results of this analysis, various probabilistic design

charts are generated.

The chapter begins with the normalisation of raft stiffnesses, in terms of a single specified

raft stiffness. Frequency distribution and probabilistic design charts are then produced

using the results of these analyses. In addition, this chapter details the error associated with

the design charts in terms of standard variance. Finally these probabilistic design charts are

compared with probabilistic design charts presented by Kay and Mitchell (1990).

4.2 NORMALISATION OF DATA

Direct statistical analysis is only possible if the associated data are not variable. Although,

a number of houses are included in the survey, the large number of variables involved,

prevents a direct statistical analysis. It is evident from $3.5.3 that, for a particular

83
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measured crack width the raft stiffness varies, and in a relatively wide range. In order to

overcome this problem, normalisation has been carried out, as originally proposed by Kay

and Mitchell (1990). Normalisation is the process of establishing a standard va¡iable, and

the normalisation of the data is discussed in the following section.

4.2.L Normalisation of Data

By using the inverse proportionality described previously in $3.5.1, equivalent crack

widths were determined by standardising the raft stiffness to some arbitrarily selected

number. These arbitrary selected numbers varied for each site classification and are

tabulated in Table 4.1. The equivalent crack widths thus determined, are those expected to

occur if the footing had a stiffness equal to these respective arbitrary numbers. These

arbitrary stiffness are later removed from the final analysis and will be demonstrated that

these numbers have no effect on the final results.

Table 4.1 Arbitrary raft stiffnesses (MN/m2) used in the normalisation of data.

6025H
15025M
25t7S

ASBABVSite Classification

Using these numbers equivalent crack widths were obtained for all footings incorporated in

the data base. An example of one such calculations is shown below:

..-:\

W,* llfi¡ .i.)

or't

where: W, = crack width;

= raft stiffness

i C Ì,/

EI
l. :f i. ¡ ', i'r

'¿ 5'

l. 1. 1¡,1

4', tzt

If the raft stiffness = 40.34 MN/m2 and the maximum crack width = 0.5 fiìrn, on M site

classificâtion and for ABV superstructure,

then the equivalent crack width = 0.5 x 40.34125 = 0.8068 mm
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4.3 PRESENTATION OF DATA

In this study the data were grouped according to their site reactivity and super-structure.

For each group frequency table was created accordingly. To aid in the interpretation of a

frequency distribution, it is often helpful to express each frequency as either a proportion or

a percentage of the total number of cases. Subsequently, frequencies \üere expressed in

percentage frequencies or relative frequency because a comparison of relative frequencies

is more meaningful than a comparison of frequencies. data consists of

observations over a large range of values. As a result, it was necessary to divide the cr-ack-

widths into a series of cells 25-t.0, t.0-2.25, 2.25-4.0 ,4.0-6.25).
+

4.3.1 Histograms

Figures 4.I to 4.6 show the histograms of all the six groups described previously in $3.5.2.

As can be seen from these figures, it is possible to quantify the percentage of houses that

have suffered damage in a particular range of normalised crack width. tn addition, it can

be seen from Figures 4.1 to 4.3, that the articulated brick veneer houses built on S and M

site classifications show relatively similar performance, in that the shape of the frequency

distributions is approximately the same.
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Figure 4.L Frequency of normalised crack widths for ABV houses on S sites.
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4.3.2 Cumulative Frequency

In this study, the cumulative frequency distribution is adopted to estimate the probability of

occumence of a particular crack width. This type of distribution is obtained by plotting the

cumulative frequency less than any upper class boundary against the upper class range and

joining all the consecutive points by a straight line. The results are tabulated, along with

cumulative frequency for critical raft stiffnesses, in Table 4.2 to Table 4.7 . Figures 4.10 to

4.12 show the cumulative frequency distributions for houses built on S, M and H sites,

respectively.

Table 4.2 Frequency of normalised crack widths for ABV houses on S sites.

100.002.9824.0-6.25

97.012.9822.25-4.0

94.0223.88T61.0-2.25

70.r438.80260.25-1.0

3r.343r.342l0-0.25

7o Cumulative
FrequencY

7o Relative
Frequency

FrequencyNormalised crack
width range

6.2s
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Table 4.3 Frequency of normalised crack widths for ASB houses on S sites.

100.0010.00I4.0-6.25
90.0040.0042.25-4.0
50.0030.00Jt.0-2.25
20.0020.0020.25-t.o
0.000.000o-0.25

7o Cumulative
Frequency

7o Relative
Frequency

FrequencyNormalised crack
width ranse

Table 4.4 Frequency of normalised crack widths for ABV houses on M sites.

100.00t.7414.0-6.25

98.266.8942.25-4.0
9t.37r1.2410l.0-2.25
74.r34r.37240.25-1.0

32.7532.15t9o-0.25

7o Cumulative
Frequency

Vo Relative
Frequency

FrequencyNormalised crack
width range

Table 4.5 Frequency of normalised crack widths for ASB houses on M sites.

100.0011.1114.0-6.25
88.8822.2222.25-4.0
66.6622.222t.o-2.25
44.4444.4440.25-1.0

0.000.0000-o.25

7o Cumulative
Frequency

% Relative
Frequency

FrequencyNormalised crack
width range

Table 4.6 Frequency of normalised crack widths for ABV houses on H sites.

100.003.5726.25-9.O

96.428.9254.0-6.25
87.5016.0792.25-4.O

71.4235.7r20r.0-2.25
35.7 |14.2880.25-1.0

2t.422r.42T2o-o.25

7o Cumulative
Frequencv

7o Relative
Frequency

FrequencyNormalised crack
width ranse

89
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Table 4.7 Frequency of normalised crack widths for ASB houses on H sites.

100.0012.5024.0-6.25
87.5025.0042.25-4.0
62.5031.506r.o-2.25
25.0012.5020.25-1.0
12.5012.502o-0.25

7o Cumulative
Frequencv

7¿ Relative
Frequency

FrequencyNormalised crack
width ranse
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Figure 4.7 Cumulative frequencies of normalised crack widths for S sites.
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4.3.3 Regression Analysis

In order to generate a continuous function from the discrete data, it is necessary to use

curve fitting or regression analysis techniques.

Regression analysis is a very useful statistical technique for developing a quantitative

relationship between a dependent variable and one or more independent variables. It

utilises experimental data on the pertinent variable to develop a numerical relationship

showing the influence of the independent variable on a dependent variable of the system.

If nothing is known from the theory about the relationship among the pertinent variables, a

function may be assumed and fitted to experimental data on the system. Frequently, a

linea¡ function is assumed. However if the linear function does not fit the experimental

data well, the engineer might use some other function such as a polynomial or an

exponential model. Kay and Mitchell (1990) fitted an exponential model to their data, as

described previously in52.6.2. In this study, Kay and Mitchell's exponential model will be

applied to the present experimental data. How well a particular function fits the_

experimental data is known as the goodness of fit and is quantified by means of the

correlation cofficient, r, oî the cofficient of determination, P. Regression analyses can

be applied to many situations in geotechnical engineering and earth sciences which involve

the analysis of bivariate and mutlivariate data. The coefficient of correlation is achieved by

minimising the sun of the standard deviations and the technique is known as the method of

least squares.

When:

o r=*1
o r=0
. r=-t

the data fit a model of positive slope, perfectly;

the data exhibit no correlation;

the data fit a model of negative slope, perfectly

Various computer programs such as Excel@, DeltaGrapl¿@ use the method of least squares

to determine the coefficient of determination. The DeltaGrap,/z@ software was used in this

study mainly because of its ease of use and quality of presentation.
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4.3.3.1 ExponentialModel

In order to smooth the cumulative frequency distribution curves developed in $4.4.2, an

exponential model, as used previously by Kay and Mitchell (1990), was adopted in this

study. As mentioned in the preceding section, DeltaGraplr@ was used to develop curves

for the cumulative frequency charts shown in Figures 4.7 to 4.9. Equation (4.1) was used

in DeltaGrapå@ to define the exponential model

cF = 100(1-ae-bECW) (4.r)

where: CF = the percent cumulative frequency;

ECW = the equivalent crack width;

a, b = curve fitting parameters.

The same model was used on all six groups dealt in this study, that is ABV houses on S, M

and H sites and ASB houses on S, M and H sites. These curves are superimposed on

Figures 4.7 to 4.9 and are reproduced in Figures 4.10 to 4.I2. The curve fitting parameters

and the coefficients of determination, P, are shown in Table 4.8.

Table 4.8 Curve fitfing parameters.

o.9140.458t.0420.9860.476o.923H
0.9880.613t.t370.9911.1860.898M
0.9700.452r.r130.9981.13 10.912S

'¿

rba
'¿rba

Site
Reactivity

ASBABV

It is evident from Table 4.8, that the values of / for all the six groups are very close to one.

