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SUMMARY

This paper is concerned with the engineering behavof Bringelly Shale and how this can be asse&sesdd on
laboratory index tests that are widely used foillageous rocks. Comparison will be made with daten Ashfield

shale to indicate the differences between thesentexmbers of the Wianamatta Group. It is shown Bratgelly shale
contains reactive clay minerals, absent in Ashfieldhle and, as a result, the shale is more sensdi changes in
environmental conditions. Bringelly Shale is onleakly cemented and its strength and stiffness anerl than
Ashfield Shale. Both shales have similar unconficedhpressive strengths, typically between 10 MRR=NMPa, but
in Bringelly Shale a large component of this sttbrgppears to be derived from pore water suctidfteen Bringelly

Shale is placed in water it disintegrates. The papacludes with some implications of the data donstruction in
Bringelly Shale.

1 INTRODUCTION

This paper is concerned with the shales of the @f@tta group, known as Ashfield Shale and Bring8hgle. These
shales outcrop over a large part of the Sydneyapelitan area as shown in Figure 1. Informationttoa geology of
these sediments has been reported in a numbendiéstand has been summarized in the Geology d?¢neith Sheet
(Jones and Clark, 1991). These studies have segg#sit both these shales, and the Minchinbury Sand that lies
between them, were deposited in a single regresgiig®de during the Triassic age. The Ashfield &iatomprised of
a sequence of dark-grey to black, sideritic claystsiltstone which grades upwards into a fine samdssiltsone
laminite. The Bringelly Shale, which overlies thahfield Shale, is a more complex formation compasiedifferent
lithologies, which in order of decreasing volumetsignificance include: Claystone-Siltstone (70%3minite and
Sandstone (25%), Coal and highly carbonaceoustolagg3%) and Tuff (2%). The claystone units armpgosed of
several types of fine-grained sediments, namehtdggey leached claystone, dark-grey to black caabeous claystone
and non-carbonaceous mid to dark-grey claystone siltetone. The different shale types are beliet@deflect
different depositional environments, with the Asltdishale deposited in a marine environment andthwgelly Shale
deposited in an alluvial environment.

There is considerable debate about the post-depuaihistory of the shales in the Sydney Basirhwistimates for the
depth of over-lying sediments ranging from tensneftres to 4 km. Recently Bai et al. (2001) havegeated that the
Narrabeen group rocks were buried to a depth ofitBdm before rapid uplift and erosion of aboWn2 of sediment
occurred with the Tasman Sea rifting in the midt&ceous.

Ashfield Shale has been encountered in many engngeprojects and consequently there is a ranggatd on basic
properties and engineering performance for thiteshtowever there is little information on the emggring geology of
the Bringelly Shale. Previous papers (Won, 198%d0ht, 1991) have suggested that the propertitsedivo shales
are similar. More recently it has been shown thatd are significant differences in mineralogy @ndability of the
two shales and differences in their engineerindoperance can be expected (William and Airey, 1999).

This paper will discuss basic laboratory charaztgion studies of the shales performed at Sydnaydisity over the
last 10 years. Data will be provided on the mireggl micro-structure, durability, swelling, stiffeee and strength of
the two shales. These studies have been limitéuetalaystone-siltstone materials which are thel@ménant lithology
in both shales. Large block samples and cores begr obtained from several locations, indicateérigare 1, to give
a wide areal coverage and to investigate sampiehility. Ashfield Shale samples have been obtaiftech sites at
Moorebank, Ryde, and Surry Hills. The Ashfield @hsamples all had a similar interbedded appeanaitherequent
very thin light grey silty bands in dark grey dittse. Samples of Bringelly Shale have been obtdireed quarries used
to extract shale for brick manufacture at Kempse€r@&adgerys Creek, Horsley Park and Mulgoa. Tiadestiom all
these sites could be described as a non-carborsodduo dark-grey claystone. For both shales #ta Hase has been
widened by information supplied by several othgjamisations.

