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1 INTRODUCTION 

Geotechnical design relies very much on the accu-
rate determination of soil parameters, as these affect 
the accuracy of the associated numerical analysis. In
situ and laboratory characterization campaigns are 
the key to the development of safe and cost-effective 
designs for much of civil infrastructure. The intrinsic 
features of natural soft estuarine clays (low in situ
stresses and undrained shear strength, a high com-
pressibility, the presence of electrolytes in the pore 
fluid, the presence of organic matter and expansive 
minerals, as well as weak cementation) pose a num-
ber of challenges for proper geotechnical characteri-
zation, either in situ or in the laboratory. 

This paper summarizes the results of in situ and 
laboratory characterization programs carried out on 
the materials composing the soil profile at the Balli-
na site (NSW, Australia), where a National Soft Soil 
Field Testing Facility (NFTF) has been established 
(Kelly, 2013) with the goal of improving engineer-
ing design methods via fundamental and basic char-
acterization of a typical Australian estuarine soft 
clay. This facility is managed by the ARC Centre of 
Excellence for Geotechnical Science and Engineer-
ing (CGSE). Index properties as well as mechanical 
parameters have been interpreted from in situ and
laboratory testing campaigns aimed at developing a 
geotechnical model for Ballina clay.

2 GEOLOGICAL ENVIRONMENT 

The geological profile at the Ballina site comprises 
infill materials of the Richmond River valley, partic-
ularly estuarine Quaternary sediments (Figure 1a). 
According to Bishop (2004) three stages of Quater-
nary deposition for the soils in the area may be iden-
tified as follows. Stage 1 corresponds to deeper de-
posits of dense, heavily altered fluvial sandy-gravels 
(South Casino Gravel) accompanied by very stiff 
clays heavily oxidized and eroded (Dungarubba 
Clay). Stage 2 and 3 are composed of gravels and 
sandy clays (lower levels), combined with grey 
shelly muds which are dominant along the strata. 
Clays from the lower levels refer to the Gundarimba 
Clay. The upper estuarine clays, including Ballina 
soft soils, form the Pimlico Clay unit which displays 
variable thickness from 10 m - 40 m. South Casino 
Gravel, Dungarubba clay and Gundarimba clay are 
dated to be of Pleistocene age whereas the deposi-
tion of the Pimlico Clay is related to Holocene age. 
The absence of sands above RL -10 m AHD within 
the Pimlico Clay deposit correspond with the for-
mation of a coastal barrier that created a low energy 
estuarine deposition environment behind it. The
clays above 4 m depth were deposited in a tidal flat 
environment where a stable structure evolved. Clays 
below this depth are considered to be deposited in 
the less dynamic deeper water environment which 
allowed an open structure to be formed (Bishop & 
Fityus, 2006).
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3 IN SITU CHARACTERIZATION 

The in situ testing program included geophysics
(electrical resistivity imaging –ERI- and multi-
channel analysis of surface wave –MASW-), cone
penetrometer, seismic dilatometer, shear vane and 
permeability tests carried out at different locations 
within the NFTF. Selected tests are indicated in Fig-
ure 1(b). Key results are presented below. For a de-
tailed description of the in situ characterization cam-
paign the reader is referred to Kelly et al. (2016a).
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Figure 1. (a) Geological setting  (b) Plan view of the NFTF. 

The groundwater at the Ballina site is hydrostratic 
as estimated from vibrating wire piezometer meas-
urements. In situ stresses were computed using bulk 
unit weight and water levels. Bulk unit weights were 
calculated in laboratory from moisture content and 
volume measurements. These data were then used to 
calculate the total vertical stress with depth. Effec-
tive vertical stresses were calculated by subtracting 
the hydrostatic pressure from the total stress. Total 
stresses, hydrostatic water pressures and effective 

stresses calculated at the location of cone penetration 
test CPT6 are shown in Figure 2(a).