Consequently, with reference to previous sections, it can be concluded that the exponential

model correlates well with the measured data points. It is evident from Figures 4.10 and

4.11, that two of the curves are showing negative cumulative frequencies, realistically

which is incorrect. Consequently, this research has further used the method of maximum

likelihood, an alternative technique to overcome this limitation, is described in the later

sectrons
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4.3.3.2 Long-Term Effects

Kay and Mitchell (1990) argued that a procedure based on measurements taken within the

first ten years of construction are likely to be unconservative for engineering design

purposes. In addition, both theoretical and practical evidence indicate that cracks measured

over longer periods may be more severe. Mitchell (1980) demonstrated using diffusion

theory, that centre heave effects under constant boundary conditions, may not reach

equilibrium for several years, perhaps as many as ten. In addition, extreme environmental

conditions such as periods of drought, are likely to result in extreme damage.

A statistical survey, conducted by Domaschuk et al. (1984) to ascertain the extent and

severity of damage to houses built on expansive soils Canada, clearly demonstrated that

there is an increase in damage levels with the age. A similar survey conducted by Osman

and Hamadto (1984) in Sudan also concluded that the crack widths increase with the age of

the building.

v

(

/rx
ASB

r7
zMeasured Data

Predicted Data

F
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As a result, Kay and Mitchell (1990) doubled the crack widths measured in their study.

Leach et al. (1995) also incorporated a long term factor of two in their study of extremely

expansive sites. In light of this previous work it is not unreasonable for this study to also

incorporate a factor of two to account for long-term effects. This is included in the analysis

by halving the exponent in Equation 4.1 as shown in Equation 4.2.

cF = 100(1-ae-hECW2) (4.2)

However, whether the measured crack widths are doubled or multiplied by some other

factor greater than unity, remains a matter of conjective because of the limited number of

studies carried out in this regard.

4.4 PROBABTLITY MODEL

The probabitity of exceedence of a crack width for a particular beam depth has been taken

as 100 - CF. Allowing for long-term performance, this probability of exceedence, POE, is

given by:

POE = Ae-bECwIz (4.3)

From Equation 4.3,it is possible to obtain, for a given site reactivity, the probability of

exceedence of a equivalent crack width. In order to determine the associated crack widths,

Equation 4.3 was modified by implementing the previously assumed inverse

proportionality between crack width and raft stiffness as discussed in $2.6.2. The modified

form is given by the Equation 4.4.

PoE = or-bElwc /2k

96

(4.4)

where: k = arbitrary raft stiffness from Table 4.1.

This relationship was then used to calculate the crack widths for various probability of

exceedence, that is, l7o, 5Vo, lo7o, and 5OVo. The probability of exceedence is the
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likelihood that, throughout the life of the structure, that a particular crack width will be

exceeded. Rearranging Equation Ø.Ð in terms of crack widths for various probabilities of

exceedence, P O E, yields:

91

(4.s)

where: EI = unit raft stiffness

Raft stiffnesses for various external beam depths were calculated using the standard

¿urangement of stiffening beams as indicated by Figure 5.1 of the 452870.1-1988

(Standard Association of Australia 1988a), which is reproduced in Figure 4.I3. This figure

specifies that the slab thickness is 100 mm; external footing beams for solid masonry walls

are 400 mm wide and all other footing beams are 300 mm wide. In addition, the maximum

footing beam spacing is 4 metres. In this study an 8 metre wide dwelling and footing has

been used, any such dimension of the dwelling can be argued upon stili having very less

effects on the unit stiffness. As a result, two external beams and one internal beam

contribute to the stiffness, EI, of the footing. In order to calculate EI, a value of E is

required. As the majority of footings constructed in Adelaide use concrete with 28 day

compressive strength f, of 20 MPa, the Australian concrete structures code (4S3600-1988)

specifies that, u = 
tOt^O¿ 

= n3 GPa. By calculating the footing stiffness, and.
2

substituting the result into Equation (4.5), a value of crack width, W., was evaluated.

An example of such a calculation is shown below

Calculate the associated crack width, W", for a l\Vo probability of exceedence (POE); 400

mm footing beam depth; articulated brick veneer (ABV) dwelling built on an H site.

= 11.3 GPa

= 9.lE +10e mma (from MS Excel4.O spreadsheet)

= 0.923 (from Table 4.8)

= O.416 (from Table 4.8)

2k ( a Iw -_Id 
-l

" bEI \POE )

E

I
a

b
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= 25 MN/m2 lfrom Table 4.1)

98

k

Substituting these values into Equation (4.5), yields I/" = 18 mm.

Similar calculations were performed for several footing depths, and probabilities of

exceedence (POE) of l%o, SVo, lÙVo and 5OVo, in order to generate probabilistic design

chafs. These are shown in Figures 4.14 to 4.I9. The application of these design charts

will be discussed in Chapter 5.

$
t

tl

Any internal wall

>50
300

100
F72

D

>50
400

VA/l

(a) Articulated brick veneer (b) All internal beams (c) Articulated solid brick

Edge beam

All dimensions in mm

Figure 4.13 Standard stiffened raft design.

(After 452870.1-1.988)
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Figure 4.16 Probabilistic design charts for ABV houses on M sites.
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Figure 4.18 Probabilistic design charts for ABV houses on H sites.
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4.5 ALTBRNATTVE ANALYSIS OF THE DATA USING THE

METHOD OF MAXIMUM LIKELIHOOD

The charts presented in Figures 4.14 to 4.19, which were based on the approach adopted by

Kay and Mitchell (1990), suffer from two signif,rcant enors.

Firstly, as mentioned previously, two of the cumulative frequency distribution functions

(Figures 4.lO and 4.1 1) indicate negative frequencies, which are an impossible outcome.

Secondly, effects of zero thickness cracks were not considered and were grouped into the

0-0.25 mm range.

An alternative approach, based on the method of maximum likelihood was developed in

association with Jarrett (1996). This approach is detailed in the following sections.

4.5.1, Estimation of Parameters

The method of maximum likelihood can be applied in situations where the true distribution

of the sample is known. Furthermore, the method has a strong intuitive appeal by which

ffue parameter can be estimated which maximises the likelihood function. The equivalent

crack widths so obtained in $4.2 were again sub-divided into zero cracked houses and non-

zero cracked houses. The total sum, Iy,, for non-zero cracked houses were determined and

number of zero cracked houses, m,, and non-zero cracked houses, nc, wete also determined.

Then the parameters , a and b were estimated using Equations (4.6) and (4.7) and are given

in Table 4.9. These equations were derived using the first principles of binomial and

exponential distributions.

^- 
ft"

rn" I n,
(4.6)

b= n'
>ECW

(4.7)
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where: ffi,

fl,

ECW

= total number of zerc cracked houses;

= total number of non-zero cracked houses; and

= equivalent crack widths of non zero cracked houses

Table 4.9 Curve fitting parameters.

1.0000.5000.8801.0000.3900.800H

1.0000.5501.0001.0000.8680.689M
1.0000.3801.0001.0000.8230.686S

'¿rba2rba
Site

Reactivity

ASBABV

It is evident from Table 4.9, that the values P for all the six groups are one. Consequently

with reference to $4.3.3, it can be concluded that the exponential model correlates perfectly

with the measured data points.

4.5.2 Cumulative Frequency Distributions of the Predicted Data

The cumulative frequency distributions of the measured data were calculated in the same

mûnner as rJescribed in $4.3.3.1. However, in this case the curve fitting parameters a and b

given in Table 4.9 were substituted into Equation (4.1). The resulting distributions are

shown in Figures 4.20 to 4.25. It is evident from these graphs, that none of the curves

show negative cumulative frequencies.

The following section discusses the technique used to estimate crack widths and associated

probabilities of exceedence.
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Figure 4.20 Fredicted cumulative frequency for ABV houses on S sites.
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Figure 4.21 Predicted cumulative frequency for ASB houses on S sites.
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Figure 4.22 Predicted cumulative frequency for ABV houses on M sites.
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Figure 4.23 Predicted cumulative frequency for ASB houses on M sites.
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Figure 4.25 Predicted cumulative frequency for ASB houses on H sites.
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4.5.2.1 Modified ProbabilisticDesign Technique

The maximum crack widths were determined for various beam depths under different

probabilities of exceedence using the relationship shown in Equation (4.8).

where: POE = probability of exceedence;

a, b = curve fitting parameters;

ECW = equivalent crack width.

The arbitrary stiffnesses, which were used to normalise the data earlier implemented here

to derive a relationship in terms of equivalent crack width and it is shown in Equation

(4.e).

POE : ae-hgcw

ETW.ECW= "
k

(4.8)

(4.e)
.,I

q{

'T
j

where = unit raft stiffness;

= associated crack width;

- arbitrary raft stiffness from Table 4.1

Now substituting Equation (4.10) in Equation (4.9) and rearranging in terms of associated

crack width, W. yields:

EI

W,

k

(4.10)

where: POE = probability of exceedence.

