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ABSTRACT

The parameters required for the design of footiogsexpansive (or reactive) soil by AS2870-1996 ddd regions of
Australia are derived theoretically from establdhelationships based on experiences in the manpdeate climates. Two
critical parameters required for a footing designAs 2870-1996 are the surface soil suction chgngg and the depth of
the design soil suction changeg(Hand current recommendations for arid climatest@range\us = 1.2pF to 1.8pF, and
Hs =3.7 m to 6.0 m. Using the results of solutionghaf diffusion equation, with values for the diffus coefficient for a
soil profile in an arid climate that are extrapetaffrom the established relationships between ti@nthwaite Moisture
Index, the annual cycle of wet/dry months andrHthe more temperate climates, it was found thiaan arid climateAus
=1.8pF and K =2.5 m. This finding was supported by a case hystd a building in the Jackson oil-field, south ste
Queensland that had been distorted by the effécn @xpansive soil profile. Three worked examplesngAus =1.8pF
and H =2.5 m for the design of a footing for a residahtiype building on an expansive soil in an arigaare given.

1 INTRODUCTION

Although the hot, arid regions of Australia arenthiipopulated, geotechnical engineers are oftenired to carry out a
geotechnical investigation and footing design iesthregions for a residential, light industrialineoercial and institutional
building. This has increased in recent years dusutihh aspects as increased mining activity andceged infrastructure,
and increased government expenditure on aborigmading.

The arid regions of Australia are characterisedioymers with very high day-time temperatures artchights, with low
relative humidity day and night, and winters comjprg warm to hot days and cool to cold nights (dafe 1975). The low
rainfall is very irregular, but usually occurs dsrms comprising short heavy rainfall periods whagtuse the ephemeral
creek and river systems to flow, often leadingagional flooding.

Figure 1 (from Aitchison 1970) shows the patternmean annual climate throughout main-land Austrialiterms of the

Thornthwaite Moisture Index, abbreviated as TMhd@ihthwaite 1948). Regions of extreme aridity draracterised by a
TMI of around -50 (increasing TMI is associatedhwiitcreasing humidity with extreme humidity chaeaigted by TMI >

+50), and it can be seen from Figure 1 that ariddyers a vast area of central Australia. Equilitrisoil suction values
(i.e. the constant soil suction at depth belowrnbarer surface active zone) are typically much dvigh the arid regions
than those in the more temperate regions, as shofigure 2.

_ 609 —— Barnett & Kingsland (1999)
= .

z ®m Woomera (Richards 1967)
S 554

S A Jackson (PPK 1988)

%) n

S 5.0 4 I : & Alice Springs (Richards

5 1967)

E a —%— Cloncurry (Richards 1967)

g 451

| o —@— Nyngen (Richards 1967)
401 ¢ A Adelaide (Mitchell 1984)
O Albury-Wodonga (KWGS

3.5 1980)
< Maryland (Fityus et al 2004),

3.0
-60 -40 -20 o] 20 40

™I

Figure 1 Distribution of TMI throughout main-land Figure 2: Equilibrium soil suction vs. TMI relatiship.
Australia (Aitchison 1970).
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Although general principles for footing design acwhstruction in arid areas has been developed forynyears (e.g.
Cheney 1970), little guidance is available for gebhical engineers when using AS 2870-1996 ‘Resialeslabs and
footings’ code in the arid regions of Australia.

This paper describes the background to the proeealimpted by the author for the routine desigroofifigs on expansive
(or reactive) soils by AS2870-1996 for buildingsdted in arid regions of Australia (say TMI<-40jtiwa case history of a
structure located in south west Queensland. Sewendled examples of the design approach are given.

2 PREDICTION OF EXPANSIVE SOIL MOVEMENT

The conventional method of predicting expansive smvement assumes a linear relationship betweersdil vertical
strain and the change in log soil suction (u) thfo@ soil parameter, the Instability Indgy Wwhich is taken as a soil
constant. By AS 2870-1996 ‘Residential slabs amdifigs’ the design change in soil suctidwy is taken as the difference
between the characteristic dry suction and theadtaristic wet suction over the depth of desigrtisncchange K The
characteristic surface movemeny) (g therefore given by Equatig).

HS
ys = 1 Aush @)
h=0
where u = logarithm soil suction (taken as uaftpF)
h = depth

The design suction change is assumed to be att@ngjstribution with depth, with the maximum valof suction change
occurring at the soil surfacays), and decreasing linearly with depth to h s{$tmetimes called the ‘active depth’), below
which a constant soil suction occurs (the equilitrisoil suction ), as shown in Figure 3. Two important variables ar
thereforeAus and H which vary according to locality and climate a$inkd by the TMI.

Figure 4 shows published values/af; as a function of TMI. For an arid climate with TMI-40, the recommended values
for Aug vary from 1.2 to 1.8.
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Figure 3:Simplified design soil suction extremes  Figure 4: Design surface suction changesj with
by AS2870-1996. TMIL.