Horizontal stresses and the associated K0 values 
were estimated using push-in pressure cells (PIPC), 
which measures total horizontal pressure and water 
pressure. No correction has been made to the PIPC 
data for installation effects. SDMT and CPTu data 
have been used to estimate K0. The SMDT has been 
interpreted using Marchetti (1980), Powell and 
Uglow (1988) and the recent proposal by Kouretzis 
et al. (2015) in which the relationship between KD

and K0 is given by K0=0.36e0.11KD. Profiles of K0 ob-
tained from dilatometer test SDMT1 are shown in 
Figure 2(b). The interpretation of Kouretzis et al
(2015) is closest to the PIPC data while Powell and 
Uglow (1988) and Marchetti (1980) are 28% and 
70% higher than Kouretzis et al (2015), respectively. 
The procedure for estimating values of K0 using 
CPTu data is discussed in Kelly et al. (2016a).

0 50 100 150 200 250

Stress (kPa)

-16

-14

-12

-10

-8

-6

-4

-2

0

2

R
e

d
u

c
e

d
 L

e
v
e

l 
(m

A
H

D
)

Total stress

Hydrostatic pressure

Effective stress

0 1 2 3

K0

-16

-14

-12

-10

-8

-6

-4

-2

0

2

K et al (2015)

P&U (1988)

Marchetti (1980)

PIPC

(a) (b)
Figure 2.(a) Water pressure, total and effective vertical stresses 
at the location of test CPT6. (b) K0 estimations from PIPC and 
SDMT data. 

Figure 3 shows profiles of shear wave velocity, 
Vs, obtained from the test MASW-1 which followed 
East-West direction (Figure 1(b)). Values of Vs

higher than 70 m/s are observed for depths above 2 
m which corresponds to the overconsolidated alluvi-
al crust. This layer is underlain by the Ballina clay 
between 2 m – 11 m, where Vs ranges from 60 m/s 
to 110 m/s. The analysis of ERI (not presented here) 
and MASW data shows a transition zone below the 
soft clay strata composed by sandy materials and 
stiff clay. The various layers are relatively uniform 
with depth along north-south direction. In contrast, 
the thickness of the soft clay layer increases towards 
the east whereas the sand layer decreases in thick-
ness. The MASW defines the boundary between the 
soft clay and sand at a shear wave velocity between 
about 80 m/s and100 m/s in the north-south direction 
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and between about 90 m/s and 100 m/s in the east-
west direction. Resistivity values are low, which is 
indicative of a highly conductive medium such as sa-
line groundwater. The CPT data included in Figure 3 
show clearly the stratigraphic boundaries across the 
site due to the high density of measurements in the 
vertical direction. A consistent stratigraphy in the 
horizontal direction, albeit for widely spaced tests, is 
also observed from the CPT results.  

 
Figure 3.Shear wave velocity profiles obtained from MASW1 
alongside East-West direction. 

4 LABORATORY CHARACTERIZATION 

Specimens obtained from two continuous boreholes 
(Inclo 2 and Mex 9; see Figure 1(b)) drilled up to 13 
m depth were used in the laboratory characterization. 
A hydraulic fixed-piston sampler (89 mm in external 
diameter) was used for the sampling campaign. The 
laboratory study combined index characterization 
tests with one-dimensional and stress-path testing to 
evaluate compressibility, stiffness, permeability and 
strength parameters. Key results are discussed be-
low. More details are given in Pineda et al. (2016).   

4.1 Index properties and natural state 

Figure 4 shows the results from classification and 
index tests performed on the Alluvium and Ballina 
clay. The natural water content is slightly lower than 
the liquid limit which ranges from 80% to 130%. 
Plastic limit and plasticity index vary between 40% 
and 50% and from 34 to 80%, respectively. The dry 
density reduces from 1.50 Mg/m3 to 0.70 Mg/m3 at 3 
m depth which correspond to a void ratio of about 3. 
The minimum variation in d is observed between 3 
m and 11 m. Clay content ranges from 60% to 80% 
by size with an organic content of 1% to 3% by 
mass. Density of solid particles lies around 2.63 
Mg/m3 - 2.71 Mg/m3. 

