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Abstract Laboratory critical state line (CSL) test-
ing used in engineering practice to analyse the stabil-
ity and liquefaction susceptibility of tailings explic-
itly assumes a unique CSL for a particular tailings.
However, there is evidence of non-unique CSLs
in some soils, a behaviour commonly referred to as
“transitional behaviour”. There is currently limited
consensus or understanding of its applicability, what
factors contribute to its occurrence, and whether there
is a fundamental divergence from critical state theory
or an artefact of the strain limitations of laboratory
element tests. In this research, normally consoli-
dated samples of an iron ore tailings prepared using
the moist tamping and slurry deposition methods
were sheared to critical state in triaxial compression
tests. The results of these tests showed that a differ-
ent CSL was apparent for the two specimen prepara-
tion methods used. This further emphasises the need
to re-evaluate the effects of fabric on the uniqueness
of the CSL, which may be a consequence of different
sample preparation methods typically used to prepare
laboratory element tests.
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1 Introduction

The current geotechnical practice for tailings char-
acterisation relies on triaxial testing of reconstituted
samples to determine the critical state line (CSL).
Prevention of tailings storage facility (TSF) failures
due to static liquefaction such as those that occurred
in the Merriespruit (Fourie et al. 2001) and Stava
(Carrera et al. 2011) TSFs, amongst others, requires
accurate determination of the critical state line. The
critical state approach that evaluates a soil’s contrac-
tive-dilative characteristics, fundamentally assumes
a unique critical state line independent of fabric, ini-
tial void ratio and stress history (Been et al. 1991;
Jefferies and Been 2016). However, research shows
that fabric created during sample preparation may
result in non-unique critical state behaviour, defined
as “transitional behaviour” by Nocilla et al. (2006),
Shipton and Coop (2015) and Kwa and Airey (2016),
where the term is used to indicate the determining
effect of initial void ratio on subsequent behaviour,
including the location and slope of the CSL. Given
the reliance currently placed on whether tailings are
deemed potentially contractive (initial state being
above the CSL) or dilative, any ambiguities in char-
acterisation of the CSL of a particular tailings mate-
rial is a concern; many current stability analyses are
deeply reliant on assessing the state parameter of
in-situ tailings. Reid et al. (2020) report on a round-
robin study in which 15 laboratories from around
the world participated in determining the CSL for a
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sandy silt gold tailings. Although there was not com-
plete consensus on the CSL achieved, 11 laboratories
provided very similar results, e.g., at a mean effective
stress of 100 kPa, the difference in void ratio between
these laboratories was only 0.04. The relative unique-
ness of the CSL obtained, irrespective of the initial
void ratios used by the various laboratories (as long
as they were initially above the CSL) was encourag-
ing. However, there remains a lingering question as to
whether a similarly unique CSL applies to all tailings,
particularly given the convincing evidence in the lit-
erature of transitional behaviour for some soils. This
paper reports results for an iron ore tailings where the
CSL was found to be dependent on method of sample
preparation.

Various researchers have studied differences
(sometimes only slight) between soils that produce
transitional behaviour. For example, Cuccovillo and
Coop (1999), Ventouras and Coop (2009) found that
mineralogy, particle shape and addition of fines cre-
ates fabric that affects the position of the CSL. Fur-
thermore, Carrera et al. (2011) showed that soils
with intermediate grading between clays and clean
sands have more prevalence of exhibiting transi-
tional behaviour. However, in this paper only a sin-
gle tailings material was studied, the focus being on
the method of sample preparation prior to triaxial
shearing.

The effect of fabric resulting from a particular
sample preparation method has been found to influ-
ence mobilisation of shear stress in Kogyuk sands
when prepared using wet pluviation and moist tamp-
ing method at the same density and equal confining
stresses by Been and Jefferies (1985). Moreover,
Vaid et al. (1999) observed a potential liquefied stress
state and non-uniform samples using moist tamping
method whilst dilative behaviour and sample uni-
formity was found in slurry deposition method for
samples prepared at the same void ratio. Similarly,
Sadrekarimi and Olson (2012) concluded that initial
fabric developed during sample preparation has an
influence on ring shear behaviour such that contrac-
tive stress paths were observed in moist tamped sam-
ples whereas dilative and strain hardening behaviour
was found in air-pluviated samples.