It is generally accepted that as the aridity of tfiemate increases, the depth of suction changg iftdreases. Under
extreme circumstances of very inadequate drainagerded depths of suction change have been asadespout 13 m as
shown in Figure 5 for a case example in South Afif¢/illiams 1980, Williams & Donaldson (1980). Figu6 shows
several published Australian relationships betwidgand TMI. For arid climates (TMI < -40) in Australithe published
values for Hvary from about 3.7 m to 4.0 m, to “above 4.0 tn"a value as high as 6.0 m.
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Figure 5:Deep suction changes in a fissured soil in an
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Figure 6: Relationship between &hd TMI.
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It must be recognised that little theoretical bdwsis been published on the derivation of the vabdiés)s and H in Figures
4 and 6, and this could explain the large diffeemnio the recommended values for an arid climatenBn more temperate
climates, significant departures from the desigmesshown in Figures 4 and 6 have been encountEraanples include
those shown in Figure 7 for Albury-Wodonga (KWGSQR By AS 2870-1996 for Albury-WodongAys = 1.2 and H=
3.0 m, while the data shown in Figure 7 indicateat talthough Kl can be reasonably taken as 3 m, the valuaugf
significantly exceeds 1.2. Another example (Mitth&b84) is shown in Figure 8 for Adelaide, whege AS 2870-1996,
Aus = 1.2 and K= 4.0 m, but the data in Figure 8 indicates sigaift departures from these values.

Soil Suction (pF)

A Under road

+ Timber floor

o Grassless area
—o— Dry grass

—=— Lawned area

2 3 4 5 6
0
0.5 + o,aA
I
I
I
1+ o 4
I
I
|
15 | + B a
I
I
I
2 1A
I
I
I
I
25 - 1
I
Inferred
I
:‘/ equilibrium

Figure 7: Measured soil suction values at Albury-
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(KWGS 1980).
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Figure 8: Measured soil suction values in Adelaide
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Fox (2000) used the phrase “informal correlatioiien describing the relationship between TMI andCGthan and Mostyn
(2008) explained that although there is little psibd support for the values shown in Figures 4&nAlS 2870-1996 is a
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“package” whereAu,, Hs, and other variables “combine together” to proviaereasonable estimate of lpased on
experience.

The difficulty with an empirical approach such hsstis that in an area of limited experience, sashn the arid regions,
uncertainties must arise when adopting the proesdof AS 2870-1996 for a footing design. An attetopdvercome these
uncertainties by using a more theoretical anafgsitlined in the following sections.

3 OUTLINE OF THEORETICAL ANALYSIS

A theoretical determination of the soil suction mipes at depth due to a soil suction chargg ) at the soil surface can be
determined from the solution of the diffusion edomt(Richards 1967, Mitchell 1979, 1980, 1984, Meke& Johnson
1990). One form of the diffusion equation is thateg by Equation(2) after Mitchell (1979), and this equation is used i
this paper to determine the appropriate valuedfi ldn arid climate.

d°u _10du
oh*> a ot
where u = logarithm soil suction (pF)
o = diffusion coefficient in units of (lengtflime
t =time
h = depth

Two main difficulties with the use of Equation @)e the determination of appropriate values ofdiffesion coefficient

and the determination of the boundary conditionshef problem. However, Richards (1967) pointed that “common

sense and ingenuity on the part of the engineeiowarcome [these difficulties] in most cases”, éimd was successfully
demonstrated by McKeen & Johnson (1990) who usedliffiusion equation to derive a method to deteettime active

depth due to seasonal surface suction changelsddJrited States of America.

)

The depth of soil suction variations ldepends largely on the magnitude of the diffusioefficienta, and the imposed
surface suction changeus with time (the boundary condition for Equation Zhe approach adopted in this paper is to use
the established empirical relationships betweegartd TMI as shown in Figure 6 for more temperatmates, to derive
from Equation (2) an appropriate value for thewdifbn coefficient. The analysis can then be exietpd to determine H

for an arid climate, where the magnitude gfisdless certain.

The determination of the appropriate surface sodtig) with time for the more temperate climates of Wi is outlined in
the next section.

4 RELATIONSHIP BETWEEN PERIOD OF SURFACE SUCTION CHAN GES AND
CLIMATE

A convenient representation of the variable sedsamtting and drying cycles of different climatesfrom the monthly
rainfall records and the monthly potential evapmtpiration (Ep) values determined by the Thorniten@ 948) method.
A representation for an ‘average’ year in Adelaglshown in Figure 9. When the rainfall exceedsirEfate autumn, the
soil moisture is recharged until a surplus is redctWhen Ep exceeds rainfall in early spring, thie rmoisture becomes
depleted until a deficit occurs. The time of maistuecharge and surplus is a period of wetting)enthie time of moisture
depletion and deficit is a period of drying asstiated in Figure 10.

Jewell and Mitchell (2008) related the period ofttimg and drying with the observed seasonal shgekand swelling in
Adelaide as shown in Figures 11 and 12 for measemésrtaken in 1978/9 (Mitchell 1984). Soil sweltorred during the
wetting period and soil shrinkage occurred during ¢rying period of the year. The climate of a ipafar locality can

therefore be separated into a drying period assatigith high surface soil suction and soil shriggkaand a wetting period
associated with low surface soil suction and swikls By determining the average annual wet/dry thoratio for a

locality, the cycle of average annual surface sacthanges can be estimated. Constant but diffstefdce soil suctions
during the wet and dry periods are assumed inpthyer.
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Figure 9 Moisture curves for average year for Adelaide
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Figure 13 shows moisture curves for locations iotdfia where a relationship betweegadd TMI has been incorporated
into AS 2870-1996. By AS 2870-1996us = 1.2 for Victoria. For wet coastal Wilsons Prortag (TMI = +51), the
number of wetting months is on average eight (8)year. AS2870-1996 specifies H1.5 m for Wilsons Promontory. As
the aridity of the climate increases (shown in Fegli3 as being represented by Hamilton to Horshamlitdura), the
number of wet months on average decreases, sdjittatra (TMI = -41) has on average 2% wet months ysar where

AS2870-1996 specifies+ 4.0 m. A relationship can therefore be establidhetdveen TMI, Hs and the ratio of wet/dry
months of the year.
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(c) Horsham (TMI =-24.5) (a) Mildura (TMI = -41)
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Figure 13: Moisture curves for various location$Swuth-East Australia.