Geochemical analysis of the pore fluid indicates 
that the most abundant cations and anions are sodi-
um (0.93 – 8.23 g/L) and chloride (2.5 – 15.4 g/L), 
respectively. Additional relevant cations are magne-
sium and calcium (<1 g/L). The presence of salts in 
the pore fluid is one of the fingerprints of marine 
clays which also play a key role on their mechanical 
response. Bulk (fluid+ solids) and the pore fluid sa-
linity measurements were carried out on Ballina 

clay. A similar trend is observed between ECbulk and 
ECfluid with depth. The bulk measurements vary with 
depth from 4 mS/cm to 15 mS/cm. The values of 
ECfluid are larger than ECbulk, and vary from 7 mS/cm 
up to 36 mS/cm (the average below 5 m). The lower 
values measured at shallow depths may be due to di-
lution by fresh water from the ground surface. A 
comparison between in situ and laboratory electrical 
conductivity measurements and its use in the estima-
tion of soil porosity is discussed in a companion pa-
per (Kelly et al., 2016b).  
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Figure 4.Index characterization tests. 
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Quantitative X-Ray diffraction analyses showed 

that the mineralogical composition of the clay varies 
down the soil profile. The specimens are composed 
of: amorphous minerals (1.7 – 22.4%), kaolinite (2.3 
– 24.5%), illite (7.8 – 23.3%), quartz (8.8 – 55.9%), 
interstratified illite/smectite (9.5 – 20.1%), plagio-
clase (2.9 – 15.2%), pyrite (0 – 6.4%), K-feldspar 
(1.2 – 5.5%), mica (0.9 – 2.1%) and calcite (0 – 
1.0%). 

The fabric of the natural Ballina clay has been 
studied by means of microscope images obtained 
from scanning electron microscope (SEM) analysis 
on high-quality block specimens. As observed in 
Figure 5 the structural arrangement of the natural 
clay shows an open configuration with no preferen-
tial orientation. Macro-voids of around 1 – 2 m size 
are detected. This behaviour is in agreement with the 
non-oriented fabric of soft marine illitic clays de-
scribed by Mitchell (1976). 

 

 
Figure 5.Structural arrangement of natural Ballina clay. 

4.2 Compressibility tests 

Figure 6 shows the compression curves obtained 
from constant rate of strain (CRS) tests. Synthetic 
pore fluid at the same EC as the natural clay was 
used in the tests. Curves have been normalized using 
the void index concept, Iv=(e-e*

100)/Cc
*, introduced 

by Burland (1990). Only loading paths are included 
in this figure for clarity. Curves for specimens from 
borehole Inclo 2 are represented by solid lines 
whereas dotted lines refer to specimens from bore-
hole Mex 9. The Intrinsic Compression Line (ICL) 
and the Sedimentary Compression Line (SCL), de-
termined by Burland (1990), are also included. The 
Iv-log v curves (natural soil) all lie above the ICL 
which is indicative of the natural structure of the 
clay. As the stress level increases beyond yield, de-
structuration takes place and the curves tend to con-
verge to the ICL. Two destructuration rates are ob-
served in Figure 6, depending on the specimen 
depth. Specimens from borehole Inclo 2 located be-

low 5 m (black solid lines) shows larger destructu-
ration than shallow specimens (grey solid lines). For 
stresses higher than 300 kPa, all the curves tend to-
ward the ICL showing a gently destructuration rate. 
The curve represented by open circles corresponds to 
a specimen from 4.93m, which displays large de-
structuration beyond yield. This leads to earlier con-
vergence with the curves from shallow specimens, 
and seems to indicate a change in the level of struc-
ture in the clay. At large stresses, the slope of the 
compressibility curves tend to the one of the recon-
stituted soil.  