Australian Geomechanics Vol 39 No 3 September 2004 31



PROPERTIES AND BEHAVIOUR OF BRINGELLY SHALE WILLIAM & AIREY

Perrith 4400 000 sheet

E | Eringelly Shale

Mimchi mbary
Sandstone

B sstield shale

Hawdisbury Sandstone
T3 and Marrabeen Group

T

Moorebank
Surry Hills

Ryde

Mulgoa
Badgerys Creek
Kemps Creek
Horsley Park

=
TXRXIZIWONPE

5
.-:?l'

| =

i
i

Figure 1: Distribution of Wianamatta Group seditsefafter Herbert 1979).

2 CLAYSTONE-SILTSTONE PROPERTIES

21 MINERALOGY

The types and quantities of the various clay ahérominerals comprising shale can have a signific€luence on the
engineering behaviour. Herbert (1979) has repoctag mineral contents between 40% and 65% for thgstone-
siltstone materials in the Ashfield and Bringellyafes, with a trend towards higher clay conterrimgelly Shale. For
the samples from the sites discussed above, AdHiiBhle was found to have an average clay minerdent of 43%
compared with 51.5% for Bringelly Shale. The otlnasjor constituents are shown in Table 1. The rarigeshe
amounts of clay minerals, shown in Table 1, aratiedly small and lie within the range previousiported by Herbert
(1979). In both shales quartz is the main non-aiyeral with significant amounts of siderite in Aigfd Shale and
feldspar in Bringelly Shale. Organic carbon conteas measured for the Bringelly Shale, as orgamitenappears to
contribute to cementation, but for Ashfield Shaésthas not been determined as organic matter eppeabe
negligible. One important difference between the shales is the amount of siderite present.

Table 1: Mineral composition of fresh Wianamatta@ Shales.

Clay minerals Quartz (%) Siderite (%) Feldspar(%) Organig
(%) matter (%)
Ashfield Shale 43 (41-45) 47 10 0 ?
Bringelly Shale 51.5 (48-55) 38 3 6 1.5

Petrographic studies, comprising optical microscapygl scanning electron microscopy, have been wus@u/¢stigate
the microstructure and nature of cementation inWianamatta Group shales. In Ashfield Shale sidgsithich is
widely dispersed through the shale, acts as thmgpyi cementing agent, while mica acts as a secprmanenting
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agent. In Bringelly Shale siderite, organic matted some recrystallisation of mica could contridoteementation, but
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none of these mechanisms is well developed andratien is expected to be weak.

The distribution of the clay minerals within theas was investigated by X-ray diffraction. Vergniar distributions
were obtained from all samples and all sites amaae values of our results are presented in Table

Table 2: Percentages of the various clay minerals.

Ashfield Shale Bringelly Shale
Fresh Fresh Extremely Weathere
Kaolin 56 33 30
lllite-Smectite 40 55
Montmorillonite 2.5
lllite 44 21 12.5
Chlorite 6

Table 2 shows that there are very significant diffiees in the clay mineralogy of the two shale iain difference is
the large amount of mixed layer, illite-smectite the Bringelly Shale. Mixed layer clays have pmigs intermediate
between illite and smectite and thus the shalebeagxpected to be reactive, susceptible to swedimbchanges in pore
fluid chemistry. A previous study (Loughnan, 19@050 reported mixed layer clay minerals, but tredg comprised
20% of the clay fraction. The greater amounts okedilayer clay detected in this study could be rbsult of
improvements in analytical techniques or may refleariability in the shale. For the Bringelly Shaldditional tests
were performed on extremely weathered material fiteerfour quarry sites and these indicated weatbds associated
with changes in mineralogy. It was found that cidoand some illite had been broken down, with eresponding
increase in mixed layer clay minerals and a smalhtmorillonite fraction forming. These changes wélhd to increase
the reactivity of the residual soil compared to pfagent shale. This trend is evident in the lidjiincit of the crushed
shale which increases from 30 for fresh shale ter &0 for extremely weathered shale. In practicgdral soils
developed over the Bringelly Shale are suspectée teelatively old as they are commonly leachedlatatised so that
they are not as reactive as might be expected.mbh¢$991) notes that soils derived from Bringedligale can show
significant effects from the presence of expansiags and the problem is most acute on moderafeslavhere the
soils are younger and show less evidence of lati#ris Tests were not performed on the extremelgtinred Ashfield
Shale but it is suspected that even if the illitlenponent breaks down, the amount of reactive claerals in the
residual soil will be considerably less than foitssderived from Bringelly Shale.