Using Aus = 1.2, a relationship can also be established et MI, @, (from Figure 2), the wet/dry month ratio, and the
magnitude of wet and dry soil suction at the soiface. For example, for Hamilton TMI = +6.3, thetidry month ratio =
7/5 from Figure 13(b),dd~ 4.1 from Figure 2, so the surface suction rangas f3.6 to 4.8, sincAus = 1.2 and = [(7 X
3.6)+(5x4.8)[/12 = 4.1. Table 1 summarises thetimiahip between locality, Hthe values of wet and dry surface soil
suction, and wet/dry times for five sites in Viégranging from wet coastal to semi-arid.

Table 1: Relationships between TMI;, Aus and wet/dry months ratio used for analysis ofudifbn equation

Climate Zone | Representative T™I H s by Aus (pF) Ueq (PF) Wet /Dry
Location AS2870 (wet to dry) months ratio
Wet coastal Wilsons +51 1.5m 3.7t04.9 4.1 8/4
Promontory

Wet temperate Hamilton +6.3 1.8m 3.6t04.8 4.1 5 7/
Temperate Albury +1.7 2.3 mto 3.0m 3.6t04.8 4.2 6/6

Dry temperate Horsham -24.5 3.0m 3.5t04.7 4.2 7 5/
Semi-arid Mildura -41 40m 3.55t04.7p 4.5 2Y5/9%>

The values shown in columns 5, 6 and 7 in TablarL ke adopted as the boundary conditions for tiffle€don Equation
(2) to determine soil suction changes with depth,hsd & value of diffusion coefficient can be deterad to match the
values of Hgiven in column 4 of Table 1. This is outlinedtire next section.

5 ANALYSIS FOR VALUE OF DIFFUSION COEFFICIENT

The solution of the Diffusion Equatid®) is obtained in this paper using the numerical me:tkoreyszig, 2006) as
described in Appendix A. To illustrate the procesdetermine the diffusion coefficieni)( consider the moisture curves
for Albury Airport (TMI = 1.7) shown in Figure 14)aThe ratio of wet/dry months is 6/6. By Figureug,~ 4.2, and AS
2870-1996 giveaus = 1.2 for Albury so that the dry surface suctioA.8, and the wet surface suction is 3.6 since
[(6x4.8)+(6x3.6)]/12 = 4.2. These values are shawhable 1. Assuming a constant but different stefauction during the
wet and dry periods, Figure 14(b) shows the idedlsurface suction changes [u(o,t) in Appendix #\lre required
boundary condition for the solution of the Diffusi&@quation(2).

Figure 15 shows the solution of the Diffusion Edquai2) for the surface suction changes of Figure 14(blafwalue of
diffusion coefficienta = 0.0004 criisec. Figure 15 indicates theoretical suction chartg a depth of 2.3 m to 3.0 m. AS
2870-1996 indicates Albury is at a boundary g&2.3 m to 3.0 m so that= 0.0004 crfisec for the diffusion coefficient
is appropriate for Albury Airport.

The above process was repeated for Wilsons Promorii@amilton, Horsham and Mildura using the bourdewnditions
for each locality shown in Table 1. For each c#se,value of diffusion coefficientf was found so that the theoretical H
matched the AS 2870-1996 value qffbr the locality. The process is summarised in éugix B.
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(a) Albury Airport (TMI =+1.7)
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Figure 14(a): Moisture curves for Albury Airport, andFigure 15:Calculated soil suction changes with depth
14(b) Idealised surface suction changes for for surface suction changes in Figure 14(b)
Albury Airport for o = 0.0004 crfisec.

Figure 16 shows the results of the analysis fordiffeision coefficient ¢) as a function of the TMI for each site. It can be
seen that the diffusion coefficient)(increases with aridity. This would be expectedhesdegree of cracking and fissures

in the soil profile increases with increasing asidthus increasing the permeability of the sodfiie, so that the diffusion
coefficient would also increase.

From Figure 16, extrapolating to an arid climaep(esented as TMI = -50), the diffusion coefficianlt be about 0.004

cm?sec. This value is used in the Diffusion Equatdnto determine the expected value qffét an arid area, as explained
in the next section.
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Figure 16: Relationship between diffusion coeffitiand TMI.
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ANALYSIS FOR DEPTH OF SOIL SUCTION CHANGE IN ARID A REAS

Figure 17 shows the moisture curves for Woomeral(¥M8.5) based on long-term monthly averages,thede moisture
curves are typical of an arid climate. It can bensthat the potential evapotranspiration exceeelsdimfall, so that there is
always a deficit. However using average monthlyords of rainfall in arid regions of Australia is stéading because
rainfall occurs on a very irregular basis, anddsogiated with intense rain periods in short periofitime, as shown for
example by the June 2001 rainfall record for WoanierFigure 18.
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Figure 17:Moisture curves for Woomera based on Figure 18:Rainfall record for Woomera June 2001.
average monthly rainfall and temperature.