An important feature of Ballina clay is the strong 
stress-strain non-linearity observed in one-
dimensional compression tests. Due to that, estimat-
ing a single representative value for the compression 
index, Cc, requires considerable judgement as it may 
change dramatically with the stress level. Figure 7 
shows an example of the strong variation of Cc with 
the stress level in Ballina clay. Results for specimens 
from boreholes Inclo 2 and Mex 9 located between 
6.50 m and 6.80m depth are included in this figure. 
Values of Cc have been estimated by deriving the e – 
log(v) relationship as Cc= -e/log(v). A second 
estimation procedure (discrete approach) has been 
also employed here for comparison. In the later, Cc= 
-e/log(v). It can be noted that Cc reachs a peak 
value at stresses around 1.3 - 1.5 times yield and 
then decreases progressively with stress. For 
v/yield>5values of Cc are similar to those for re-
constituted specimens. Values of Cc up to 3.4 have 
been estimated for specimens between 6 m - 10m 
which reduces with depth to 0.9 – 1.2. 
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Figure 6.Compressibility curves obtained from CRS tests. 

The results from CRS tests have been used to es-
timate the evolution of the consolidation coefficient, 
(cv) and water permeability (kw) following the pro-
cedure suggested by ASTM D4186. Results of rep-
resentative specimens from borehole Inclo 2 are 
plotted in Figure 8. It can be seen that: (i) cv tends to 
decrease with depth, and (ii) cv reduces as the stress 
level increases, mainly in the overconsolidated range 
(v < yield) as a consequence of the progressive de-
structuration. For specimens located below 2m, cv 
reduces from around 15 m2/year to values ranging 

1024



between 0.3 to 0.85 m2/year. The minimum variation 
is observed in the normally consolidated range. A 
similar response was observed for borehole Mex 9. 
This variation in cv implies a variation in water per-
meability, kw, between 10-8 - 10-11 m/s. Clear differ-
ences are observed between specimens below and 
above 5 m depth which confirms a change in soil 
structure at this level. 
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Figure 7.Variation of Cc with the stress level 
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Figure 8.Variation of cv with the stress level for specimens 
from borehole Inclo 2. 

 
The secondary compression behaviour of Ballina 

clay was studied by means of Incremental loading 
(IL) tests in which long-term loading steps (five 
days) were applied. Specimens were compressed in 
steps by doubling the previous load increment ac-
cording to ASTM D2435. The analysis of the dis-
placement vs log(t) plots showed that primary con-
solidation was predominant only for stresses above 
yield whereas secondary compression was observed 
for all loading increments. Figure 9 shows that, ex-
cept for stresses closer to yielding, the values of 
C/Cc vary in a narrow band between 0.025-0.05. 
This response is in agreement with the variation of 
C/Cc found by Mesri & Godlewski (1977). 

4.3 Shear tests 

Undrained triaxial (compression and extension) tests 
were carried out to estimate the undrained shear 

strength of Ballina clay deposits. Synthetic pore flu-
id at the same EC as the natural clay was used in the 
tests. Each triaxial test consisted of three stages: (i) 
saturation, (ii) consolidation, and (iii) shearing under 
undrained conditions. After getting a value for the 
Skempton’s parameter B higher than 0.96, speci-
mens were subjected to anisotropic consolidation, 
using the estimated K0 values from SDMT tests, un-
til v0 was reached. The consolidation criterion fol-
lowed in the triaxial tests was based on the dissipa-
tion of at least 90% of the excess pore water 
pressure. 
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Figure 9.Variation of C/Cc ratio estimated from Incremental 
Loading tests for specimens from borehole Inclo 2. 

 
Figure 10 shows the stress path followed in the q-

p plane for specimens from borehole Mex 9 tested 
in triaxial conditions. The brittleness of the soil un-
der shearing is observed in the effective stress paths 
presented in this figure. It is worth noting the 
marked difference between the friction angles in 
compression and extension for borehole Mex 9, 
where peak friction angles of up to 42º and 53º have 
been estimated in triaxial compression and triaxial 
extension, respectively. The effective stress paths 
shown in Figure 10 seem to indicate asymmetry of 
the yield locus about the isotropic line. 