The differences in clay mineralogy are surprisiregthe accepted wisdom is that the two shales wepmsited
contemporaneously with the same source materigl Kerbert, 1979). The differences in mineraloggned be easily
explained from differences in depositional envir@minor diagenesis as the estimated maximum sedimerdl! is
insufficient to lead to significant mineral altaoat. Thus it is believed that the Bringelly Shalesnhave had some
different source material to the Ashfield Shale.

For Ashfield Shale the microscope studies show s$iisized quartz particles are present in a ca@trix and that
siderite is widely distributed. The shale is hightympacted and this has led to a strong alignmiettiteoclay particles.
A similar structure is observed for the Bringellya®e, however in Bringelly Shale siderite is legmiicant and planar
micro-cracks are observed in the horizontal plasspciated with the clay particle alignment. Thesero-cracks are
more prevalent in samples with higher porosity emdleathered samples. The extent to which theseorsiacks have
been influenced by stress-relief on coring is uagleut they do support the idea that cementatiomeiak in Bringelly
Shale. In contrast no micro-cracks are evidenhénAshfield Shale.

Both shales have low porosities of between 5% &%d.However, there is no evidence of any induratibthe voids
with any cementing agent other than siderite meetioabove. It follows that the low porosities ar@marily a
consequence of compaction. As noted previouslyetleesome debate about the amount of sediment ideghos top of
the shale, and this has been estimated at betwd@hrd and 4000 m in some recent studies (StewdrAdier, 1995,
Bai et al., 2001). An estimate of the stress reglto produce the observed porosity has been @okdip crushing the
Bringelly Shale, reconstituting the material toateea slurry, and then subjecting the slurry tdtagnfining pressures
in a triaxial cell. The isotropic compression resg®, shown in Figure 2, indicates an effective ioimg stress of about
60 MPa is required to produce a porosity of 10%hilar to the natural material. The isotropic congsien response of
natural shale is shown for comparison. An effectitress of 60 MPa would require burial depths efdhder of 3km to
4km, which is consistent with previous estimatesellaon geological observations, e.g. Bai et aD120
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Figure 2: Isotropic compression responses of r&tioted and natural Bringelly Shale.

22 SWELLING AND DURABILITY

It has been noted by Chesnut (1991) that both shaéather rapidly on exposure to the atmosphere. affility to
withstand weathering can be assessed through sthstike durability tests. These have been perfdrfoe both
Ashfield and Bringelly shales following recommend&&RM (1978) procedures. Figure 3 shows the vamatif the 2-
cycle slake durability with the degree of weathgriestimated using conventional observational nothth can be seen
that the durability of Bringelly Shale is signifitdy less than for Ashfield Shale and this dur&piiecreases rapidly
with the degree of weathering. The classificatichesne suggested by Franklin and Chandra (1972)adapted to
assess the durability of Bringelly shale. Basedhentest results, the durability of Bringelly Shabaies from medium
for fresh intact shale to very low for extremelyatleered shale, whereas for Ashfield Shale the dityabaries from
high to low. Some of the differences between thebility of the two shales can be ascribed todtiterences in
mineralogy and the different cementing agents.
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Figure 3: 2-cycle slake durability index for diféat degrees of weathering (1=fresh, 4 = extremelgthered).

To investigate the mechanisms responsible for ldidrg) of the shales further tests were perforneeddssess the free
swell potential and the influence of pore fluid ofistry on the swelling of the shale. Figures 4 &rshow some typical
results. Figure 4 shows strains for a period ofay uh free swell tests on small cubes (3 cmx38ram) of the two
shales immersed in tap water. For Ashfield Shatestinains were isotropic and small and no furtfefognation was
observed for a further 5 days after which the et terminated. For Bringelly Shale, much largdunwtric swelling
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strains were measured. Deformation ceased afewddurs until after about 36 hours the sampleiteshtegrity with
some clay dispersing into the water. Figure 6 shinseffect of 48 hours immersion in water on antlrical sample.