By Figure 18, an appropriate wet/dry month ratio do arid climate is therefore 0.5/11.5. For aml a€gion, Figure 4
indicates an appropriate value &dis = 1.8 is consistent with the measured values oh@&a & Kingsland (1999), and this
value is adopted here. By Figure 2,%1 4.9, so that the dry surface suction = 5.0, aedvitbt surface suction is 3.2 since
[(11.5x5.0)+(0.5x3.2)]/12 4.9. Figure 19 shows the idealised surface sucti@mges [u(o,t) in Appendix A] as the surface

boundary condition for the solution of the Diffusi&quation(2).
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Using the surface boundary condition shown in Fégd®, and the determined = 0.004 crfisec for the diffusion
coefficient from Figure 16, the Diffusion Equatioan be solved to obtain the appropriate value gioHan arid climate.
The results of the analysis are shown in FigureT?@. variation of soil suction occurs to a deptlalodut 2.5 m.

The analysis has therefore predicted that the gpiate design parameters for an arid climaterare= 1.8 and K= 2.5 m.
Confirmation of this prediction is given by the edsstory in the next section.

7

CASE HISTORY

A single storey steel frame building with light dlevalls (Figure 21) was constructed on a dry ditine@ Jackson oilfield in
south-west Queensland in 1983. The building wasded on a 110 mm unstiffened slab-on-ground, wittisaontinuous
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perimeter ‘rat-wall’ in accordance with the thene@uosland building regulations. The building hadirpeter concrete
paving. The soil profile is shown in Figure 22, awhsisted of expansive soil layers to the 4 midéptestigated. A few
years after construction, the slab suffered a Stgmit edge heave (concave bending) mode of distgrand coring through
the slab indicated that a gap or ‘lift-off’ existbdtween the bottom of the slab and the soil, #tent of which is shown in
Figure 23.
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I to high plasticity. Ipt = 0.03 (av. of 2 tests)

1

Silty CLAY (ClI). Light brown. Medium
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30—
4.0 |— Dirilling terminated at 4 m in Silty CLAY
Figure 21: Jackson Qilfield building. Figure 22:ilgwofile for Jackson building.

Considering the measured differential movementsactbe slab and the thickness of the sub-floor tjepdifferential edge
heave soil movement with respect to the centré@fuilding was estimated to be 60 mm to 130 mnis Was consistent
with the differential soil movement determined frihy Au Ah where }; was measured by the core shrinkage method (now
incorporated in AS 1289-7.1.3) ardi from soil suction measurements on recovered sssnpy a psychrometer (now
incorporated in AS 1289-2.2.1) shown in Figure 24.
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Figure 23: Observed extent of edge heave for Jacksdrigure 24: Measured soil suction values for Jackson
building. building.

There were considerable drainage deficiencieseasite that contributed to the severity of theatisdn. These included the
perimeter paving having a reverse fall which chéiedestormwater directly to the footing edge, spaloains at the paving
edge were ineffective and in fact caused runof€dltbect at several locations, and discharge ofnsteater occurred into
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open expansion joints in the perimeter paving atyracations. Therefore the subsoil around theding was subjected to
a much more extreme change in soil suction thadéquate drainage measures were maintained. Tatolas of these
drainage deficiencies coincided with the borehategcating much lower soil suctions than other tamas and are shown
as ‘slab edge (wet)’ in Figure 24.

The distortion was rectified by improvements to thigposal of stormwater around the building, amavk} injecting water
into the soil under the interior of the slab (thybuhe cored holes previously cut to investigatedktent of the void under
the slab) to cause the soil under the slab to hehus reducing the severity of the edge heave.btlileing has now been
performing satisfactorily for two decades.

The results of soil suction measurements from digh¢holes drilled around, under and remote froentthilding shown in
Figure 24 indicated that soil suctions in borehdbested remote from the building and under the slare high, consistent
with an arid environment. Boreholes adjacent tosthb edge gave much lower soil suctions, congistéh a wetting up at
the slab edge. If the results of the low soil sarwiin boreholes marked ‘slab edge (wet)’ in Fizdeare excluded because
these were caused by drainage deficiencies whialddwave been prevented at the time of constructioen the results
shown in Figure 24 can be modelled as a trianglitribution withAus = 1.8, and K= 2.5 m.

The case history of the building at the Jacksofietdl in south-west Queensland indicates justifaratfor the use of the
design parametersus = 1.8 and K= 2.5 m for the design of footings in arid areBise application of these findings in the
design of footings in an arid area is outlinedhea hext section.

8 SUMMARY OF DESIGN METHOD FOR ARID AREAS

The method of analysis for the design of a footingn arid area is the author’'s method describesdr2870-1996 Section
4 ‘Design by engineering principles’ and AppendisSeil parameters and footing design methods’.

The value of yis determined from Equation (1) and Figure 3, gdih= 2.5 m,Aus = 1.8 and the determinegl for each
sail layer in the soil profile. The depth of craafjiis taken as 2.5 m. By AS 2870-1996 section F4ita)differential mound
movement (y) is taken asy= 0.7\

The footing analysis is based on a soil-structateraction analysis using the computer program Sl(®@Gchell 1988a,
1988b). In the analysis, the mound exponent (rghvisn by AS 2870-1996 Equation F4(3) and is shosvEguation(3)

m=15L/(D, - D,) 3)
In Equation (3), Ris the depth of embedment of the edge beam framfitiished ground level, and.Ds given by
Equation(4).