In addition to the undrained triaxial tests de-
scribed above, drained direct shear tests were carried 
out to evaluate the strength parameters of sandy ma-
terials located above 1.5 m and between 11.1 and 
12.3 m depth. Shear strength envelopes were esti-
mated using three specimens consolidated prior to 
shearing under vertical stresses of 25, 50 and 100 
kPa. The cconsolidation time was controlled via 
software and targeted to achieve 95% of soil com-
pression. Finally, each specimen was subjected to 
shearing under a low shearing rate (7x10-3 mm/min) 
until a maximum horizontal displacement of 20 mm 
was reached. The peak states plotted in Figure 11 
suggest that, for three soil levels in borehole Inclo 2, 
a linear Mohr-Coulomb failure criterion seems to 
represent the peak conditions over the stress range 
tested. Shallow materials show a peak friction angle 
of peak≈34º whereas deep specimens display a peak 
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friction angle of peak≈38º. The effective cohesion 
for the shallow specimens is 15 kPa but is close to 
zero for the deep specimens. Due to the non-linearity 
of the failure locus at low stress levels, the values of 
the effective cohesion reported above should be 
treated with caution. 
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Figure 10.Stress-paths obtained from undrained compression 

and extension triaxial tests for specimens from borehole Mex 9. 
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Figure 11.Direct shear test results for sandy specimens from 

borehole Inclo 2. 

5 GEOTECHNICAL PROFILES 

The results of the laboratory tests described above 
have been used to estimate the evolution of geotech-
nical parameters along the soil profile. The variation 
of yield with depth is shown in Figure 12(a). Values 
of yield were estimated using the energy method 
proposed by Becker et al. (1987). No correction for 
strain rate effects has been applied. The yield stress 
is higher than v0 although a parallel variation with 
depth is observed below 3 m. The yield stress ratio 
reduces from around 3 (at shallow depths) towards a 
quasi-constant value of around 1.5 – 1.6 for borehole 
Inclo 2. Larger values are observed for borehole 
Mex 9, which is consistent with the differences in 
the water content (void ratio) reported in Figure 4. 
The shear wave velocity, Vs, estimated from in situ 
and laboratory tests is shown in Figure 13(a). Seis-
mic dilatometer tests were performed at locations 
SDMT-1 and SDMT-34 (see Figure 1a). Laboratory 

values of Vs at v0 were obtained during CRS tests 
using bender elements transducers. A good match is 
observed between the laboratory and in situ data 
along the soil profile. The shear wave velocity ap-
pears to vary linearly with depth between 3 m and 
10.5 m. The laboratory data also capture the increase 
in Vs detected in SDMT-1 at depths below 11 m, 
where a sand layer appears.  
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Figure 12.(a) In situ and yield effective stresses at Ballina site. 
(b) Yield stress ratio. 

Coefficients of horizontal consolidation, ch, have 
been interpreted from the results of CPTu dissipation 
testing. Interpretation of the dissipation tests has 
been performed using a curve fit to Teh and Houls-
by’s (1991) method provided by Mayne (personal 
communication) using values of rigidity index of 85 
(z < 7m ) and 125 (z > 7m) (see also Figure 14(c)). 
Figure 13(b) shows a comparison of ch values from 
CPTu and piezoball (Colreavy et al, 2016) dissipa-
tion tests with cv values estimated from CRS tests at 
yield. Very good agreement is observed between la-
boratory and the dissipation test results. For the ma-
terials from RL 2 to RL 10 m cv-yield lie between 2 to 
10 m2/yr whereas the ch varies from 1.5 to 15 m2/yr. 
The small differences between ch and cv suggest a 
low permeability anisotropy for Ballina clay as also 
recognized by Leroueil et al. (1990) for homogene-
ous marine clays.  

