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Influence of stress level on the highly compacted shales in the Sydney Basin 
L'influence de contrainte appliquée sur l'a comprimé extrêmement des shales dans le Bassin de 

Sydney

E. William & D.W. Airey 
Department of Civil Engineering, University of Sydney, NSW, Australia 

ABSTRACT
Bringelly shale is a major geological unit in the Sydney Basin, Australia that is comprised predominantly of claystones with occa-
sional sandstone layers. The shale and the residual soil derived from it have caused problems for structures founded on them. Al-
though apparently a rock there is little evidence of cementation in the claystone. The material has been highly compacted and has very
low porosity. To investigate the mechanical behaviour, triaxial tests, direct shear box and ring shear test on reconstituted specimens 
have been performed and compared with the behaviour of natural specimens. It has been found that the normalised behaviour of the
reconstituted material is significantly different after compression to the stress levels needed to reproduce the in-situ porosity, and the 
patterns of behaviour are inconsistent with critical state concepts applicable at higher porosity. To investigate the effects of cementa-
tion and de-structuring the behaviour of the reconstituted and natural material have been compared. It is found that the strengths of the
natural and reconstituted samples (at the same void ratio) are similar with both showing friction angles significantly less than the re-
constituted material at higher void ratio. 

RÉSUMÉ
Le shale de Bringelly est une unité géologique majeure dans le Bassin de Sydney, l'Australie qui est comprise d'une manière prédomi-
nante de claystones avec les couches de grès occasionnelles. Le shale et le sol résiduel ont dérivé de lui a causé des problèmes pour
les structures fondées sur eux. Bien qu'apparemment un rocher il y a de petit preuve de cimentation dans le claystone. Le matériel a
été extrêmement comprimé et a la porosité très basse. Pour examiner le comportement les mécanique tests triaxiaux, diriger des 
cisailles emballent et sonnent des cisailles essaie sur les spécimens reconstitué a été exécuté et comparé au comportement de spéci-
mens naturels. Il a été trouvé que le comportement normalisé du matériel reconstitué est significativement différent après la compres-
sion aux niveaux de tension a eu besoin de reproduire la porosité in situ, et les modèles de comportement sont en contradiction avec
les concepts de l'état critiques applicables à la plus haute porosité. Pour examiner les effets de cimentation et de de-structurer le com-
portement du matériel reconstitué et naturel a été comparé. Il est trouvé que les forces des échantillons naturels et reconstitué (à la 
proportion vide pareille) sont similaire avec les deux friction de démonstration incline significativement moins que le reconstitue le 
matériel à la plus haute proportion vide. 

1 INTRODUCTION 

The metropolitan area of the city of Sydney, Australia is under-
lain by two major geological formations, Hawkesbury Sand-
stone and Wianamatta Shale. The Wianamatta Shale is found 
inland, to the west of the city, where most of the new residen-
tial, commercial and industrial development is taking place. The 
Wianamatta Shale can be subdivided into two members, 
Bringelly Shale and Ashfield Shale. Both are of Triassic age 
and have very low porosities and average unconfined compres-
sive strengths of about 25 MPa. However, recent studies have 
shown that there are significant differences in the physical and 
mechanical properties of these two members (William & Airey, 
2004). The Ashfield Shale is predominantly comprised of a se-
quence of dark-grey to black, sideritic siltstones frequently in-
terbedded with thin silt bands. The Bringelly shale is less ho-
mogeneous and has been reported by Herbert (1979) to be 
comprised mostly of claystone-siltstone (70%), with significant 
components of laminite and sandstone (25%). Differences in the 
sediments are believed to be related to the depositional envi-
ronment, which is inferred to be marine for the Ashfield Shale 
and an alluvial flood basin for the Bringelly Shale. 

Basic characterisation studies of the engineering properties 
of the claystone-siltstone components of the two shales have 
been reported by Ghafoori (1995) for Ashfield Shale and Wil-
liam and Airey (2004) for Bringelly Shale. While both shales 
have similar porosities and unconfined compressive strengths, 
the Bringelly Shale swells significantly and disintegrates on 
immersion in water, whereas the Ashfield Shale remains intact 

with relatively low swelling strains. The differences in behav-
iour of the two shales have been related to the extent of cemen-
tation, which is greater in the Ashfield Shale, and to the pres-
ence of swelling clay minerals in the Bringelly Shale.  