D, = H7 +y 125 @

For the particular structure, the maximum desigfeddntial movement/) is determined from AS 2870-1996 Table 4.1.
The edge loads (W), central line loads (T) and amnily distributed loads (w) are determined. Thearete Young's
Modulus (E) is taken as 15000 MPa by AS 2870-1996 sectiofe}l.4nd the mound stiffness is taken as k = 100k
by AS 2870-1996 section F4(g). Concrete of gradé NZonventionally used.

9 WORKED EXAMPLES

The following worked examples illustrate the apalion of the design approach.
Example 1 — Building at Olympic Dam

Design a footing for a symmetrical single storeyicalated masonry structure, 16 m square with shegetoof and
conventional roof frame for the soil profile shoimrFigure 25 at Olympic Dam, South Australia.

For Aus=1.8 and H= 2.5 m for the soil profile in Figure 25, at ttleange in soil type at depths of 0.3 m, 1.5 m,20dn,

Au = 1.58, 0.72 and 0.36 respectively.

From Equatiorn(1), ys = 0 + [0.035 x %4(1.58+0.72) x 1200]+[0.03 x ¥2(0:B236) x 500] +[0.02 x %2(0.36) x 500] = 58.2
mm, use y= 60 mm

By AS2870 F4(a), y= 0.7y =42 mm.

Try sub-beam depth 700 mm. For 100 mm slab andr@@Qunderfloor sand fill, D= (0.7 - 0.3) = 0.4 m.

From Equatior(4), D, = (2.5/7)+(42/25) = 2.04 m.
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From Equatior(3), m = (1.5x16)/(2.04-0.4) = 14.6
The structural loads can be determined to be &sAfsi
WW = WE = WN = WS =16.1 kN/m, -ﬁs = TEW =8 kN/m, w = 5.5 kPa.
By AS2870 4.4(d) use & 15000 MPa, and by AS2870 F4(c) use k = 1000rkPa/
The geometryis L =B =16 m, i rg = 5 beams.
By AS 2870 Table 4.1 for articulated masonky; L/800 = 20 mm > 15 mm, i.e. use 15 mm.
For this input, Program SLOG givesdi= 172kNm/beam, required &) = 251 MNnf/beam.
Mgy = 7 kNm/beam, required g = 3 MNnf/beam.

For these bending moments and stiffnesses, subshd@hmm wide x 700 mm deep, reinforced with 3-M46s top and
bottom, W8 ligatures at 1000 mm spacing, cast nalggwith a 100 mm floor slab reinforced with SL&ric top face
with 20 MPa concrete, will meet requirements. Tloetihg layout comprises 5 sub-beams in each doectirhe
specification for construction will include detad§the building articulation, the drainage requients and the provision of
flexible plumbing for a soil movement of +60 mm.

Example 2 — Building at Woomera

Design a footing for a single storey articulatedsoary veneer structure, 8 m x 16 m (Figure 27) whieeting roof and
prefabricated roof frame spanning in the short dtren, for the soil profile shown in Figure 26 Ided at Woomera South,,
South Australia.

For Aus=1.8 and H= 2.5 m for the soil profile in Figure 26, at tbleange in soil type at depths of 0.4 m, 1.0 mmi.énd
2.1 m,Au =1.51, 1.08, 0.65 and 0.29 respectively.

Sand Ipt=0 Sandy CLAY Ipt = 3%

1.0 [— Silty CLAY Ipt = 3.5% o -—-——————-
Silty CLAY Ipt = 3.5%
£ Sandy CLAY  Ipt = 3% & Silty sandy CLAY  Ipt = 2%
- c 20—
g 2.0 ,% 20— _
@ )
a] Silty sandy CLAY Ipt = 2% a Extremely weathered sandstone

bedrock (Arcoona Quartzite)

3.0 — 3.0

Figure 25: Soil Profile for Example 1. Figure: Z&oil Profile for Example 2.

From Equation (1), ¥ = [0.03 x %2(1.8+1.51) x 400]+[0.04 x %2(1.51+1.08) 600] +[0.035 x %2(1.08+0.65) x
600]+[0.02x%2(0.65+0.29)x500] = 73.8 mm, ugesyy5 mm
VYm = 0.7% = 52.5mm.
Try sub-beam depth 450 mm. For 100 mm slab , 200umaerfloor sand fill, = (0.45 - 0.3) = 0.15 m.
From Equation (4), = (2.5/7)+(52.5/25) = 2.46 m.
The structural loads for the building can be deteethto be
WW = WE =8.3 kN/m, \M = Wsz 9.2 kN/m, -KIS = TEW = 0, w=4.6 kPa.,
By AS2870 4.4(d) use & 15000 MPa, and by AS2870 F4(c) use k = 1000rkPa/
In the long direction in Figure 27,
L=16 m, B=8 m, n= 3 beams, yi= 5 beams,
From Equatior{3), m = (1.5x16)/(2.46-0.15) = 10.4
By AS 2870 Table 4.1 for articulated venegrs L/400 = 40 mm>30 mm, i.e use 30 mm.
Program SLOG gives M, = 61 kNm/beam, required &l = 19.7 MNni/beam,
Mgy = 14 kKNm/beam, required &l = 2.7 MNnf/beam,
In the short direction Figure 27,
L=8m, B =16 m, n=5 beams,fi= 3 beamsA = L/400 = 20 mm, i.e. use 20 mm.
From Equatior{3), m = (1.5x8)/(2.46-0.15) = 5.19
Program SLOG gives M, = 112 kNm/beam, required &= 30.6 MNnf/beam,
Mgy = 15 kNm/beam, required &) = 3.2 MNnf/beam,
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For these bending moments and stiffnesses, a sab-B60 mm wide x 450 mm deep, reinforced with 3-Kags top and
bottom, W6 ligatures at 1000 mm spacing, cast inalggwith a 100 mm floor slab reinforced with SL¥abric top face and
20 MPa concrete will meet the design requiremerte. footing layout comprises 3 sub-beams in thg ldinection and 5
sub-beams in the short direction.