This equation is similar to that used previously (Equation 4.3), however, the long-term

factor of two has not been used. The long-term factor has not been used because it is

believed that the sample population is biased towards the more damaged houses- This is

k ( a Iw --Inl 
-l

' bEI \POE)

t
I

;

l
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Beam Depth, D (mm)

108

because the occupiers who agreed to participate in the research were more likely to do so if

their dwelling suffered a higher level of cracking. It is likely that the occupiers, whose

dwellings exhibited no distress, were reluctant to participate in the study because they felt

there was little to gain, personally, by being involved. As a consequence, the sample

population is likely to be skewed more heavily towards the dwellings with greater cracking.

Hence, by including a long-term factor of two, or some other value, would distort the

distribution further.

Using Equation (4.10), various probabilistic design curves were generated for each group

of site reactivity and super-structure. Six such charts are shown in Figures 4.26 to 4.31.

Superimposed on these charts are the footing depths recontmended by 452870.1-1988a

(Standards Association of Australia, 1988a). 452870.1-1988a states that the footing sizes

recornmended by the deemed-to-comply specifications are 57o llkely to yield crack widths

in excess of 5 mm. It does not state, however, how these figures have been derived. The

crack widths associated with the fboting sizes recommended by 452870.1- 1988a and a 57o

POE, yield values of 5 mm or greater, in accordance with the standard and, as a

consequence, seem approPrtate.
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Figure 4.26 Probabilistic design charts for ABV houses on S sites based on the
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Fig;r:e 4.27 Probabilistic design charts for ASB houses on S sites based on the

method of maximum likelihood.
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Figure 4.29 Probabilistic design charts for ASB houses on M sites based on the

method of maximum likelihood.
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Figure 4.30 Probabilistic design charts for ABV houses on H sites based on the
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Figure 4.31 Probabilistic design charts for ASB houses on H sites based on the

method of maximum likelihood.

In order to generate design charts which account for long-term effects, in a manner similar

to that adopted by Kay and Mitchell (1990), that is, using a factor of two, Equation (4.10)

can be amended as shown in Equation (4.11).

810

O1

U
()

4 o.t

w = 
2k rnl-y-l" bEI \POE )

(4.11)

By substituting into Equation (4.11), probabilistic design charts which account for long-

term effects have been generated for each site reactivity group and super-structure type.

These are shown in Figures 4.32 to 4.37. It should be re-emphasised, however, that due to

the likely biasedness of the measured data, it is probable that these long-term design charts

are over conservative, that is, the crack widths are likely to be over-estimated.
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Figure 4.32 Probabilistic design charts for ABV houses on S sites with long term

effects based on the method of maximum likelihood.
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Figure 4.34 Probabilistic design charts for ABV houses on M sites with long term

effects based on the method of maximum likelihood.
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Figure 4.36 Probabilistic design charts for ABV houses on H site with long term

effects.
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4.5.3 SummarY

The preceding sections have discussed the development of a series of probabilistic cha¡ts

for raft footings built on expansive soils. These charts will be applied to a series of case

studies and compared with traditional forms of footing design in Chapter 5' The following

section examines the limitations of the probabilistic model.

4.6 LIMITATIONS OF PROBABILISTIC MODtrL

It is evident from the preceding sections that the probabilistic method has a number of

advantages and at the same time it also has a number of limitations such as:

The final model is dependent on the quality and quantity of information within the

database; and

The probabilistic method is only able to account for design situations which are

a

a

included in this database.

The following section examines the confidence intervals of the model

4.6.1 Confidence Intervals

In geotechnical engineering and the earth sciences, it is common to calculate 957o

confidence intervals. These intervals show the limits within which 957o of the data are

likely to lie, or where the sample mean is likely to be 95Vo of the time'

The general form of the confidence intervals, cI, is expressed by:

lo I
CI = m, trrlã 

)
(4.r2)

ffi,

zb

= mean of the sample;

= constant;

where:
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(4.r3)

= standard deviation; and

= sample size.

Equation (4.I2) is modified to include the exponential distribution of non-zero values of

crack width in Equation (4.13). The standard deviation of this relationship was derived

using a Taylor's series expansion. A factor of 1.96 was used in Equation (4.13) to

determine 957o confidence intervals from the normal distribution.

o

.ç

c r = fi{^(*) t t, 6lã r ;J. i ^, 
(#). røiffill'

where CI

EI

arb

POE

mc

nc

= 957o conf,rdence intervals

= unit raft stiffness;

= curve fitting parameters;

= probability of exceedence;

= total number of zero cracked houses; and

= total number of non-zero cracked houses.

By using Equation (4.13), 957o confidonce intorvals were calculated for each of the site

classifications with the probabilities of exceedence given in Figures 4.26 to 4.31.'By

superimposing the 95Vo confidence intervats (+1.960) on the design curves, it is possible to

assess the deviation from the estimated mean. Figures 4.38 to 4.49 show each of the

probabilistic design curves given in Figures 4.26 to 4.31, with the superimposed 957o

confidence intervals.

It is evident from Figures 4.38 to 4.49 that the 957o envelopes are somewhat larger than

one would desire. However, the size of the envelope can only be reduced by increasing the

number of measured data.
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4.6.2 Uncertainties Involved in the Model

Even though the probabilistic method has a number of significant advantages over

traditional deterministic methods, the model includes inherent uncertainties. Some of these

are listed below.

. The visual-tactile method, the commonly used technique to estimate 1,,, due its

dependency on the classifier results in extreme variabilities which in turn affects the

prediction of free surface heave, )., and as a consequence, inaccuracies occur when the

estimate of y" fall close to the boundary between two site classifications;

. The borelogs may not necessarily represents the maximum value of %, because the

positions of the borelogs are selected arbitrarily across the site;

o Most of dwellings contained in the database are biased towards the most damaged end

of the distribution;

. Cracks measured over a longer period may be morg severe and as a consequence, long-

term factor included in the model may predict inaccurate results;

o It is difficult to assess the cracks which might have been repaired by previous owners;

o Assumed concrete properties and dimensions may be different; and

o The raft stiffness calculations do not include reinforcement details.

The following section compares the results of this study with those obtained by Kay and

Mitchell (1990).

4.7 COMPARISON OF DESIGN METHODS

A comparative study has been carried out between the results given by Kay and Mitchell

(1990) with those presented earlier in this chapter; both the Kay and Mitchell method and

the maximum likelihood method. The results of this comparative study are given Figures

4.50 to 4.54. Superimposed on these curves are the footing depths specified by AS2870.1-

1988 (Standard Association of Australia 1988a). As stated by 452870.1-1988 (Standard

Association of Australia 1988a), the footing sizes recommended by the standardhave a 57o

probability of significant damage (> 5 mm crack width) occurring within the design life of

123
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50 years. Hence, it is appropriate to compare these dimensions with those given by the 5Vo

POE curves.
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Figure 4.50 Results of comparative study for ASB houses on S sites.
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Figure 4.51 Results of comparative study for ABV houses on M sites.
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Figure 4.54 Results of comparative study for ASB houses on H sites.

Figure 4.50 shows the results of the comparative study for articulated solid brick houses

built on S site. Due to insufficient data available for Kay and Mitchell (1990) method in

articulated brick veneer houses built on S site comparative study was not caffied out.

Whereas Figures 4.51 and 4.52 show the results of the comparal"ivc study fot articulated

brick veneer and articulated solid brick houses respectively on M sites. Figures Figure 4.53

to Figure 4.54 show results of the comparative study for articulated brick veneer and

articulated solid brick, respectively, on H sites.

It is evident from these figures that, in the majority of cases, the results presented in this

study indicate a more severe level of cracking than that resulting from Kay and Mitchell

(1990) study. This is not unexpected since Kay and Mitchell's work was confined to the

exterior of the dwellings and, as a consequence, is likely to have resulted in lower levels of

cracking.

In addition, it is evident from Figures 4.50 to 4.54 that the difference between the results

presented in this study and those from Kay and Mitchell's work decreases as the footing

depth increases.

+
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4.8 SUMMARY

Data obtained and described in Chapter 3 was analysed in this chapter in order to develop

probabilistic design charts. Due to the large number of variables involved, normalisation

of the data was carried out in accordance with the method suggested by Kay and Mitchell

(1990). Equivalent crack widths were then calculated and cumulative frequency

distributions generated. These were then used to develop probabilistic design charts which

express, for various probabilities of exceedence, crack widths associated with standard raft

footing depths.

However, because the method suggested by Kay and Mitchell (1990) yielded unrealistic

cumulative frequency distributions, a new method, based on maximum likelihood, was

developed. As indicated by a comparative study, the results presented in this study suggest

a higher level of cracking than that proposed by Kay and Mitchell's work.

The following chapter presents a series of case studies which compares the footing sizes

and costs associated with the probability method with those from designs based on

traditional deterministic methods.

¡
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Chapter Five

Application of Probabilistic Design

Methodology

:t
r!l

5.1. INTRODUCTION

As described in the previous chapter, a probabilistic method has been developed for the

design of residential footings built on expansive soil. This chapter presents the application

of this methodology to a series design case studies.

The chapter begins with the design of residential footing built on various site

classifications and super-structure using 452870.1-1988 (Standard Association of

Australia, 1988a) and the Mitchell Method (SLOG). Subsequently, the residential footings,

so designed were assessed with the probabilistic method developed in this study.