Figure 4 shows that much greater swelling straissn@easured for Bringelly Shale than Ashfield Stzadd that for the
Bringelly Shale the strains are anisotropic, depigig predominantly in the vertical direction. Asted previously

Bringelly Shale samples have horizontal micro-csaakd opening of these cracks could explain thatgrevertical

strains. Other possible reasons for the differendbe behaviour include swelling due to a reduciio effective stress
associated with a reduction in pore water suctam osmotic effects due to differences in chemistrgore fluid and
swelling liquid. The results shown in Figure 4 g&pical of swelling tests on Bringelly Shale, howethe magnitude

of the swelling strain increased as sample dimessiecreased. The influence of sample size on wkdisg of

Bringelly Shale is believed to result from the oipgrup of micro-cracks during specimen preparatibthis is the case
the amount of swelling in fresh shale exposed teewaay be expected to depend on the excavatiaregue.
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Figure 4: Strains during free swell tests on cdhbsamples immersed in tap water.
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Figure 5: Influence of pore fluid on swelling ofiBgelly Shale.
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Samples of both shales were obtained from locatadre/e the groundwater table. It was found thatfiékh Shale
samples were close to being fully saturated, wiseBgmgelly Shale samples had variable degreeatofation from 50
to 80%. Tests on Bringelly shale from two sitesiéated very high total suctions of 150 MPa (6.2.{dbifferences
between the shales are related to the presence&ad-oracks which are assumed to facilitate draénfigm, and allow
air entry to, the Bringelly Shale. The very low psity and clay fabric ensure relatively high degreé saturation in
both shales. The large suction in Bringelly shalk eontribute to the swelling when samples are iensed in water
and, as discussed further below, enhance the #itrang stiffness of the in-situ shale.

Previous studies of groundwater in Bringelly Shadwe indicated that the water is generally salimé @nsuitable for
water extraction (PPK, 1999). Salinities betweefi®b@nd 26000 ppm were reported by PPK. The poig éxtracted
from one sample indicated a salinity of 1760 ppracimless than the values in the groundwater.

Because of the presence of reactive mixed laystsdla the Bringelly Shale it can be expected thatnges in pore
fluid will contribute to volume changes. Figuretiosss the results of free swell tests with Bring&lyale in a range of
pore fluids with 1 molar concentrations. Tap weaied CaGl cause the most swelling and significant deterionat
occurs as shown in Figure 6. The least swellingucavith the potassium chloride solution, and néederation
occurred when the shale was left in this solutimnsieveral days. This is expected as potassium emedwidely used
to ensure hole stability in reactive clay shaldse Trends in Figure 5 are consistent with doubjerlanteractions, and
demonstrate the importance of pore fluid chemistrgontrolling the magnitude of any swelling stitowever, the
relative contributions of suction and osmosis ® $lvelling cannot easily be determined from theséstas the NacCl
concentration used was 58000 ppm, which was mugtehithan the pore water concentration.

H20 Cacl2 MaCl KiCl Mo zolution

Figure 6: Samples of Bringelly Shale after immemsn different pore fluids,

23 SAMPLING THE WIANAMATTA GROUP SHALES

Samples of both shales have been obtained fronk Islamples and by coririg situ. To obtain laboratory specimens
from the block samples cores were drilled usingewdtush. With Ashfield Shale these techniques wdrland
reasonable lengths of core could be obtaimesitu with very little core loss. In contrast for BrirlyeShale significant
amounts of core were lost and very few lengthsooé greater than 100 mm were obtained. This appedrs typical
of coring operations in Bringelly shale. Attempteres made in the laboratory to use potassium cldos@mutions to
minimize swelling during coring, but this did noigsificantly improve core recovery and was not e
Nevertheless, it is believed that the use of patassirilling muds would improve core recoverysitu as this would
minimize the swelling and deterioration of the shdlhe greater ease of sampling of Ashfield Shafele explained
because it is more cemented and lacks the readtiyaninerals present in Bringelly Shale.

3 STRENGTH

31 INDEX STRENGTHS

Previous studies (Won, 1985; Chesnut, 1991) hadizated that the strengths of Bringelly and Aslfi@hales are
similar. Figure 7 shows some typical data obtaifredn UCS tests in the current study and from othgencies.
Ghafoori et al., (1993a) showed that the data felnfi®ld Shale lies in a narrow band and the uncedficompressive
strengthg. can be described by the equation:

o. = 600p, el70415m (1)
where m is the moisture content, andspatmospheric pressure.