The specification for construction will include di$ of the structure articulation, the drainagquieements and the
provision of flexible plumbing catering for a saillovement of £75 mm.

A 16 m B
8m
25m
16 m CD

ek --—-4 ——— F
Y om
N

|
P 25m C ¢
Figure 27: Geometry of Example 2. Figure 28: Geoyrfer Example 3.

Example 3 — Building at Jackson QOil Field

Design an appropriate footing for the Jackson eltfi building in Section 7, assuming that adequatgnédge provisions
are installed.

ForAus=1.8 and H= 2.5 m for the soil profile in Figure 22u = 0.43 at the change i &t 1.9 m depth.
From Equatior(1), ys = [0.03 x ¥2(1.8+0.43) x 1900]+[0.04 x %2(0.43) X066 68.7 mm, usegy= 70 mm
VYm = 0.7% =49 mm.
For the complex layout of the building as showrFigure 23, take two overlapping rectangles for shngle storey clad
frame structure as shown in Figure 28 (ABCD defiRestangle 1, and DEFG defines Rectangle 2).
Try sub-beam depth 300 mm. For 100 mm slab, 200umaerfloor sand fill, = (0.3 - 0.3) = 0.
From Equatior(4), D, = (2.5/7)+(49/25) = 2.32 m.
The structural loads can be determined to be
Rectangle 1: \f = Wg = 3.1 KN/m, Wi=Ws= 5.2 KN/m, s = Tew= 0, w = 4.3 kPa;
Rectangle 2: Wy = We = 3.1 KN/m, W;=Ws = 4.0 KN/m, Ks = Tew= 0, w = 4.3 kPa.
By AS2870 4.4(d) use.E 15000 MPa, and by AS2870 F4(c) use k = 1000rkPa/
For Rectangle 1 in the long direction,
L=25m, B=16 m, nh=5 beams, = 7 beams,
From Equatiorn(3), m = (1.5x25)/(2.32-0) = 16.2
By AS 2870 Table 4.1 for clad fram#e,= L/300 = 83 mm > 40 mm, i.e use 40 mm.
Program SLOG gives M, = 25 kNm/beam, required & = 3.2 MNnf/beam,
Mgy = 26 kNm/beam, required &)= 3.2 MNnf/beam,
For Rectangle 1 in the short direction,
L =16 m, B=25m, n =7 beams, fi=5 beamsA = L/300 = 53 mm, i.e. use 40 mm.
From Equation(3), m = (1.5x16)/(2.32-0) = 10.3
Program SLOG gives M, = 32 kNm/beam, required &l = 3.6 MNnf/beam.
Mgy = 22 kNm/beam, required &l = 3.6 MNnf/beam.
For Rectangle 2: In the long direction,
L=25m, B=8 m, n= 3 beams,y= 7 beams,
A =L/300 =83 mm > 40 mm, i.e use 40 mm.
From Equation(3), m = (1.5x25)/(2.32-0) = 16.2
Program SLOG gives M, = 21 kNm/beam, required & = 2.7 MNnf/beam.
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Mgy = 21 kNm/beam, required &= 2.7 MNnf/beam.
For Rectangle 2: In the short direction,
L=8m, B=25m, n=7 beams,y= 3 beams,
A =L1/300 = 26.6 mm, i.e. use 26.6 mm.
From Equation(3), m = (1.5x8)/(2.32-0) = 5.2
Program SLOG gives M, = 46 kNm/beam, required &) = 9.8 MNnf/beam.
Mgy = 22 kNm/beam, required &= 3.6 MNnf/beam.

For these bending moments and stiffnesses, a sabh-B60 mm wide x 300 mm deep, reinforced with 2-Kags top and
bottom, W6 ligatures at 1000 mm spacing, cast mnalggwith a 100 mm floor slab reinforced with SL¥bric top face and
concrete 20 MPa will meet the design requiremertts. footing layout comprises 5 sub-beams in theg ldinection and 7
sub-beams in the short direction for Rectanglent] & sub-beams in the long direction and 7 sub-keianthe short
direction for Rectangle 2, with extra tie-beamscéter for the re-entrant corners in the actual demfayout shown in
Figure 23. The specification for construction wificlude details of drainage requirements and tloigion of flexible

plumbing to cater for a soil movement of £70 mm.

10 CONCLUSIONS

The parametersA(s and H) required for the design of footings on expangimereactive) soil by AS2870-1996 for arid
regions of Australia (TMI < -40) are derived thedarally from established relationships based oneeigmces in the more
temperate climates. Current recommendations fdrdirnates have a randel, = 1.2pF to 1.8pF, andsH3.7 m to 6.0 m.

The relationships between the Thornthwaite Moistodex, the average annual cycle of wet/dry morttes, magnitude of
wet and dry surface soil suction values, angdwere determined for several locations in the ntereperate climates of
Victoria. These enabled the diffusion equation & dwlved to obtain the relationship between TMI #mel diffusion
coefficient.

Solving the diffusion equation using a value foe ttiffusion coefficient for a soil profile in anidrclimate that was
extrapolated from the determined relationship betwthe TMI and diffusion coefficient for the moeartperate climates, it
was found that for an arid climat&ys =1.8pF and El=2.5 m.