5.2 DESIGN OF ABV AND ASB HOUSES ON S, M AND H SITES

Figures 5.1 to 5.3 show the footing layouts for articulated brick veneer and articulated solid

brick houses on S, M and H sites. The value of free surface heave, y", selected are

approximately at the mid-range of the site classification in order to have equivalent effects

on the design. In order to have a variety in the design, three different footing layouts were

I
r

3
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selected. These houses were designed using 452870.1-1988 and the Mitchell Method

(Mitchell, 1979) as implemented by the program SLOG (Rust PPK, 1990). Later, these

designs were compared with the charts developed in the previous chapter. The following

sections discuss the procedure involved in the design of these footings.

11000

External Beam
(typical)

Internal Beam

(typical)

Figure 5.L Footing layout plan for ABV and ASB houses on S sites.

(All dimensions in mm)
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8700

External Beam

(iypical)

Internal Beam

(typical)

12600

Figure 5.2 Footing layout plan tbr A.BV and ASB houses on M sites.

(All dimensions in mm)

5.2.1 Design of Footings Using 452870.1-1988

Using the concepts specified in Figures 3.1 and 5.1 of the 452870.1-1988 (Standard

Association of Australia, 1988a), the rafts shown in Figures 5.1 to 5.3 were designed for

three classes of site reactivity and two classes of house flexibility for each group, a total of

six groups. The design details of the raft footings for articulated brick veneer and

articulated solid brick built on S sites is shown in Figure 5.4, whereas the design details for

M and H sites are shown in Figure 5.5.
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External Beam
(typical)
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(typical)

oO
Þ-

Figure 5.3 Footing layout plan for ABV and ASB houses on H sites.
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Figure 5.4 Raft details of ABV and ASB houses on S site.
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All dimensions in mm

Figure 5.5 Raft detaits of ABV and ASB houses on M and H sites.

5.2.2 Design of Footings Using the Mitchell Method

As discussed in Chapter 2, the Mitchell Method (Mitchell, 1979) is a numerical

deterministic method for the design of footings built on expansive soils. By its very nature,

the Mitchell Method is numerically intensive and commercially available program, SLOG

(Rust PPK, 1990), has been developed to implement the method.
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As input, SLOG requires details regarding the geometry, deflection ratios and loads

associated with the design rectangle, as well as the design heave, !^, and the subgrade

modulus, k, of the underlying soil. A standard value of 1000 kPa/m was adopted for the

subgrade modulus parameter, fr within the program. The values of depth of suction

change, a, shape factor, m, and deflection ratios, NL, were determined as discussed

previously in 92.5.6. Subsequently, all these parameters are incorporated in the program to

design the footings as shown in Figures 5.1 to 5.3. The results of one such analysis is

included in Appendix G. The design details as suggested by this program for the

construction of rafts are shown in Table 5.1.

Table 5.1 Raft details of ABV and ASB houses on s, M and H sites.

(Mitchelt Method)

5.3 APPLICATION OF THE CURRENT PROBABILISTIC

METHOD

Superimposing the design details developed previously in $5.2, on the appropriate charts of

the current probabilistic method developed in the previous chapter are shown in Figures 5.6

to 5.11. It is evident from these charts that the sizes recommended by 452870.1-1988 and

the Mitchell Method (SLOG) are associated with crack widths, of the order of 1 mm and

greater at 5O7o probability of exceedence. It is obvious that to reduce this level of distress

one should use deeper footings resulting in an increase in the cost of construction of the

raft.
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Figure 5.8 Crack widths associated with designs of 452870 and SLOG for ABV

houses on M sites.

100

POE = Probability of Exceedence

lOVo POE

\x50Vo POE

57o POE

7Vo POE

-
SLOG

ASB Houses on M sites

=

Á.S2870.1-1988a

135

100

A10

F
O1
dL(J

o

Io

â 0.1

0.01

0 800 1200

Beam Depth, D (mm)

800 1200

Beam Depth, D (mm)

ãro

Ð
cË¡r

Q
!o
çll
o

0.1
400 1600 2000

Figure 5.9 Crack widths associâted with designs of 452870 and SLOG for ASB

houses on M sites.

0

lj%o POEPOE = Probability of Exceedence

\./
__-v-50Vo POE

-às--

\¡------=-
57o POE

\
I

SLOG

* f
l%o POE

ABV Houses on M sites

,{S2870.1-1988a



Chapter 5. Application of Probabilistic Design Methods

800 1200

Beam Depth, D (mm)

800 1200

Beam Depth, D (mm)

136

100

400 1600 2000

Figure 5.10 Crack widths associated with designs of 452870 and SLOG for ABY
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5.4 COST ESTIMATION OF RAFT CONSTRUCTION

Since one of the main objectives for developing a probabilistic design approach, is to

provide the engineer and client with quantitative estimates of the risk of damage in relation

to the cost of footing construction, it is appropriate to compare the various footings in

terms of cost of construction. In order to achieve this, the Australian Construction

Handbook (Rawlinson's, 1995) was used. A value of $295lm3 was used which includes

cost of reinforcement and the form work. The various cost of construction for 452870 and

the Mitchell Method are included in Table 5.2, whereas, for different crack widths at

various level of probabilities are included in Table 5.3.

Table 5.2 Estimated cost of construction for various rafts designed using 452870

and Mitchell method.

$10850$1 1350HASB
$7070$8000HARV

$6120$7300MASB

$4s00$5230MABV
$82s0$8150SASB
$82s0$7s30SABV
SLOGAS2870.1-1988

Site
Classiflrcation

Super-
Structure

Cost of Construction

Table 5.3 Cost of construction of footings at different level of probabilities.

137

$12100*$14900t($18440d<ASB53

$8470d<$1 1270*$13620*ABV53

$10930d<$16060*$18110*ASB25

$sse0$91s0s7270$13080$9330$16070ABV25

fi12440$2r740$15440{<$18440*ASBt9
$8840$16s80$1 1240$19640$14s40$23840ABVt9

1mm0.1mmlmm0.L mm1mm0.1mm
Super-

Structure
Surface

Heave (mm)

507o POFlïVo POE,L%o POB;

* Costs associated with proposed footing sizes are prohibitive.
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It is evident from Table 5.3 that an extra few hundred dollars spent on the footing

construction may reduce the level of risk associated with the design. With reference to

Tables 5.2 and 5.3, for example, the cost of construction of a raft footing for ABV house on

an M site designed using 452870.1-1988 is $5230 whereas using Mitchell's Method, it is

$4500. Alternatively, for the same raft footing, with a l7o POE for an associated crack

width of 0.1 mm the cost is $16070, and for the same level of cracking with 1.O7o POE one

could reduce the cost of construction to $13080. If the client is prepared to accept more

risk by adopting a 1 mm associated crack width with 5OVo POE, the cost of construction

can be reduced further, to $5590. It thus enables the client and engineer to make informed

decisions with regard to the level of risk and the economic cost.

5.5 SUMMARY

In this chapter, six raft footings, which include articulated brick veneer and articulated

solid brick houses on S, M and H sites, were designed using 452870 and the Mitchell

Method as implemented by the program SLOG. Subsequently, these designs were

superimposed on the probabilistic design charts developed in Chapter 4 and the level of

distress was assessed at various probabilities of exceedence.

It has been observed that the estimated crack widths associated with the footing sizes

recornmended by 452870 and Mitchell Method are likely to exceed 1 mm with 5OVo

probability of exceedence. It was also shown that a more effective footing design can be

obtained by slightly increasing the cost associated with its construction.
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Chapter Six

Summary and Conclusions

6.1 SUMMARY

This study has examined the effects of expansive soils on residential buildings within

several Adelaide metropolitan councils. A method for the design of residential footings

built on S, M and H soils has been presented based on a probabilistic approach.

In Chapter 2 it was shown that expansive soils undergo large shrinkage and swelling

movements as a result of changes in subsoil moisture. It was also shown that a

considerable amount of uncertainty exists in the estimation of free surface heave-

Furthermore, previous methods for the design of raft footing systems built on expansive

soils have been based on idealised mathematical models. In addition, it was observed that

the probabilistic approach, suggested by Kay and Mitchell (1990), provides the design

engineer and the client with some guidance to the level of risk associated with any footing

size. Finally, it was shown that a number of limitations existed in their study including:

(i) the survey was restricted only to the exterior of the dwellings, and (ii) the study was

conf,rned to one local council area.

Chapter 3 described the compilation of the database which was carried out in two stages.

In the first stage, the raw information was collected from six different local council areas in

the Adelaide metropolitan area. The relevant information recorded for each footing

included:

t39
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. Soil borelog;

o Footing details and layout;

. Typeofsuper-structure;

. Address of the site; and

¡ Date of construction of the footing.