The high unconfined strength, coupled with low cementation 
and water sensitivity have made it difficult to obtain core sam-
ples of Bringelly Shale and, even when suitable core samples 
have been taken, the extent to which they are representative of 
the shale mass is difficult to assess. To provide additional in-
formation on the cementation and structure of Bringelly Shale, a 
series of tests were performed on reconstituted specimens. 
These specimens were prepared by crushing Bringelly Shale to 
a fine powder and reconstituting the material with water to form 
a slurry. Reconstituted specimens were tested at conventional 
soil mechanics stress levels and at elevated stress levels to re-
duce the void ratio to the values of the intact shale in-situ. This 
paper presents results from the tests on the reconstituted soil and 
compares these data with tests on intact shale specimens. 

2 MATERIAL AND PROCEDURE 

Bringelly Shale forms the uppermost rock type over an area of 
Greater Sydney of approximately 750km2. It is generally over-
lain by a layer of residual soil that is typically 2m to 8m thick. 
Large block samples and cores of fresh (unweathered) clay-
stone-siltstone material that comprises the bulk of the shale 
have been obtained from several widely spaced locations, but 
primarily from 4 active quarries, which extract the shale for 
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brick manufacture. It has been found that the properties of the 
claystone-siltstone are similar at the 4 quarries, and only aver-
age values are given below.  

The porosity of the fresh shale is 8% and, because ground-
water is deep, all the specimens used in this study were unsatu-
rated with a degree of saturation, Sr � 65%. Following standard 
ISRM classification procedures, the fresh shale would be de-
scribed as a “strong” rock with “medium” durability and “low” 
plasticity.  

After crushing the shale it was found that the individual par-
ticles had a maximum size of about 35�m and, based on hy-
drometer tests, a clay-sized content of 55%. The crushed mate-
rial has a low plasticity index of 10 and a liquid limit of 33. X-
ray diffraction and organic matter tests indicate a clay mineral 
content of 51.5% and non-clay minerals that included quartz, 
38%, siderite, 3%, feldspar, 6% and 1.5% organic matter. X-ray 
diffraction was also used to explore the clay mineralogy of the 
shale at different degrees of weathering. Typical values are 
shown in Table 1. 

Table 1 percentage of clay mineral species 

Bringelly Shale Clay minerals 

Fresh Extremely 
Weathered 

Kaolin 33   30 
Illite-Smectite 40   55 
Montmorillonite -     2.5 
Illite 21   12.5 
Chlorite  6       - 

In the natural shale, siderite, organic matter and some recrys-
tallisation of mica at particle contacts contribute to cementation 
and structure, however none of these mechanisms are well de-
veloped. Significant amounts of mixed-layer clay minerals are 
present in the fresh shale, and thus the shale can be expected to 
be reactive, susceptible to swelling and changes in pore fluid 
chemistry. These effects become more prevalent as the shale 
weathers. 

The majority of the tests on intact and reconstituted shale 
were performed in triaxial cells. To prepare reconstituted 
specimens, the crushed shale was mixed with water to form a 
slurry at a moisture content close to the liquid limit. The mix 
was then placed into a 38mm diameter cylinder and compressed 
one dimensionally by loads applied to a hanger to give a vertical 
effective stress, �v of 80 kPa. To ensure saturation, the reconsti-
tuted samples were fully submerged during this stage. The sam-
ples had a height to diameter ratios of about 2 after consolida-
tion was complete, when they were extruded and transferred to 
a triaxial cell. Two series of tests were conducted. The first se-
ries, using conventional soil mechanics apparatus, involved a 
range of CIU and CID triaxial tests with a maximum effective 
confining pressure of 1000 kPa and over-consolidation ratios 
from 1 to 10. The second series of high pressure CID tests were 
conducted in a rock cell with effective confining stresses up to 
60MPa. Back pressures of between 500 kPa and 1000 kPa were 
applied in all tests. In most tests the cell pressure was raised in 
stages to the required level for shearing 

Core specimens of the natural shale were obtained using 
conventional diamond core drilling with water flush. The triax-
ial specimens had diameters between 40mm and 50mm and 
height to diameter ratios of approximately 2.  Two series of CID 
tests were performed in the rock cell at effective confining pres-
sures up to 60 MPa. The first series used specimens set up at the 
in-situ moisture content and allowed to drain to the atmosphere. 
The second series were performed on saturated specimens. To 
prevent specimens from swelling and disintegrating during satu-
ration, an effective confining pressure of 600 kPa was applied 
and maintained while increasing the back pressure to 1000 kPa. 
In both series the effective confining stress was increased in 

stages up to the required stress level before conducting drained 
shear tests. 