This finding was supported by a case history olu#ding in the Jackson oil-field, south west Qudand that had been
distorted by the effects of an expansive soil peofThree worked examples, usings =1.8pF and El=2.5 m for the design
of a footing for a residential type building onexpansive soil in an arid area, are given.
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12 NOTATION

B Breadth of rectangular building footprint

De Depth of embedment of the footing edge beam friaistfed ground level
D¢ Critical depth of soil suction by Equation (4) d4¢e determine the mound exponent in Equation (3)
E. Young's modulus of concrete

Ep Potential Evapo-transpiration by Thornthwaite @prethod

Elcy Stiffness of footing in centre heave

Eley Stiffness of footing in edge heave

Hs Depth of design soil suction change

h Depth

I pt Instability Index (ratio of vertical strain to chgenin log suction)

k Mound stiffness
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L Length of rectangular building footprint

Mch Bending moment in centre heave

Mgy Bending moment in edge heave

m Mound exponent by Equation (3)

n. Number of sub-beams in the direction of L

Ng Number of sub-beams in the direction of B

T Central line loads in building (egnd represents line load in north-south direction eftangular building
footprint etc)

T™I Thornthwaite Moisture Index

t Time

u Logarithm of soil suction in measurements of A& € change in soil suction in pF)

u(h,t) Soil suction in pF as a function of deptld &ime

Us Surface soil suction in pRA(Qs = change in surface soil suction in pF)

Uegq Equilibrium soil suction in pF

W Building edge loads including footing self weidlelg W, represents edge load on northern side of rectangul

building footprint etc)

Uniformly distributed load over building footptirexcluding W and T
Characteristic surface movement by Equation (1)

Diffusion coefficient in Equation (2)

Maximum design differential movement by AS 287®8Jable 4.1

Bex s
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APPENDIX A: NUMERICAL SOLUTION OF THE DIFFUSION EQU ATION

The Diffusion Equation (EquatioAl) can be solved analytically as given by Mitch@®79, 1980, 1984). The numerical
method of solution used in this paper follows theplicit method’ described by Kreyszig (2006) fbetsolution of the heat
equation.

d°u_14u

5 - (A1)

oh= a ot
Writing Equation (Al) in finite difference form, Wi | being the number of the depth incremeth)(andJ being the
number of the time ste@() in Figure Al, then rearranging Equation Al gitzgiation A2.

_ 20t
U g = @- 2
(Ah)
The boundary conditions are shown in Figure A2. Sihgion changes at the soil surface are definedy{0,t) is known. In

this paper, u(o,t) takes the form shown in Figud¢b), with the magnitudes and durations of dry aret surface soil
suctions, and the magnitude @f,warying with climate by Table 1.

Wy + I (U, +U ) (A2)
s (Ah)Z +1, 1J

By making a sensible initial estimate for u(h,0g, ithe soil suction profile at t = 0, convergeteea solution of Equation
A2 occurs providedAt/(4h)* < 0.5, i.e. when the coefficient of,in Equation A2 is positive.
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u(0.t) define

) 5 - At . Time (t)- / Time (t)
% L . o . . . o
2 I-1,J L u(h,0) initially assumed
| o . [ ] [ ) . .
1 1,3+1
Hg [---=mmmmmmemmmmmmenonees
1 . L 1) . . . ~ u(h,t)= teg for h> Hs
Ah 5
£
Q
L L] L] L] L] L] 8
Figure Al:Grid and mesh points for Equation A2. Figure BBundary conditions for Equation Al.

APPENDIX B: DETERMINATION OF DIFFUSION COEFFICIENT FOR VICTORIAN
SITES

The following outlines the determination of the walof the diffusion coefficientaf so that the calculatedsHor Wilsons
Promontory, Hamilton, Horsham and Mildura matcheel AS 2870-1996 value of lbr the locality.

The moisture curves for Wilsons Promontory (TMI 51} are shown in Figure B1(a). The ratio of wet/drgnths is 8/4.
By Figure 2, 3= 4.1, and AS 2870-1996 givesis = 1.2 for Wilsons Promontory so that the dry seefauction = 4.9, and
the wet surface suction = 3.7 since [(4x4.9)+(8}¥8L2 = 4.1. Figure B1(b) shows the idealised stefauction changes
[u(o,t) in Appendix A] for the solution of the Diffion Equation (2). Figure B2 shows the solutiontra Diffusion
Equation(2) for the surface suction changes of Figure B1(bgferlue of diffusion coefficient = 0.0002 crfisec. Figure
B2 indicates soil suction changes to about 1.5 8.2870-1996 specifiessi 1.5 m for Wilsons Promontory, so that
0.0002 criysec for the diffusion coefficient is appropriate Wilsons Promontory.

(a) Wilsons Promontory (TMI = +51)

180 [ water geficiency
160 [] soil moisture recharge
|ID Water surplus

Soil moisture depletion Suction (pF)
o 3 35 4 45 5

0.0

05 4

Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec

Rainfall — — Pot. Evap.