For Bringelly Shale the same general trend of desing strength with increasing moisture contemipigarent but there
is much greater variation. This can partly be exgld by the differences in degree of saturatiothefBringelly Shale
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samples compared to Ashfield Shale, for which athgles were close to full saturation. As discudedtier below the
apparent similarity of the two shales obscures sonpartant differences in the mechanisms leadinthéir strengths.
One of the difficulties with obtaining UCS data fringelly Shale is that core recovery is low, dhds the number of
samples suitable for UCS testing is limited. Thieyrhave the result that only the more cementedriahis tested and
the strength is over-predicted.

Because of the difficulty of performing UCS tesdtere is a widespread practice of relying on paatlindex tests and
relating these to a UCS value on the basis of gpirezal correlation. Comparisons between the UG8mgjth and the
axial point load index are shown in Figure 8. Gloaif@1995) has shown that the relation for Ashfi€lale is given by
UCS = 24 l,50) For Bringelly Shale the relation shown in Fig@rean be described by UCS = 234l It should be

noted that the data is very limited and as mentdai®ve may be being biased towards more cemerdatstiai.

60 -
50 - o

40 -

o Ashfield

30 1 e Bringelly

20 +

10

Uncofined compressive strength (MPa)

Moisture content (%)

Figure 7: Comparison of UCS versus moisture cdrftanAshfield and Bringelly Shales.
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Figure 8: Comparison between UCS and axial poiad Istrengths.

Both diametral and axial point load tests have lpssformed for the two shales. Broch and FranKligi7@) suggested
that the strength anisotropy can be related tadtie of axial to diametral point load strengthsieththey termed the
anisotropy index For Bringelly Shale the anisotropy index has @amof 3.0 and standard deviation of 1.4. For
Ashfield Shale the mean is 2 and the standard tleni@.5. It is evident that there is much greatariability in the
diametral point load results for Bringelly Shalehigh is believed to reflect the varying extent aEm-cracking which

is controlling the diametral strength.
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For Ashfield shale a number of direct shear teatselbeen reported by Ghafoori et al. (1993b). Tlhedieated shear
strengths on the horizontal plane, aligned withdgitty bands of about 2 MPa, whereas the strengthendicular to the
laminations was about 4 MPa. This is consistenh Wit strength anisotropy index determined in thi@tdoad index
tests.

3.2 TRIAXIAL TESTS

Triaxial tests have been performed on both Ashfeeld Bringelly Shales. Ashfield Shale shows a catigaal soft
rock response with a fairly linear stress, stragsponse up to a peak followed by a pronouncednstaitening.
Ghafoori (1995) showed that the triaxial strengdswvell described by Bieniawski’s criterion

G, B(&) @

Oc O

with B = 3 anda = 0.75 and where the unconfined compressive dinemgs a function of moisture content given by
equation 1. Ghafoori (1995) also showed how eqoa&icould be simply modified to allow for the aniepic strength
caused by the laminated structure.

A comparable set of tests could not be performedBfingelly Shale because of the difficulty in oiniag samples
large enough to be suitable for triaxial testing & result only a limited number of tests have beeriormed on
vertical core samples. The rationale for thesesthat been to investigate how the Bringelly Shatech apparently
has little cementation, can give UCS strengthspfaui50 MPa. Triaxial tests have been performedtwle at then
situ moisture content, on the natural shale after atitur and on material that has been reconstituted.