The second stage of the research involved a visual inspection of the houses whose

occupiers had agreed to participate in the study. The following information was recorded

in the visual inspection:

. Measurement of crack widths within internal and external walls, floors and ceilings;

. Recording of various site conditions; and

o The residents/owners were asked if they were aware of any cracking or any other

previous damage that had needed rcpait.

Chapter 3 also detailed the procedure involved in the calculation of critical raft stiffness. It

was observed that considerable scatter exists in the relationship between the measured

crack width and the critical raft stiffness.

Chapter 4 described the analysis of the data and the development of probability design

charts. It was found that, even though a large number of houses were examined in the.

study, the large number of variables involved prevented a direct statistical analysis. In

order to apply direct statistical methods of analysis, it was necessary to adopt some sort of

normalisation of the results in terms of a single specified raft stiffness. Subsequently, the

process of normalising the raft stiffness was carried out using the method suggested by Kay

a¡d Mitchell (1990), from which equivalent crack widths were determined. Furthermore, it

was shown that alt of the 216 cases were separated into three classes of site reactivity (S,

M, H) and into two classes of house flexibility (ABV, ASB). For each group, the

normalised crack widths were then divided into ranges according to a square root scale

bounded by values: o-Q.25,0.25-1.00, l.00-2.25,2.25-4.00,4.00-6.25,6.25-9.0O mm, in

order to obtain a cumulative frequency distribution. By means of regression analysis, the
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following relationship between the equivalent crack width and the cumulative frequency

was obtained for all the six groups:

cr'= 1oo(1 - o"-ut'*)

where: CF = cumulative frequency;

a, b = curve htting parameters;

ECW = equivalent crack lvidth.

This relationship correlated well with the measured data, due to the fact that the coefficient

of correlation for all of the groups was very close to one. Probabilistic design charts were

developed, based on these cumulative frequency distributions and Kay and Mitchell's

approach, with l7o, 57o, l07o and 50Vo probability of exceedence contours. The design

charts expressed crack widths associated with various standard raft footing beam depths.

Because of limitations associated with this approach, namely negative cumulative

frequencies, an alternative method was proposed based on the method of maximum

likelihood. Probabilistic design curves developed using this approach indicated a higher

level of cracking than that proposed by Kay and Mitchell (1990). In addition, it was shown

that the footing sizes recommended by 452870.1-1988 result in significant damage and

should be increased. However, further research is needed to verify and quantify this.

Chapter 5 presented a series of case studies which compared the footing sizes and cost

associated with the probability method with those from designs based on traditional

deterministic methods. It was shown that a more effective footing design can be obtained

by slightly increasing the cost associated with its construction.

6.2 RECOMMENDATIONS FOR FUTURE RESEARCH

To assess the level of deformation associated with each building, visual inspections were

carried out. However, in this study, only crack widths and the density of cracks were noted

for the purpose of the analysis. A level survey of the dwellings will yield more useful
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information than the assessment of crack widths, alone. However, an investigation of this

type would be extremely time consuming and labour intensive. Nevertheless, level surveys

would be extremely valuable.

As indicated in Chapter 3, it may be worthwhile to carry out a detailed study investigating

the relative importance of each of the various site conditions such as positions of down

pipes, trees, taps, concrete pathways and drainage on the distortion and cracking of

residential structures.

As mentioned in Chapter 4,the probabilistic design approach was based on the exponential

model. The trend may be modelled using a number of different mathematical functions, for

example,'Weibull distributions. Future research may investigate the consequences of using

different distribution functions. Furtherrnore, the coefficient of correlation was determined

using the method of least squares for the evaluation of the model. Even though, the results

this method are acceptable, there are number of other methods that may correlate better

than the method of least squares.

6.3 CONCLUSIONS

The probabilistic method proposed in this study allows the community to make informed

decisions regarding the probability of failure and the economic cost of various footing

clesigns. The proposed design method also improves and compliments current

deterministic design techniques. In addition, this approach provides the community with a

more reliable ancl rational technique, and may also reduce the likelihood of future

litigation. This approach can be applied elsewhere in the world, where similar situations

exist.
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APPENDIX A

SAMPLE COUNCIL SURVEY SHEET
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RESIDENTIAL FOUNDATIONS ON EXPANSIVE SOILS
COUNCIL SURVEY SHEET

Information from Construction Report:

Buildine Application No.

Name of the Council.

Address
House Holder:

Date of Construction

Super-Structure Construction:

Timber Framed
Articulated Brick Veneer

Brick Veneer
Articulated Solid Brick

Solid Brick

Shape of Footing:

Other
L-Shaped

Rectangular

Soil ClassifTcation:

E2
E1

H
M
S

Site Preparation:

Heave Ys (mm)

Type of Stiffened Raft:

Grillage
Standard

Inegular Grid
Regular Grid

Cut and Fill
Split Level

Filt
Cut

I-evel

Other
P

BE
RB5
RB4
RB3

RB1



APPENDIX B

A SAMPLE LETTER TO OBTAIN
PERMISSION FOR THE USE OF

COUNCIL'S DATABASE

154



155

The Chief Executive OfÏTcer

Campbelltown City Council

l'T2Montacute Road

ROSTREVOR

s.4.5073

Dear Sir/Madam,

The Department of Civil and Environmental Engineering of this University has recently

commenced a research project that focuses on improving the performance of residential

reinforced concrete raft footings founded on expansive clay soils.

Unlike existing design techniques that rely on highly idealised mathematical models, this

research will develop a probabilistic approach to the design of residential foundations. The

benefits of such a project will include a quantif,tcation of the probability of footing failure,

a more realistic approach to the design of residential foundations and a reduction of the

likelihood of future litigation.

To establish an accurate and reliable design technique, alarge amount of data is required.

In this regard we would greatly appreciate your assistance in obtaining copies of records

including applications for approval of building work and construction reports. Data that we

will require includes:

a

a

Current owner's name and address;

Building type;

Raft footing dimensions and details;

Engineer's soil classification and borehole details.

a

a

At a later stage, we will be contacting owners so that a site inspection can be arranged.
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As result, we are writing to you to seek your cooperation in permitting Ranganath Barthur,

a Research Assistant directly related to this project, to visit your Building Applications

Branch and obtain relevant data in approximately two weeks time, if convenient.

It is estimated that data collection will take approximately 1 week to complete

The results of this project will be made available to the Council and the engineering

profession. Additionally, your assistance will be formally recognised in the publications

resulting from this research.

We believe that a project of this nature will be of extreme benefit to the engineering

profession and we look forward to your reply. If you have any queries related to this work,

do not hesitate to contact the undersigned.

Yours sincerely,

Mark Jaksa B.E.(Hons), M.I.E. Aust. CPEng

Lecturer in Geotechnical Engineering

Ranganath -Barthur B.E.

Research Assistant, Postgraduate Student.



APPENDTX C

A SAMPLE LBTTER TO OBTAIN
PERMISSION FOR THE INSPECTION OF
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MarkJaksa
Ircturer

Phone : (08)3034317

18 October 1994

The Resident / Householder

Dear Sir / Madam,

The Civit and Environmental Engineering Department of this University has commenced a

research project titled "A Probabilistic Approach to the Design of Residential

Foundations", that focuses on improving the performance of residential reinforced concrete

raft footings, or foundations, founded on expansive soils.

The current stage of the project requires that a survey of approximately 500 houses, built

between 1983 and !992,be carried out within the next 2 - 3 months to provide information

on how the footing has performed since its construction. The outcome of this survey and

the consgquent research will help provide a more reliable technique for the design of these

footings.

There is evidence that in a few instances, even with current design methods, some cracking

has occurred and we wish to determine the prevalence of these cases. V/e will be interested

to take note of even the slightest evidence of cracking, cracking of a type that would

frequently not be observed by the home orwner and certainly be of little concern in terms of

building stability.

Your local council is supporting the project and has made available its records of building

applications. These records show that your house was constructed with a reinforced

concrete raft footing on either an expansive or stable soil, making it an ideal candidate for a

survey of this nature.
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Accordingly, we are writing to you seeking your cooperation in permitting Ranganath

Barthur, a Postgraduate Student & Research Assistant directly related to this project, to

r¡isit your house to inspect and measure for possible cracking both internally and externally.

It is anticipated that the inspection should take between 10 to 30 minutes. We would be

grateful if you would return the enclosed questionnaire in the stamped return addressed

envelope provided, and indicate your willingness or otherwise to participate in the

inspection survey.

Please be assured that the results of any survey will be treated with strict confidentiality in

that no names and addresses will be published. In addition, a short report summarising the

visit and providing advice on the cause of cracking will be provided to all participants of

the survey.

Your's faithfully,

Mark Jaksa B.E.(Hons.), M.I.E Aust. CPEng

Lecturer in Geotechnical Engineering

Ranganath Barthur B.E
Research Assistant, Postgraduate Student
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A PROBABILISTIC APPROACII TO TIIE DESIGN OF RESIDENTIAL
FOUNDATIONS

QUESTIONNAIRE TO RESIDENT/IIOUSEHOLDER

Resident's Name:

Address:

( 1 ) Will you allow your house to be included
in this research surveY?