Structure in clays prepared using different methods
has been shown to affect normal consolidation lines
(NCLs), and to affect the critical state behaviour by
Cotecchia and Chandler (1997), Madhusudhan and
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Baudet (2014), Ponzoni et al. (2014). Findings of
Fearon and Coop (2000), Nocilla and Coop (2008),
Coop (2015) show that the microfabric of clays pre-
pared using different methods was not erased at criti-
cal state. Based on the previous studies, variance of
fabric due to sample preparation has evidently been a
determining factor for transitional behaviour in some
soils.

2 Materials and Methods
2.1 Characterisation and Sample Preparation

Bulk samples recovered from shallow surface near
the crest of a clayey iron ore TSF were used as the test
material. The test samples comprised of fine-grained
material having similar proportions of silts and clays
of low plasticity. The iron ore tailings have a specific
gravity of 3.71 and an optimum moisture content of
17% when tested using Standard Proctor compaction.
The particle size distribution (PSD) curve of the iron
ore tailings used in this study is presented in Fig. |
along with the average gradings of soils that report-
edly exhibit transitional behaviour at critical state by
Ferreira and Bica (2006), Nocilla and Coop (2008),
Ponzoni et al. (2014), Coop 2015, Xiao et al. (2016).
The geomaterials shown in Fig. 1 exhibit a range of
material types, with most being predominantly silty
or sandy. The tailings used for this study has 98% less
than 75 pm which further increases the probability of
exhibiting transitional behaviour (Chang et al. 2011),
Shipton and Coop (2012, 2015), Ni et al. (2004) and
Thevanayagam et al. (2002). Geotechnical characteri-
sation of the clayey iron tailings is also provided in
Table 1.

The round robin study of Reid et al. (2020) pro-
duced a CSL within the consensus bands of CSLs
using moist tamping. Other techniques used included
slurry deposition that resulted in dilative samples.
Dilative samples are considered unreliable for deter-
mining critical state conditions (Jefferies and Been
2016). Moist tamping has thus become the stand-
ard method of preparing tailings samples for tri-
axial testing to determine the CSL. Preparation of
moist tamped samples (MT) of the iron ore tailings
was used, and involved gentle crushing and sieving
through a 2.36 mm sieve in order to minimize the
effect of clods on shearing behaviour (Benson and



Geotech Geol Eng (2023) 41:2211-2220 2213
Fig. 1 Particle size 100 B -
distribution of soils and %0 ; i
tailings reported to exhibit / X
transitional behaviour 80 %— L f
§ 70 A A
oo
c
3 60 4
]
a.
o 50 g
&
< 40 B
8
g 30 Gy
[«
01—
10 B
ity
0
0.0001 0.001 0.01 0.1 1 10 100
Diameter [mm]
—— ron ore tailings {(2022), this study — % —gold tailing chang (2011)Mid beach
Coop (2015) Non plastic fines —d— Coop (2015) Plastic fines
~—f— Ferreira and Bica (2006} == Ponzoni et al(2014)-Lido SN2
—— Nocilla 2008(S3/Dc) —A— Xiao(2016}
Li and Coop (2019)-UB —&— Li and Coop (2019)-PO
—+=— Chang (2011)-Pond dispersed —o— Pond Chang (2011) Non Dispersed
Table 1 Geotechnical properties 20 kPa, was applied for both MT and SD tests before
Geotechnical Property Value 1ntr0d'uc1ng cell pressurfe. ]?unng saturation, 30 kPa
effective stress was maintained and a low load cell
Specific gravity 3.71 value (less than 0.01 kPa) was used to maintain con-
Liquid limit 39 tact with the sample. Back pressure saturation was car-
Plastic limit 21 ried out until a B value ranging from 0.95 to 0.98 was
Plasticity index 18

Daniel 1990; Tabet et al. 2014). The MT method
followed the method used by (Ladd 1978), utilising
under-compaction of samples in layers at optimum
moisture content of 17%. Preparation of slurry depos-
ited (SD) samples was similar to the method used by
Sheeran and Krizek (1971) where a non-segregating
slurry was prepared from disturbed bulk samples
used for preparation of MT samples.