In order to perform tests on saturated specimewastnecessary to subject them to an effectiveimiogf stress of 600
kPa before saturation. It has already been showah wlith no confining stress the specimens will isgrate on
swelling and tests by Itakura (1999) showed padisintegration occurred during saturation at deative stress of
200 kPa. Triaxial tests have been performed witctve confining stresses from 600 kPa to 60 MPle failure
points from some of these tests are shown in Fi§ur€his figure shows the very dramatic effect afusating the
specimens. At a confining stress of 600 kPa thak mieviator stress drops from 15 MPa to 5 MPa. dlaee two
possible reasons for this large drop, one is aatémuin effective stress because of the removauztions and the
other is that the strains associated with saturatiod effective stress reduction cause the mataiaknting the rock to
break down. A comparison of the deviator stresgjrsresponses at the situ moisture content and after saturation is
shown in Figure 10a for a confining stress of 1 MPas figure shows that the initial stiffness @ greatly affected by
the degree of saturation, but the strength is redlwonsiderably. This suggests some cementatipre$gent in the shale
as, if it was uncemented, the stiffness would heeeted to vary with effective stress, with the leigaffective stresses
in the unsaturated specimens giving rise to highifnesses.
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Figure 9: Effect of confining stress and saturatio failure of Bringelly Shale.
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Figure 10 Stress, strain responses from triax@stga) confining stress = 1 MPa, (b) confinimgst = 6 MPa

Because the cementation appears to be weak anddeechthe difficulty of obtaining large enough sa@s for triaxial
testing, specimens of Bringelly Shale were rectutstil by breaking down the shale and reconstitutimgth water. A
series of standard drained and undrained triaggtstwere performed on saturated specimens withaovesolidation
ratios up to 10 with a maximum effective confinisgess of 1 MPa. These gave results consistent méhy other
reconstituted materials and a normalized respoasghawn in Figure 11. The ultimate or critical stéiction angle
estimated from these tests is 28 Bests were performed in shear box and ring sieparatus and these also indicated
a residual friction angle of about 28 his was much greater than the friction angld®5’ determined from tests on
the saturated shale. In order to investigate whethis behaviour was a consequence of a low vot,rdhe
reconstituted material was isotropically compredsedn effective pressure of 60 MPa at which thiel vatio was 0.1,

similar to the natural shale. Tests were performmadnormally and over-consolidated specimens witis fhre-
consolidation stress.
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Figurell: Normalised behaviour of reconstitutedemal with maximum stress = 1 MPa.

The results of these tests are compared with tiveatdad shale in Figure 10b. It can be seen tleatabonstituted shale
now gives strengths comparable with theitu material and the ultimate friction angle reduaesalout 17, similar to
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that for the natural shale. Figure 10b also shthas the differences between the intact shale hadréconstituted
material are relatively minor when the confiningess reaches 6 MPa. This is another indicationttieatementation is
relatively weak in this material and that strenigtbontrolled mostly by frictional effects.

A related study, concerned with the behaviour gfhyi plastic intensely fissured clay shales fromiyit has been
presented by Picarelli et al. (1998, 2003). Pitiaetlal. show that the normalized failure surfadetheir intact shale
lies below the surface for the reconstituted mateigésted at higher density and lower pre-constitidastresses.
Picarelli et al. interpreted the difference in babar as evidence of the effects of fissuring ie thatural soil, and
suggested a mechanism where deformation and dtremgtcontrolled by movements along joints andufiss. They
also noted that OCR did not seem to significantfgct the strength. The results presented in Fig@réo 11 show the
same pattern of behaviour as reported by Picagelfil. The observation that the reconstitutedeshédo has a low
frictional resistance suggests that in additiofigsures, the fabric associated with the low pdyosireated by the high
stress, is also contributing to reduced strength different deformation mechanisms. At low porodtgre must be
locally a high degree of alignment of the platesliday particles. It is possible that failure saefa could develop that
pass through regions where the particles are higligped.

The mechanism suggested is illustrated in Figurark®is identical to that proposed by Picarellalet{1998) for their
fissured shale. The effective friction angle is trolled by the interparticle friction angle betwete particlesg,, and
the effective dilation angle, which will depend the roughness of the failure surfaces. It is pastal here that this
mechanism is controlling the behaviour of the laavgsity reconstituted material even though fissaesnot present.
The natural Bringelly shale has a very low porgsgtynilar to that produced by the high stresseshis study. In
addition it has significant micro-cracking in th&ape of the laminations. At confining stresses dfiBa and above
there is no difference in the ultimate friction &wof the reconstituted and natural materials ppassible that tests on
natural shale cores oriented at other angles tovéindcal may show even lower frictional strengtliken failure
surfaces are aligned with the micro-cracks.

sliding surface

Figure 12: Mechanism of shear deformation andungpafter Picarelli et al., 1998).