Additional tests were performed on the reconstituted shale to 
investigate the residual friction angle. This procedure was car-
ried out using both a reversing shear box test and a ring shear 
apparatus at normal effective stresses of up to 200 kPa. In the 
shear box the reconstituted soil was prepared from a slurry in 
the same way as in the triaxial tests. For the ring shear tests 
sample preparation followed the method described by Brom-
head (1979).  

3 RESULTS 

3.1 Isotropic Compression 

The isotropic compression responses of reconstituted and natu-
ral shale are shown in Figure 1 in a conventional void ratio ver-
sus logarithm of mean effective stress plot. For mean effective 
stresses less than 10,000kPa, the isotropic normal compression 
line, INCL, of the reconstituted material can be represented by 
the equation 

pNe ��� ln�                        (1) 

with parameters ��=0.07 and N =0.85. For higher stresses the 
INCL departs from the linear equation given by (1) as would be 
expected because the void ratio cannot reduce below 0. The best 
fit to the data for p’> 10,000 kPa was given by a hyperbolic 
function of the form: 

Bp
Ae
��

�
ln

            (2) 

where A and B are constants that can be chosen so that the 
INCL is continuous with no change of slope at p’ = 10,000 kPa.  

The response of a saturated specimen of the natural shale is 
shown on Figure 1 for comparison. It can be seen that the com-
pression curve of the shale meets the reconstituted INCL at ap-
proximately 60 MPa.   

As has been noted, there is little evidence of induration and 
cementation in the Bringelly Shale and thus, to produce the low 
porosity of the shale, considerable burial of the sediments must 
have occurred. Unfortunately, the geology of the Sydney Basin 
is poorly understood and estimates of the depth of sediment 
above current levels range from tens of metres to 4000 m (e.g. 
Chesnut, 1991, Stewart &Alder, 1995, Bai et al, 2001). Infor-
mation from the mechanical response, discussed below, indi 

Figure 1 Isotropic compression of reconstituted and natural  shale 
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cates similar mechanics in the reconstituted material com-
pressed to 60MPa and the natural shale. Microscope studies also 
show similar structures with strong particle alignment in the 
highly compressed reconstituted material and the natural shale. 
It is therefore concluded that the shale has been highly com-
pressed.
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3.2 Shearing

To determine the strength envelope of the material, a series of 
standard drained and undrained triaxial tests were performed on 
reconstituted specimens with over-consolidated ratios up to 10 
with effective confining stresses of �1000kPa. The triaxial tests 
revealed a stress-strain strength behaviour that was consistent 
with many other reconstituted materials reported in the litera-
ture. The effective stress paths of these tests normalized by pe,
the pressure on the INCL at the same specific volume, is shown 
in Figure 2. A well defined Hvorslev failure surface is shown 
which culminates in a critical state with a friction angle of 
28.50. Further tests performed at an effective confining stress of 
6 MPa also showed similar normalized behaviour. The shear 
box and ring shear tests indicated that the residual friction angle 
for the reconstituted material at low stress levels was 28.50, the 
same as the critical state value. 

Figure 3 Influence of preconsolidation stress on the drained stress, strain 
responses of reconstituted shale 

Figure 2  Normalised responses, maximum confining stress = 1MPa 

However, when the reconstituted material was compressed to 
60 MPa, reducing its void ratio to about 0.1, a significant reduc-
tion in the peak and ultimate strengths was measured. This re-
sult can be seen in the deviator stress, strain curves, normalized 
by the effective confining pressure, shown in Figure 3. As pre-
viously noted, the normalized curves for a given OCR are 
unique for effective confining pressures up to 6 MPa, as has 
been reported for many other reconstituted materials. However, 
when the maximum confining stress is increased to 60 MPa, 
very significant differences in the normalized responses are in-
dicated for all OCRs. Figure 3 shows there to be a reduction in 
normalized stiffness and in strength. The normalized failure en-
velope is shown in Figure 4. Although the response is qualita-
tively similar when compressed to 60 MPa, the normalized re-
sponses lie significantly below the Hvorslev surface obtained at 
lower stress levels and higher void ratio. The ultimate friction 
angle has been reduced to only 170, less than the residual fric-
tion angle determined at lower stress levels. 