2.2 Testing Apparatus and Procedure

The laboratory tests were carried out using a GDS tri-
axial apparatus and two pumps were used to measure
changes in cell volume and sample volume. Samples
were prepared to the loosest void ratio achievable for
both preparation methods while maintaining sample
diameter close to 72 mm. To prevent sample collapse
during preparation, a small suction, not more than

achieved, followed by isotropic consolidation at varying
pressures as shown in Table 2. During shearing, all tri-
axial compression tests were carried out to a minimum
of 24% axial strain in an attempt to reach critical state
conditions, and shearing was at a rate of 0.03 mm/
min vertical displacement. Volumetric changes in the
sample during saturation assumed a sample shape of
a perfect cylinder (Head et al. 2006). The end of test
moisture content was used to calculate final void ratios
and volume changes during consolidation and shearing
(in the drained tests). In all triaxial tests the end platens
were lubricated to increase uniformity of strains during
shearing e.g. Klotz and Coop (2002).

3 Experimental Results
3.1 Triaxial Test Results

Figure 2 presents the void ratio evolution during
consolidation of both SD and MT tests. The details
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Table 2 Summary of testing programme

Sample no Test type Sample type P', (kPa) e, P, (kPa) q.s (kPa) [ M, bk P
MT1 CIu MT 199 0.86 172 195 0.86 1.13 - 0.01 -
MT2 CIu MT 598 0.76 468 458 0.77 0.98 0.02 -
MT3 CID MT 101 0.91 155 164 0.85 1.06 —0.001 -
MT4 CID MT 299 0.81 455 439 0.76 0.98 0.001 -
SD1 CID SD 503 0.91 790 858 0.78 1.08 - 0.15
SD2 CID SD 403 0.92 629 689 0.80 1.09 - 0.14
SD3 CIU SD 502 0.91 259 297 091 1.14 - 0.15
SD4 CIU SD 103 1.09 62 76 1.05 1.23 - 0.14

¥*_state parameter based on CSL inferred from MT tests, ¥**—state parameter based on CSL inferred from SD tests
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Fig. 2 Isotropic consolidation for each depositional method

of consolidation stress for each test are provided
in Table 2. The ICLs of MT samples were lower
than those of SD samples and ICLs of samples pre-
pared using both preparation methods did not con-
verge in the range of mean effective stresses used
in this study (i.e., up to 600 kPa). It was observed
that samples prepared at similar initial void ratios
for the same method of preparation tended to con-
verge towards a unique consolidation line. The non-
convergence in isotropic consolidation curves of
MT and SD samples presents a fabric effect that is
dependent on method of sample preparation. The
initial fabric created by different sample preparation
methods was not broken down through isotropic
consolidation across a range of effective stresses
used in this study, resulting in non-convergence of
ICLs.

@ Springer

Poor convergence of ICLs irrespective of the
method of sample preparation indicates a varia-
tion due to initial fabric and is similar to findings
of Nocilla et al. (2006), Coop (2015), Shipton and
Coop (2015). Despite most authors including Coop
(2015)and Shipton and Coop (2015) citing that ini-
tial specific volume (hereby compared as void ratio)
as a potential indicator of transitional behaviour, Xu
and Coop (2017) have shown transitional behaviour
could exist at nearly equal specific volumes in soils
prepared by different methods, thereby quantifying
this behaviour by using parameter m (Ponzoni et al.
2014) for oedometer compression. In this study, the
propensity of the MT technique to create lower ini-
tial void ratios than the SD method when aiming for
the loosest possible density, similar to (Xu and Coop
2017) who were unable to create the same densities
of compacted and slurry samples, further increases
the importance of evaluating the effect of sample
preparation method during compression and shearing.

The shearing behaviour of MT and SD tests is
presented in Figs. 3 and 4. The critical state condi-
tion for each test was considered to have developed at
high strains where there was minimal change in shear
stress, pore pressure and volumetric strain with axial
strain, which is consistent with typical practice (e.g.,
Shipton and Coop (2015)). MT samples reached max-
imum undrained shear stress at higher strains com-
pared to the slurry deposited samples and the peak
undrained shear stress for MT samples (MT1, MT2)
was at about 25% axial strain as opposed to SD sam-
ples which attained peak undrained shear strength at
axial strains as low as 15% for low effective stresses
(sample SD4) and 12% strain in the higher effective
stress test in sample SD3.
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Fig. 3 Undrained triaxial compression test results: a Deviatoric stress results; b Pore pressure response

The shear stress behaviour is similar to that of
Zlatovic and Ishihara (1997), Murthy et al. (2007),
in that there is a variation between MT and SD tests
during mobilisation of shear stress. Critical state con-
ditions in MT and SD tests were further evaluated
using pore pressure readings and/or minimal change
in shear stress as presented in Fig. 3. Minimal change
in pore pressure at higher strains for both preparation
methods confirmed that an acceptable critical state
condition was achieved based on Yoshimine and Ishi-
hara (1998), Ishihara et al. (1975).