4 STIFFNESS

For Ashfield Shale estimates of modulus were obkthiftom strain gauges stuck to the shale specinfersBringelly

Shale the lack of suitably sized samples has nteahbnly external measurements of deformation lieen obtained,
and the values are expected to under-estimaterakestiffness of the shale. Consequently, they cbbe directly
compared with values reported for Ashfield Shale.

Ghafoori (1995) showed that the stress, strainaresp of the Ashfield Shale was consistent withasranisotropic
material with a ratio between modulus in the plahthe laminations and in the plane perpendicwdahé laminations
of 3. Young’s modulus for specimens tested perpeddi to the laminations varied from 3 GPa to 7 @GPaniaxial
compression and these values increased with inogeasnfining stress according to a power law @f filrm

n
E . A(l + ﬁ) 3)
Pa Pa

where A and n are constants. It is believed A ddp&m moisture content in a similar way to UCSihatfficient data
are available to provide a useful relation: n&3®.from available data.

Table 3 shows values ofgdetermined from tests on intact and reconstit@adgelly Shale. These values are about
an order of magnitude lower than those recordedhi®rAshfield Shale. It may be noted that at a ioomg stress of 6
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MPa, where direct comparison is possible, ther&f§ of the reconstituted and natural shales andasi These
observations are consistent with the weaker certientin the Bringelly Shale. The highest stiffnés#ndicated for the

WILLIAM & AIREY

shale at the natural moisture content at low camgiistress where pore water suctions are mostfiignt.

Table 3: Values of & determined from tests on natural and reconstitBriagelly Shale.

Effective confining Shale at natural moisture Shale saturated Reconstituted,
stress content void ratio = 0.1
(MPa) (MPa) (MPa) (MPa)

0 2300 - -

1 1500 738 -

6 751 823 627

60 - 2800 1500
5 DISCUSSION

Both Ashfield and Bringelly Shale have very low @sity and similar unconfined strengths, but in @dmall other
aspects there are significant differences betwkertwo materials. Bringelly Shale is comprised dked layer clay
minerals which have greater potential for swellargd physico-chemical changes than the clay minénaksshfield
Shale. Bringelly Shale contains less siderite thahfield Shale in which siderite acts as an effectementing agent.
Weak cementation may be present in Bringelly Shatethis is difficult to detect with certainty ihe laboratory. This
leads to poor core recovery, particularly when wéeused as drilling fluid, as the shale can swaelll disintegrate
when the confining stress is removed by coring. lVegposed to the atmosphere Bringelly Shale degrat®e
rapidly than Ashfield Shale.

An important factor controlling the strength aniffiséss of Bringelly Shale appears to be pore watmtion. Despite
reasonably high degrees of saturation the shale hasy high total suction. When the shale is sdé@ar some of this
strength and stiffness is lost. As the ground-wéadbte is located at depths of 20 to 40 m over moichVestern
Sydney, when Bringelly Shale is encountered in tonson it is likely to be unsaturated. Some oawitiis

recommended, therefore, if it is proposed to ugh hiCS values and stiffnesses in foundation design.

This study has been limited to the claystone-siftstmaterials that comprise the majority of theadimatta group
shales, and has only considered the intact rocgepties. The influence of joints and fissures hatsbeen considered.
Within these limitations some general observatioaa be made concerning the implications of thesaltis for
construction on and with these shales.

1. There are significant differences in the enginegfirehaviour of Ashfield Shale and Bringelly Shaded
identification of the shale type should be requibefbre construction.

2. Bringelly Shale, and residual soils derived froptdntain reactive swelling clay minerals. Conginrcon
residual soil will require special attention, pautarly where the soils have not been affectedatsrisation.

3. Removal of residual soil to found structures on tinelerlying shale will not eliminate ground moverse
because Bringelly Shale has the potential to sivedhter is provided to it and stress levels amg.lo

4. High strength and stiffness derive in part fromeaevater suction. These values cannot be relied ujpon
environmental conditions change.

5. Use of Bringelly Shale as a fill material is noteenmended as it deteriorates rapidly in the presefnevater
and is prone to swelling.
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