( 5 ) How rnay we contact you to confirm a

suitable time for the inspection?

Signed
Additiortal Comments:

YES NO

(2)Ifyes, which day would you prefer for the inspection?

( 3 ) What time of day best suits You?

( 4 ) Alternatively, is there a specific time and date

that you might want the survey done?

MON

TUE

WED

THU

FRI

SAT

SUN

8-11

rl -2

2-5

Phone: (H)
(w)

Thank vou for taking the time to answer this questionnaire.
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A PRELIMINARY RESIDENTIAL
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Preliminary Residential Footing Assessment

The University of Adelaide

Resident's Name

Ase of Footine
Date of Inspection
Footing Construction Date

Est. Maximum Heave*
Soil Tvpe*
Footine Construction Tvpe
Super-structure

Damase Catesory (452870.L-1988)

ExteriorInterior
Max. Crack Width Encountered

Comments:

studv will lead to a more reliable design technique.
Your assistance in this research is greatly appreciated and it is expected that the results of this
consult a consulting civil engineer, many of which mav be found in the vellow pages.
Should vou require a more detailed assessment and repair strategy it Ís suqqested that you
The comments expressed in this report are of a preliminarv natrrre based on visual inspections.

Research Assistant, Postgraduate StudentLecturer in Geotechnical Engineering
Raneanath Barthur B.EMark.Iaksa B.E (Hons). l\{.I.E. Aust. CPEne

Buildins Anplication No.
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Table Fl Classifîcation of damage with reference to walls.

Table F2 Classification of damage with reference to concrete floors.

Severe415-25mmExtensive Cracks

Moderate35.0 - 15 mmWide Cracks

SIight21.0 - 5.0 mmDistinct Cracks

Verv Slieht10.1 - 1.0 mmFine Cracks

Negligible00.0 - 0.1 mmHairline

Degree of
Damage

Damage
Categorv

Crack
\ryidth Limit

Description of Typical Damage

Severe44.0 - 10 mmExtensive Cracks

ModerateaJ2.O - 4.0 mmWide Cracks

Slieht21.0 - 2.0 mmDistinct Cracks

Verv Slieht10.1 - 1.0 mmFine Cracks

Negligible00.0 - 0.3 mmHairline

Degree of
Damage

Damage
Category

Crack
WÍdth Limit

Description of Typical Damage
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A SAMPLE MACRO SHEET FOR RAFT
STIFFNESS CALCULATIONS
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for : Raft Stiffness

Young's Modulas E= 1.138+04 Mega Pascals
Bendine Direction : Short

Address:

Over L

Raft width l=

r66

Appn. No.

D
Beam W

50100D
1000Slab W

YbarybarExternal

Moment of
Inertia

(mm^4)All Dim arein MMBeam Type

r33.33250500D
250Beam W

50100D
2000Slab W

Internal 1

196.913?.5650D
300Beam W

50100D
2000Slab W

Internal 2

143.75250500D
300Beam W

50100D
2000Slab W

Internal 3

Input no. internal beams z=
Input no. internal beams v-
Input no. internal beams x=
Input no. external beams vy=

Raft stifness K= E* w*ML1 width MN/m^2
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:l TE

F

SI
RE

Articulat.ed brick veneer
5.2.2
28 .t1-.96

Mitchell Method Design

DATE

.,¡

til
'.$

I

'l

Length of Structure - L

Breadth of Structure - B

Edge Load on West End - Pl
Edge Load on East End - Pr

Edge Load on North Side - Pn

Edge Load on South Side - Ps

Nort.h-South Centre Load - Tns

East-West Centre Load - Tew

Uniform Distributed Load - \^I'

Subgrade Modulus - k
No. beams paralle1 to long span

No. beams parallel to short span

Youngs Modulus of concrete - Ec

1-8 . 00

1-1.00

1-2 .30
1-2.30

1-2.30

12.30
.00
.00

s .55
1000.00

4

6

15000.00

(m)

(m)

(kN/m)

(kN/m)
(kN/m)
(kN/m)

(kN/m)
(kN/m)

(kPa)
(kPa/m)

(MPa)

I

i

I

I

I

t



DTSTANCE
FROM EDGE

(m)

.000

.600
L.200
L 800
2 .400
3 .000
3 .600
4.200
4.800
5.400
6.000
6.600
1 .200
7.800
B .400
9.000
9.600

l_0.200
r_0.800
1_l_.400
l_2.000
1-2 .600
13.200
r_3 . 800
14 .400
t_5 . 000
]_s.600
16.200
r_6 . 800
L].400
18.000

BENDING
MOMENT

(kNm/m )

.000
-2.L82
-2.730
-2.329
-L _ 61-5
-.935
- -428
- .1-L4

.046

.1-02

.1_01_

.0'7 6

.046

.022

.007

.002

.007
- 022
.046
.07 6
.1-01-
.1-02
.046

_.LT4
- .428
-.935

-1.61_5
-2.329
-2.730
-2.L82
0.000

SHEAR
FORCE

(kN/m)

01_

l5
22
29
62
89

- .684
-.395
-. t_80
-.046

.022

.046

.045

.033

.0L1

.000
- .0]-1
-.033
-.045
-.046
- .022

- 046
.180
.395
.684
.989

1-.1-62
.929

-.1-22
-2.215
-l_ . 3 0r_

SOIL
HEAVE

( rn¡n )

.000

.070

.953

.998

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.998

.953

.070

.000

FOOTTNG
MOVEMENT

(mm)

.833

.7 43

.533

.340

.309

.696

.t 47

.644

.500

.312

.281,
-226
.L99
.1-BB
.186
.185
.186
.1-BB
.L99
.226
.281"
-312
.500
.644
.7 41
.696
.309
.340
.533
.143
.833

169

SOIL
REACTION

(kN/m)
'.;sò

.396

.252

. 195

.6r-5

.382
_352
.4L4
.500
.517
.63L
.664
.681
.687
.689
.689
_ 689
.681
.681-
.664
_ 63r_
_ 571
.500
.4L4
.352
-382
. 615
.195
.252
.396
-999

LONG SPAN - CENTRE HEAVE CONDITION

Soil Heave

Depth Soil Suction Change

Mound shape factor
Total Stiffness required
Giving Deflection of

Ym

a

M1

EI

15.00 mm

.61 m

40.30
L.00 MNm^2/m

9.58 mm (NON-CRITICAL)

1.3
2.2

.1,
-.9
1" -1,
-.9

L4
1-4
L4
1_5

15
15
1_5

1_5

1_5

15
l-5
15
15
15
15
15
t_5
15
15
15
1_5

15
15
1_5

t_5
1,5
14
t4
1-4

0

i
1
4
6
1
1
1
1
1
7

10
7
6
5
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

4
4
4
4
4
4
5
6
7
0

1
7

7
l
7
1
7
7

7
7
7
1
1
7
1
6
4
1,

I

I

'rJ

I

t



DISTANCE
FROM EDGE

(m)

.000

.600
l_.200
1.800
2 .400
3.000
3.600
4.200
4.800
5.400
6.000
6.600
t .200
7.800
8.400
9.000
9.600

10.200
10.800
1_1.400
12.000
l-2.600
1-3.200
13.800
14.400
l_5.000
r_5.600
1-6 .200
16.800
r.7 .400
18 . 000

BENDING
MOMENT

(kNm/m)

.000
-]-.294
-.633
-.134

.025

.034

.0r4

.002
-.001
-.001

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000
-.001-
-.001-

.002

. 014

.034

.025
-.1-34
-.633

-1-.294
_ 000

SHEAR
FORCE

(kN/m)

-.180
.521

-.966
-_548
- .1,40

.009

.026

.01-2

.003
-.001_
-.001_

.000

.000

.000
_ 000
.000
.000
.000
.000
.000
.001_
.001

-.003
- -0]-2
- .026
-.009

.]-40

.548

.966
- .527

.1_80

SOIL
HEAVE

(mm)

l_5.000
.930
.047
.002
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.002
.041
.930

1_5 . 000

FOOTING
MOVEMENT

(mm)

-1.330
- .6L4
-.364
-.342
-.368
-.385
-.390
-.390
-.390
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.389
-.390
-.390
-.390
-.385
-.368
-.342
-.364
- .61-4

-l_.330

rlo

SOIL
REACTION

(kN/m)

.480

.9 3U

.401"
-LO1
_ 420
.625
.685
_ 686
. 671
. 613
.6'tt
- 671"
.672
. 612
_ 612
.672
.672,
.672
.672
.67 L
.671-
.673
-6 t I
.686
.685
_ 625
.420
.L07
.40]-
.930
.480

LONG SPAN - EDGE HEAVE CONDITTON

,, Soil Heave
' Depth Soil Suction Changre

Mound shape factor

Total Stiffness required
Givinq Deflection of

Ym

a

M1

EI

l-5.00 mm

.67 m

40.30

1-. 00 MNm^2 /m

.99 mm (NON-CRTTfCAL)