The drained shearing results of MT and SD are
given in Fig. 4a. Similarly, drained MT tests also
required higher axial strains to mobilise peak strength
compared to SD tests. The difference in strain
required to mobilise peak shear stress in all MT and
SD tests possibly a result of differences in fabric that
causes a variation in stiffness (Chang et al. 2011)
and/or specimen uniformity (Thomson and Wong
2008). Fig. 4b compares the change in volumetric
strain between MT and SD tests. For MT samples,
the change in volumetric strain was initially contrac-
tive to 22% before transforming to slightly dilative

behaviour at higher strains, whereas the volumetric
change in SD samples was contractive throughout the
test.

The difference in volumetric strain between MT
and SD tests is related to the difference in preparation
density influenced by the method of preparation.

3.2 Effect of Method of Sample Preparation

Figure 5 shows the stress path behaviour of MT and
SD samples. The undrained stress path behaviour of
MT tests was different to that of SD tests, such that
MT tests appear to be initially contractive before
changing to a quasi-steady state and phase trans-
formation (QS-PT) behaviour (Alarcon and Leon-
ards 1988) contrary to SD tests that exhibited only
contractive behaviour. The difference in stress path
behaviour between MT and SD tests was also con-
sidered to be an effect of differences in preparation
density, where the MT method created denser sam-
ples compared to SD samples. It is common for silts
and sands for the MT method to create looser samples
than the SD method but in this research, the reverse
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Fig. 5 Stress path behav-
iour for SD and MT tests
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was true. As a result, the stress path behaviour was
inevitably influenced by preparation density, resulting
in QS-PT behaviour and contractive stress paths in
MT and SD tests respectively.

To further understand the effect of preparation
method, the critical states of all drained and und-
rained results were plotted using a state diagram, as
shown in Fig. 6. The critical void ratios of MT and
SD tests were used to determine the slope (4) and
intercept (I) of the critical state line (CSL) in accord-
ance with the power law proposed by Li and Wang
(1998) as given in Eq. 1.

c
e, = A — B[:T,]

ref

)

where e is the critical void ratio, A and B are mate-
rial constants and C is the stress exponent (scaling
parameter). P’ represents the mean effective stress
during shearing and P’ is the reference mean stress/
atmospheric pressure which was taken as 100 kPa.

Values for 4 were 0.094 and 0.106 for MT and SD
tests respectively, and corresponding values of I” were
1.35 and 1.50 respectively. Using these values, the
CSL obtained using MT tests clearly differed from
that obtained by SD tests.

Fig. 6 Critical State dia-
gram for MT and SD tests

1.00

Void ratio, e

The occurrence of two CSLs, which are depend-
ent on the method of sample preparation is consistent
with the notion of transitional behaviour induced by
preparation methods that cannot be erased by shear-
ing at mean stresses below 1000 kPa (Vaid and Siva-
thayalan 2000; Chu et al. 2003; Ferreira and Bica
2006; Shipton and Coop 2015).

4 Implications of Transitional Behavior
on Critical State Behaviour

Transitional behaviour in soils poses a challenge of
characterising potential in-situ contractive and dila-
tive characteristics.

Figure 6 shows the region separating MT and
SD CSLs, a result of what appears to be transitional
behaviour in the tailings tested in this study. In Fig. 6,
the region between MT and SD CSLs classifies the
tailings as contractive based on the moist tamping
CSL but dilative based on the SD CSL. The change
in inferred behaviour of the tailings depending on
the method of sample preparation clearly illustrates
an important challenge of characterising some soils
using Schofield and Wroth’s (1968) critical state
theory.
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Furthermore, non-unique CSLs creates uncer-
tainty in the estimation of the maximum overbur-
den pressure beyond which behaviour transitions
from dilative to contractive. For the iron ore tailings
tested here, at low mean effective stresses the tail-
ings may be found to be dilative (from void ratio
measurements compared with the CSL, for exam-
ple) using both the MT and SD CSLs. At higher
overburden pressure, depending on the compress-
ibility of the tailings, the TSF’s stress state may
cross the CSL and end up being classified as dila-
tive using the SD CSL, but as contractive using the
MT CSL, depending on the state of the tailings. For
example, in .