Figure 14(a) shows the variation of the undrained 
shear strength, su, with depth for boreholes Inclo 2 
and Mex 9. Results from the triaxial compression 
and triaxial extension tests are indicated by filled 
and empty symbols, respectively. The undrained 
shear strength increases with depth, not only in 
compression but also under extension shearing con-
ditions. The strength su lies around 12.5 kPa at 1.8 m 
depth, and increases up to 27.5 kPa at a depth of 
9.75 m. It increases almost linearly with depth in tri-
axial extension from 10.5 kPa to 17.5 kPa between a 
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depth of 3.5 m and 10 m. The results from triaxial 
tests reported in Figure 10 shows that Ballina clay 
displays a strength ratio su-extension /su-compression around 
0.66, which seems to be insensitive to the soil plas-
ticity. 
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Figure 13.(a) Vs from SDMT and bender elements. (b) Com-

parison between ch and cv 

 
Results from in situ tests are also reported in Fig-

ure 14(a). These include CPTu, SDMT and field 
vane (FVS) tests performed at the locations indicat-
ed in Figure 1(a). Values of su(CPTU) were calibrated 
to the shear vane data using Nkt = 13.2. A compari-
son of peak undrained strengths from vane tests and 
triaxial compression and extension tests shows that, 
as would expected, su is greatest in triaxial compres-
sion, intermediate in vane shear and least in triaxial 
extension. The variations with depth are 8.4kPa + 2z 
for depths between 1.5m and 8m for triaxial com-
pression and 10.7kPa + 1.2z (3.5 < z < 10 m) for tri-
axial extension. Soil sensitivity, estimated from field 
vane shear tests, reduces from around 10 at shallow 
depth towards an average value of around 3 between 
2 – 11 m (Figure 14(b)). The rigidity index Ir=Gu50/su 
was estimated from the triaxial data described 
above. Secant undrained shear moduli, Gu50, were 
computed at the 50% of the maximum deviatoric 
stress increment measured during the shearing stage. 
The rigidity index increases with depth from 25 to 
150 although most of the data lie in the range 65-
150. The fragile post-peak behaviour observed in 
undrained triaxial tests, associated with progressive 
soil destructuration, suggest that soil brittleness has 
to be considered. Figure 14(d) shows the variation of 
the brittleness index (Bishop, 1971) for specimens 
from boreholes Inclo 2 and Mex 9 subjected to triax-
ial compression. The brittleness index has been es-
timated as IB=[(qpeak-post-peak)/qpeak]*100, where qpost-

peak has been defined here as the deviatoric stress ob-
tained at shear strains larger than 15%. It can be not-
ed that up to 50% of the maximum deviatoric stress 
is lost if the clay is subjected to further straining. 

This aspect should be evaluated in practice due to its 
implication in stability analysis. 
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Figure 14.(a) su vs depth. (b) Sensitivity vs depth. (c) Rigidity 

index vs depth. (d) Brittleness index vs depth. 

6 CONCLUDING REMARKS 

Key results obtained from in situ and laboratory 
characterization campaigns carried out on the depos-
its that compose the soil profile at Ballina site have 
been described in this paper. Emphasis has been 
made to highlight aspects of the soil response rele-
vant to practical problems aimed at providing ge-
otechnical profiles of index and mechanical proper-
ties for the site. The site stratigraphy determined 
from the geophysical and in situ tests is reasonably 
uniform with depth alongside the north-south direc-
tion. In contrast, the thickness of the soft clay layer 
increases towards the east whereas the sand layer de-
creases in thickness.  

Laboratory results show that these deposits dis-
play very high compressibility and a low undrained 
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shear strength which is larger in triaxial compres-
sion. The sensitivity of the clay is low according to 
in situ test results. Ballina clay shows a non-linear 
stress-strain response either in one-dimensional 
compression or undrained shearing. Results from 
undrained triaxial tests suggest asymmetry of the 
yield locus about the isotropic line. The consolida-
tion coefficient, and consequently the water permea-
bility, reduces dramatically with the stress level in 
the overconsolidated zone, mainly due to soil de-
structuration. A brittle response has been observed 
during shearing that reduces the undrained shear 
strength by around 50% after peak. Laboratory re-
sults show very good agreement with in situ estima-
tions of shear wave velocity (small strain stiffness), 
consolidation coefficient and undrained shear 
strength. 
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