The primary motivation for performing shear tests on highly 
compressed specimens was to investigate why friction angles 
measured for the intact shale were approximately 16.50. A com-
parison of the drained stress-strain responses of the reconsti-
tuted material and the intact shale at an effective confining 
stress of 6 MPa is shown in Figure 5. Three curves are shown  

on this figure, a curve for reconstituted soil which had been pre-
consolidated to 60 MPa, and curves for natural shale at its natu-
ral moisture content and when saturated. The figure shows that 
the stiffness and strength of the natural shale are only slightly 
greater than the reconstituted material. This result is surprising 
as standard rock mechanics procedures would classify the shale 
as a strong rock. At lower confining stresses the strength of the 
shale at its natural moisture content remains constant, but the 
strength of saturated specimens reduces (William & Airey, 
2004). It has been reported that attempts to saturate the shale at 
low effective stress can lead to partial disintegration of the 
specimens (Itakura, 1999). It thus appears that the strength of 
the rock is largely derived from pore water suctions, which are 
significant when the rock is in its natural state. A total suction 
of 150 MPa has been measured, because of the low porosity of 
the rock. An alternative mechanism that could contribute to the 
low saturated strength is the breaking of cementation bonds due 
to the swelling strains accompanying the reduction of effective 
stress as specimens are saturated.  

The low ultimate friction angle of the intact shale is consis-
tent with the friction angle of the reconstituted material after it 
has been compressed to 60 MPa. This result suggests that it is 
the structure resulting from the high compressive stresses that is 
responsible for the low friction angle. It can be seen from Figure 
1 that the void ratio is less than 0.1 at 60 MPa for this soil, and 
this state will have required considerable alignment of the clay 
particles.
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Figure 5 Comparison of drained responses of reconstituted and natural 
shale, p’c = 6 MPa 

4 DISCUSSION 

Triaxial tests have been performed on Bringelly shale. The ra-
tionale for these tests has been to investigate how the Bringelly 
shale, which apparently has little cementation, can give UCS 
strength of up to 50MPa. Triaxial tests were performed on shale 
at the in-situ water content, on the natural shale after saturation, 
and on material that was reconstituted. It has been found that the 
reconstituted material, after compression to high stress levels so 
that its void ratio is comparable with the natural shale, gives 
strengths and stiffnesses comparable to the natural shale. There 
is a pronounced influence of porosity and fabric on strength and 
stiffness at low porosity as indicated by the differences in the 
shear strength envelopes of the reconstituted specimens sub-
jected to different preconsolidation stresses. The higher fric-
tional shear strength of specimens with higher porosity can be 
partly explained by their more dilative behaviour during shear.  

Scanning electron micrographs have shown the intact shale 
has highly aligned clay particles and this suggests a mechanism 
for the low strength and stiffness based on sliding between ag-
lomerations of clay particles. A similar mechanism has been-
suggested for a tectonized shale by Picarelli et al (1998). SEM 
pictures were taken before and after shearing to try to identify 
the fabric and mechanisms responsible for the low frictional 
strength in the compacted shale. An example is shown in Figure 
6. The white band shown in this figure is produced by the parti-
cle alignment along the failure plane. However, similar pictures 
were obtained from the reconstituted material that was not 
highly compacted so it has not been possible to confirm the 
suggested mechanism. The SEM pictures have also indicated 
micro-cracks within the natural shale, however the similarity of 
the reconstituted material without microcracks and the natural 
shale suggests these are not important in controlling the me-
chanical response.  

5 CONCLUSIONS 

Tests of a reconstituted shale have shown that there is a signifi-
cant difference between the frictional strength at conventional 
soil mechanics stress levels, and when the same material is pre-
consolidated to 60 MPa. It has been suggested that the reason 

for the difference is related to the fabric created by the high 
stress levels which cause considerable particle alignment. 
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Figure 6 Photomicrograph showing shear plane in natural shale (Magni-
fication 1000x) 

The natural shale, which is believed to have experienced 
similar high compaction stresses in its geological history, also 
gives low frictional strength, similar to that of the reconstituted 
material compressed at high stress to the same void ratio. 

The tests have highlighted limitations of critical state soil 
mechanics when clay soils are highly compressed.  
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