)
ril

,lj

i

L2
7
4
4
4
4
4
4
4
4
4
4
4
4
4
4
A+
4
4
4
4
4
4
4
4
4
4
4
4
7

12

r
I

,



Soil Heave

Depth Soil Suction Change

Mound shape factor

Total- Stiffness required
Giving Deflection of

SHORT SPAN - CENTRE HEA\rE CONDITfON

M1

15.00 mm

.67 m

24 .63

DTSTANCE
FROM EDGE

(m)

.000

.3 67

.133

.1_00

.461

.833

.200

.561

.933

.300

.661

.033

.400

.161

. t_33

.500

.861

.233

.600

.9 61

.333

.700

.067

.433

.800

.1,61

.533

.900

.261

.633

.000

BENDING
MOMENT

(kNm/m)

.000

.629

.140

.1"48

.068

.102

.202

.612

.116

.750
- .407
-.L45

.043

.1-61

.237

.259

.237

.1-67

.043
-.1-45
- .401

.750

.1-1 6

.612

.202

.7 02

.068

.1-48

.7 40

.629

.000

SHEAR
FORCE

(kN/m)

.1,1 5

.136

.01r

.448

.608

.181_

.405

.398

.256

.050

.826
-.613
- -425
- -265
-.L26

.000

.126

.265

.425

.61_3

.826
50
56
9B
05
Bl_
OB
48

-2 - 011,
-3.136
-3.1-75

SOIL
HEAVE

(mm)

.000
L2 -251
t_4 . 558
L4.938
L4.993
1-4.999
1_5.000
1_5.000
15.000
15.000
t_5 . 000
1_5.000

FOOTTNG
MOVEMENT

(mm)

1 AAo.L.=UJ

.01 4
2 .41,8
4.393
5.945
7.085
1.862
8.342
8.598
8.696
B .692
B .634
B.s57
B-485
B .436
B .41,9
B .436
8.485
8.557
B -634
B .692
8.696
8.598
8.342
1.862
7.085
5.945
4.393
2 _ 41-B

.014
-2 - 489

t7r

SOIL
REACTION

(kN/m)

9 .1,25
4.494
4 .45L
3.867
3.31,1
2.902
2 .6Ll
2 .441,
2.341
2.31-2
2.31-3
2.334
2.362
2.389
2 .401
2 .4L3
2 .4,07
2.389
2.362
2.334
2 .31-3
2.31-2
2.347
2 .44r
2 .6Ll
2.902
3.31-7
3.867
4.45L
4 .494
9.L25

Ym

a

EI 1. 00 MNm^2 /m

11. l-B mm (NON-CRITICAL)

-1,
-z
-3
-3
-2
_')

-1_
-1,

3
3
z

1-

I
1
z
2
)
3
3
4
4
4
5
5
5
6
6
6
1
7
ÈJ

9
9
9

1_0

1_0

1_ l_

-1
-1
-1
-1_-i

l_5
t_5
l_5
1_5

15
t-5
1_5

t_5
l_5
t_5
L4
1-4
1-4
1-4
I2

l_.0
L.2
1.3
1, .4
1_.1_

.6
- _4

-l_
-1_
-z

a

-3
-3
-2
-l-

15. 000
000
000

.000

.000

.000

.000

.000
15.000
1-5 . 000

.000

.000

.000

.999
- 993
.938
.5sB
.251
.000



Soil Heave

Depth Soil Suction Change

Mound shape factor

Total Stiffness required
Giving Deflectíon of

SHORT SPAN _ EDGE HEAVE CONDITION

1-5 .00 mm

-67 m

24.63

DISTANCE
FROM EDGE

(m)

.000

.3 61

.7 33

.100

.461

.833

.200

.561

.933

.300

.661

.033

.400

.167

.133

.500

.861

.233

.600

.9 6l

.333

.700

.061

.433

.800

.]-61

.533

.900

.267

.633

.000

BENDING
MOMENT

(kNm/m)

.000
-1, . Brl
-1.686
-1-.048
-.479
-.L29

.029

.011,

.060

.036

.016

.004
-.001-
-.003
-.003
-.002
-.003
-.003
-.001

.004

.01-6

.036

.060

.071-

.029
- .1"29
- .419

-1 _ 048
-1.686
-1" .81,1

.000

SHEAR
FORCE

(kN/m)

SOIL
HEAVE

(mm)

15.000
2 .143

.442

.062

.007

.001-

.000

.000

.000

.000

.000

.000

.000

.000

.000

.000

. UUU

.000

.000

.000

.000

.000

.000

.000

.000

.001

.007

.062

.442
2 .143

15.000

FOOTTNG
MOVEMENT

(mm)

-L .599
-.933
-.5L2
-.3L7
-.264
- .214
-.302
-.326
- .3 41,
-.341
-.349
-.348
-.34'7
-.346
-.346
-.346
-.346
-.346
-.341
-.348
-.349
-.341
-.34L
-.326
-.302
- .214
-.264
-.31"1
-.5L2
-.933

-l_. 599

172

SOIL
REACTTON

(kN/m)

I .612
7.850
3.9L'7
2.351,
1" .93'7
2 .01-3
2 _21,8
2.394
2.500
2.547
2.558
2 -554
2.541
2.540
2.536
2.535
2.536
2 _540
2.541
2.554
2 -558
2.54'7
2.500
2.394
2 -21,8
2 .01-3
1- .931
2.35L
3 - 91,7
7.850
B .6L2

Ym

a

M1

ET 1.00 MNm^2/m

1-.34 mm (NON-CRITICAL)

1
1
1
Z

Z

2
3
3
4
A

4
5
5
5
6
6
6
.1

oo

B

tt
9
9
9

10
10
1,1,

3 .688
2.299

-1- - 049
-L - 646
-1,.254
- .693
-.272
- .042

.048

.060

.044

.023

.009

.002

.000

.000

.000
- -002
-.009
- .023
- _044
-.060
-.048

.042

.212
- 693

1-.254
L.646
L.049

-2.299
-3.688
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Dept. Civil Eng. unj-v. of Adelaide
SITE:Art.iculated brick veneer DATE :28 .Lt.96
REF :5 -2.2

MITCHELL METHOD ANALYSIS

TNPUT DATA

LENGTH
BREADTH
LOAD ON SCREEN WEST
LOAD ON SCREEN EAST
LOAD ON SCREEN NORTH
LOAD ON SCREEN SOUTH
CENTRELINE LOAD N/S
CENTRELINE LOAD E/W
UNIFORMLY DISTRIBUTED LOAD
LONG SPAN _ DEFLECTION RA'TIO

- PERMISSIBLE DEFLECTION
SHORT SPAN - DEFLECTION RATIO

- PERMISSIBLE DEFLECTTON
SUBGRADE MODULUS
SOIL HEAVE _ CENTRE HEAVE

- EDGE HEAVE
DEPTH OF SUCTION CHANGE _ CENTRE HEAVE

_ EDGE HEAVE

L
B

P1
Pr
Pn
Ps

Tns
Tew

\^/

l_B
11
1,2
L2
L2
T2

5
600

30
600

1B
1_000

m
m

.00

67
67

k
Ym
Ym

a
a

00
00
30
30
30
30
00
00
55
00
00
00
33

m
m
kNm
kNm
kNm
kNm
kNm
kNm

mm

kPa

mm
kPa/m

l-5.00 mm
15.00 mm
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STIMIVIARY OF ANALYSIS

LONG SPAN 
I

sHoRT SPAN 
I

I

1

I

I

I CENTRE HEAVE

Moment kNm/m
Shear kN/m

Stiffness MNm2/m

-2.7
-2.3

1.000

-3.1_
-3 .7

1_.000

EDGE HEA\¡E

Moment kNm/m
Shear kN/m

Stiffness MNm2/m

-1. 3
l_. 0

l-.000

-t_. B

-3 -7
1-.000

SHORT SPAN
REQUTRED CAPACITIES PER BEAM

I loNG sPAN 
I

CENTRE HEAVE

U1tímate strength kNm
Irequired mm4

-9 .4
.1833E+09

-11_. B

2 0 0 0E+09

EDGE HEAVE

Ult.imate strength kNm
Irequired mm4

-4.4
.1833E+09

-6. B

2000E+09

Number of beams
Youngs modulus MPa

4
15000.0

6
t_5000.0



SITE: Articulated brick veneer DATE: 28-1-I-96
REF : 5.2 -2

Dept.Civil Eng.Univ. of Adelaide

RAFT FOOTTNG BEAM DESIGN

INPUT DATA
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BOTTOM CONCRETE COVER 65.Omm
BEAM WIDTH 300.0mm

AREA OF BOTTOM STEEL 330.0mm2
fsy 400.0MPa
Ec 15000.0MPa

F't (edge heave) 2.7MPa
Mw (edge heave) 5.5kNm
rreq (edge heave) 20000E9 mm4

RESULTS

CENTRE HEAVE EDGE HEAVE

TOP CONCRETE COVER
SLAB WIDTH
AREA OF TOP STEEL
SLAB THICKNESS
F'c
F't (centre heave)
Mw (centre heave)
Ireq (centre heave)

50.Omm
1000.0 mm
418.0 mm2
100.Omm

20.OMPa
1-. BMPa
9 -4 kNm

.20000E9 mm4

REQUIRED BEAM DEPTH (ntm)
ULTIMATE MOMENT (KNM)
ULTIMATE /WORKING MOMENT
ULTTMATE / CRACKTNG MOMENT
Ief f (E9 mm4 )
AREA OF STEEL INPUT OR
VALUE FOR Mu/Mcr>1-.20
IF GREATER (mm2 )

300.0
39.0

4.1-3
2 .04

1_.1_27083
418.0

L.L2
33

0.0
0.5
5.59
1".94
7 083
0.0

30
3

NOTE: AS2B70 App. E2-f requires raft to resist centre and edge heave
momenLs of approximately the same magnitude.