Depth (m)
&

(b) Idealised Wilsons Promontory -
End Dry (March
5.0 204 ry( )

a5 — — End Wet (Nov)
4.0 q 254 | June

3.5

Surface suction (pF)

3.0

1 2 3 4 5 6 7 8 9 10 11 12 30
Month of Year

Figure B1(a) Moisture curves for Wilsons PromontoryFigure B2:Calculated soil suction changes with depth
and B1(b) Idealised surface suction changes for surface suction changes in Figure B1(b)
for Wilsons Promontory for o = 0.0002 crfisec.
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(a) Hamilton (TMI = +6.3)

|:| Water deficiency .
100 N [ soil moisture recharge Suction (pF)
~ L Water surplus 25 3 35 4 45 5
" Soil moisture depletion 00 ) )
' X
g \ .
05 4
1.0 4
0
Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec ’é‘
Rainfall — — Pot. Evap. : 15 |
St
(b) Idealised Hamilton [
[a)] End Dry (March)
g 5.0 2.0 4 — — End Wet (Oct)
_g 459 ] e June
3 401 ——--Jan
g 354 254
é 3.0
1 2 3 4 5 6 7 8 9 10 11 12
Month of Year 30
Figure B3(a): Moisture curves for Hamilton, Figure B4 Calculated soil suction changes with depth
and B3(b) Idealised surface suction changes for surface suction changes in Figure B3(b)
for Hamilton. for o = 0.0003 crfisec.

The moisture curves for Hamilton (TMI = +6.3) atewn in Figure B3(a). The ratio of wet/dry montbs/i5. By Figure 2,
Ueq~ 4.1, and AS 2870-1996 givesis = 1.2 for Hamilton so that the dry surface sucto#.8, and the wet surface suction
= 3.6 since [(5x4.8)+(7x3.6)]/12 = 4.1. Figure BR¢hows the idealised surface suction changest]ufoAppendix A] for
the solution of the Diffusion Equation (2). FiguBd shows the solution of the Diffusion Equati¢?) for the surface
suction changes of Figure B3(b) for a value ofudifbn coefficientr = 0.0003 crfisec. Figure B4 indicates suction changes
to about 1.8 m. AS 2870-1996 specifies?H1.8 m for Hamilton, so that= 0.0003 crisec for the diffusion coefficient is
appropriate for Hamilton.

(a) Horsham (TMI = -24.5)

Suction (pF)

120 D ‘Water deficiency
N N [ soilmoisture recharge 25 3 3.5 4 5
100 N N Water surplus e 0.0 L AN L
~ N % Soil moisture depletion 4 \ el
£
£ AN
1.0 \
2.0
o o
Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec =g
‘ Rainfall — — - Pot. Evap. = 30+
3 . =
[
o R
(b) Idealised Horsham 40 4 End Dry (April)
— — End Wet (Sept)
T 501
‘? ------- June
§ 451 50 |
g 4.0 ———— December
@
& 3.5
€
@ 30 ! ! ! ! ! ! ! : : : . 6.0

1 2 3 4 5 6 7 8 9 10 11 12
Month of Year

Figure B5(a). Moisture curves for Horsham: amb(b) Figure B6: Calculated soil suction changes with depth
Idealised surface suction changes for for surface suction changes in Figure B5(b)
Horsham. for o = 0.0010 crfisec.
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The moisture curves for Horsham (TMI = -24.5) dnewvgn in Figure B5(a). The ratio of wet/dry monthsbi7. By Figure
2, ug= 4.2, and AS 2870-1996 givesss = 1.2 for Horsham so that the dry surface suctioh7, and the wet surface
suction = 3.5 since [(7x4.7)+(5x3.5)]/12 = 4.2. dig B5(b) shows the idealised surface suction obsrig(o,t) in
Appendix A] for the solution of the Diffusion Equa (2). Figure B6 shows the solution of the Diffusion Etijpm(2) for
the surface suction changes of Figure B5(b) fomkes of diffusion coefficientt = 0.001 crfisec. Figure B6 indicates
suction changes to about 3.0 m. AS 2870-1996 spedif = 3.0 m for Horsham, so that= 0.001 crfysec for the diffusion
coefficient is appropriate for Horsham.

The moisture curves for Mildura (TMI = -41) are shin Figure B7(a). The ratio of wet/dry monthi#&/9%. By Figure
2, Wy~ 4.5, and AS 2870-1996 givesi; = 1.2 for Mildura so that the dry surface suctm.75, and the wet surface
suction = 3.55 since [(9.5x4.75)+(2.5x3.55)]/12 .5.4~igure B7(b) shows the idealised surface snativanges [u(o,t) in
Appendix A] for the solution of the Diffusion Equeat (2). Figure B8 shows the solution of the Diffusion Etiom(2) for
the surface suction changes of Figure B7(b) fomlaes of diffusion coefficientt = 0.0025 crfisec. Figure B8 indicates
suction changes to about 4.0 m. AS 2870-1996 spedif = 4.0 m for Mildura, so that = 0.0025 crfisec for the diffusion
coefficient is appropriate for Mildura.

, Suction (pF)
(a) Mildura (TMI = -41)
3 35 4 45 5
160
140 A ] water deficiency 00 ~ .
0 S
A
1.0 4 N
E N
\
2.0
. E
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o
[ Rainfall — — - Pot. Evap. 8
(b) Idealised Mildura 20 | End Dry (June)
g 5.0 — — End Wet (Aug)
5 457 ————Sept
s{ 4.0 504 | ... July
g 3.5
3.0
1 2 3 a 5 6 7 8 ° 10 11 12 6.0

Month of Year

Figure B7(a) Moisture curves for Mildura, and FigureFigure B8: Calculated soil suction changes with depth
B7(b): Idealised surface suction changes for for surface suction changes in Figure B7(b)
Mildura. for o = 0.0025 crfisec.
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