SUMMARY OF SECTION TO BE USED

DEPTH
WIDTH
TOP STEEL
BOTTOM STEEL
LTGATURES
SLAB

300.00 mm
300.00 mm

2 YL2
3 Yt2
w6 1-000cts
I.72
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pg.xr

pg. xviü, Notation

pE.14, Figure 2.3

ps. 15

pg. 16

pg. 18

In the 6th line of the lst paragraph, replace "many" with "216"

Adjacent to y^, replace "ltirtalDifferential Movement, Design value of

differential Movement" with "Dtfferential mound movement"

Include afær the caption "(Mitchell, 1979)"

In the sentence after Equation (2.4), replace "pF' with "VolpF"

Delete 3rd sentence in the paragraph 4

Include the following after the last dot point:

"o Erroneous site classihcation;

o Inadequate design detailing; and

. Poor construction."

Include afær the 3rd sentence in the 3rd dot point "In addition, it

assumes soil volume changes are directly related to water volume

changes, so is only applicable if the soil is close to saturation."

Replace "strength" in the hrst and second Sentences wil¿ "allowable

bearing capacity"

In the 5th line, include "in" after "given"

Include after the second sentence "Âu representing the change in

suction, pF, and 11 representing the depth, as shown in Figure 2.4."

Delete first paragraph

In the 4th line of Section 2.3, include "to" before "minimise"

In the 4th line of the 2nd Paragraph, include "faft' after "strffened"

In the 3rd sentence of the 1st paragraph, delete "be"

Delete lst dot point

In the 3rd line include"the" beþre "Lytton (1971)"

In the 5th and 6th lines remove "t'
In the 2nd line of the 2nd dot point, delete "even with the use of

computer program"

In the 5th line of 2nd paragraph, replace "have" with "has"

p9.27

pg. 31, point 2

p9.32, point 3

p9.32, point 3

ps. 35

p8.36

pg. 39, Section 2.3.4

ps-40

pg-40

pg. 48, Section 2.5.3

pg. 48, Section 2.5.3

p9.50

ps.51



ps.51

p9.51

pg. 51

pg. 51

p9.52

pg. 53

In the right hand side of Figure 2.21, ínterchange "flat + parabola"

In the last sentence of the 2nd pangraph, delete "and it can be expected

that the bending moment will be dependent on the depth adopted"

Second to last line include "the" beþre "beafii"

Last line replace "Inorder with "In order"

In the lst sentence of the 2nd pangraph, include "the" after "by"

In the 4th line of the lst paragraph, include "the" af'ter "Equation

(2.2s)"

In the lst line of the 2nd paragraph, include "the" afler "established"

In the 6th sentence of Section 2.6, delete "strengths and performance of

buildings will never have exactly the same observed values, even under

seemingly identical conditions. Subsequently, the task of the design

engineer now is to deal with this uncertainty in a realistic and

economical manner. How the engineer chooses to treat the uncertainty

in a given phenomenon depends upon the situation. The probabilistic

approach appears to be realistic in this case. This section"

Include afær the last line of Section 2.6.2, "of faith to the client is not

in the design engineer's interests. It is preferable to make the level

of uncertainty as clea¡ as possible to the client. In addition, it is

worthwhile to discuss the additional cost required to reduce the level of

risk associated with each design. Subsequently, an extensive

programme of observation of houses in South Australia has been carried

out as a basis to develop such a probabilistic design procedure. A

design table so"

In the 2nd line of the lst dot potnt replac¿ "millions" with "hundreds of

thousands"

In the 3rd dot point, replace'bomplimen¡s" with "complements"

In the 2nd line of the 2nd paragraph, delete "is simply supported elastic

beam"

In the 12tlr line of the 2nd paragraph, include "loe" after "also"

In the 13th line of the 2nd paragraph, replac¿ "stiffenesses were" wirl¡

"stiffness was"

In the 3rd line of the lst paragraph, replace "has" with "have"

In the 3rd sentence of the 1st paragraph, replace "these" with "this"

pg. 53

ps. 55

pg. 55

pg. 55

ps-55

pg. 56
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ps. 56

pg-56

pg-57

ps-57
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pg. 58

ps. 58

p9.61

pg. 66

ps.67

pg. 69

pg. 69

p9.73

p9.74

pg.75,Table 3.5

ps.76

p9.77

pp 78-81

ps. 84

ps.93

pg 96

p9.97

pg. 100

pg.110

In the 4th and 5th lines replace "a number of' with "much"

Delete the 2nd sentence of the 3rd dot point

in the last sentenc e replace "ease" wiflr "simplify"

In the lst line of the 1st paragraph, replace "utilises" wilh "utilise"

In the lst point under "Technical", delete "in the"

In the 1lth line of the lst paragraph, include "because" after

"included"

In the last paragraph afær the lst sentence, include "The engineers'

estimate of heave was adopted as the site heave in the data base. 'Where

the engineer modihed the surface heave for the effects of trees, in

accordance with local practice, these modifications were ignored."

In the first dot point, at the end of the sentence include "Movement in

interior expansion joints was not measured"

In the lst line of the last paragraph replace "summaries" with

"summarises"

Include after the caption "(percentages are relative to the total

population)"

In the 2nd line, include "of the critical section" afier "dfuentions"

In the last sentence of the lst paragraph, replace "totaf" with "total

uncracked"

On the horizontal axis of Figures 3.6 to 3.I1, replace 'M.Pt' with

'MPa./m"

In the 2nd line of the 3rd paragraph, replace "calculations" with

"calculation"

In the 2nd to last line of the last paragraph, include'fuhich" af-ter

'limit¿tion,"

In the 2nd line of the 2nd paragraph, replace "conjectivd' with

"conjecture"

Replace the 4th sentence of the 2nd paragraph," wíth "In this study an 8

metre wide dwelling was used to determine the second moment of area."

In Figure 4.77, reploce Íhe bold vertical line at 800 mm (representing the

size indicated by 452870.1-1988a) with a bold vertical line at 625 mm

In Figure 4.30, replace the bold vertical line at 800 mm (representing the

size indicated by 4S2870.1-1988a) with a bold vertical line at 625 mm

At the beginning of the first paragraph, include "It is evident from

Equations 4.6 and 4.7, the curve fitting parametets from the maximum

likelihood method to a large extent, depend on the number of cracked

houses and the severity of their damage. It is also evident from Table

3.4, that the number of cracked articulated solid brick houses built on M

,i
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pg.111



pg. LI2

sites is more than those built on H siæs. Due to these reasons, the

curves tend to predict more conservative values for articulated soild

brick houses on M siæs than houses built on H siæs.

Replace Figure 4.33 with the following hgure:

POE = Probabillty of Exceedence

--

IOVoPOE

SOVo POE
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4S2E70.1-l9tta

ASB Houses on S slteg Long Term Conditlons
(10 Cases)

400 t00 1200

Beam Dept\ D (mm)

In Figure 4.35, replace the bold vertical line at 800 mm (representing the

size indicated by AS2870.1-1988a) with a bold vertical line at 625 mm
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pg. I 13

pg.115

pg.125

pg. 128

pg. 131, Figure 5.4

Equation 4.12 should read CI = nts!"(å)

In Figure 4.52, replace the bold vertical line at 800 mm (representing the

size indicated by 452870.1-1988a) with a bold vertical line at 625 mm

In the 3rd line of the lst paragraph, include "of' after "series"

Reploce Figure 5.4 with the following figure:
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pg.132

pg.132

pg. 133, Section 5.3

Any other walls

800 1200

Beam Depth, D (mm)

150 mm

300 mm

I
E 500 mm

>50mm

In Figure 5.5, replace "350" with "400"

In Figure 5-5, replace "Spacing, S' with "Maximum spacing"

In the lst line of Section 5.3, include "(Figures 4.74 to 4.19)" after

"chapter"

Replace Figure 5.9 with the following figure:

4S2470.1-1988a

ASB Houses on M sites
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pg. 138

pg. 141

pg.142
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Delete 1st sentence of the 1st paragraph

In the last line of the 4th paragraph replace "shghtJt'' with

"significantly"

In the 3rd line of the last paragraph, replace'tompliments" with

'tomplements"