Figure 6, a void ratio of 0.8 would indicate tran-
sition to contractive behaviour at mean effective
stresses of about 500 kPa using the MT CSL, whereas
the transition to contractive behaviour occurs at
around 750 kPa based on the SD CSL. Using a K,
value of 0.6 (obtained from triaxial testing), and
assuming, for illustrative purposes, the tailings are
fully saturated, with hydrostatic pore pressures to the
surface (such as occurs adjacent to and beneath the
decant pond), these transition pressures correspond to
depths of tailings of 45 m and 75 m based on the MT
and SD CSLs respectively. This uncertainty is unac-
ceptable for modern TSF practice, where the presence
of contractive tailings often results in the implemen-
tation of amelioration measures such as construction
of very large buttresses on the downstream slopes of
TSFs deemed potentially liquefiable.

Li and Coop (2019) reported on an extensive test-
ing campaign of iron ore tailings, taking bulk (near
surface, as with the study in this paper) samples from
two points on the tailings beach, near the deposition
point and midway between this sample and the decant
pond, while the third sample was taken at the pond.
As expected, the particle size distributions of the tail-
ings became finer with distance down the beach, i.e.,
the pond sample was the finest of all. They used three
different sample preparation techniques, dry compac-
tion, wet compaction and slurry deposition, and found
no effect on the resulting CSLs, and they reported
unique CSL’s for the three different samples. They
thus concluded the iron ore tailings did not exhibit
transitional behaviour. A clear difference from the
tailings discussed in the current work is that all three
samples were coarser. Even the finest of their sam-
ples, the pond sample, had only about 3% finer than
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2 pm, whereas the iron tested for this paper had some
36% finer than 2 um.

The MT method of sample preparation is currently
being widely used in the tailings industry for tests to
define the CSL. The MT method is required for sandy
and silty tailings (cohesionless tailings) as other
preparation methods have been found to invariably
produce dilative samples, which rarely reach a criti-
cal state condition due to localised slip planes form-
ing along which deformation is concentrated. MT
samples consistently produce contractive samples,
which deform uniformly up to the critical state condi-
tion. The tests on iron ore tailings in this paper show
contractive behaviour even for samples prepared
using the slurry deposition method. Based on current
approaches to determining the CSL, there is therefore
no reason to believe the SD CSL is not reasonable.
The question then is, why does the MT method pro-
duce such a different (and decidedly conservative)
CSL. It is speculated that it may be due to the for-
mation of agglomerates that are not completely de-
structured during the shearing that is possible within
a triaxial cell, i.e., there is an effect of fabric that
accounts for the observed differences. Current work
is focussing on identifying and, if possible, quantify-
ing this fabric effect for the iron ore tailings, with a
range of techniques being trialled (such as SEM and
CT tomography).

The finding by Li and Coop (2019) that the iron
ore they tested showed no sign of transitional behav-
iour, contrasts with that of the iron ore tailings tested
in this paper, which shows that the CSL has a clear
dependence on method of sample preparation. Unam-
biguous determination of the CSL is obviously criti-
cal in order to implement a state parameter approach
when analysing the stability of an existing TSF. It may
be the case, based on the relatively coarser nature of
the tailings tested by Li and Coop (2019), particularly
the very small clay-sized fraction, that the commonly
used approach of moist tamping is only suitable for
material of low plasticity and which is coarser than
a critical size, for example a combination of plastic-
ity index and the percentage of clay-sized particles.
This suggestion is not explored further in this paper
but will be evaluated in more detail subsequently.
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5 Conclusion

The effects of sample preparation method on the tran-
sitional behaviour of clayey iron tailings have been
presented through triaxial testing of slurry deposited
(SD) and moist tamped (MT) samples.

It was found that the effects of the sample prepa-
ration method (which likely induces a different sam-
ple structure (fabric)) resulted in non-unique critical
state behaviour, i.e. what is often termed transitional
behaviour. Two distinct critical state lines were found
for the two different preparation methods, and the
mobilisation of shear stress and the undrained stress
paths were similarly found to be dependent on method
of preparation, resulting in different initial densities
as well In this study, the effect of sample prepara-
tion method, which likely results in a different fabric
in the MT and SD samples was not erased within the
axial strain limits of a conventional triaxial test.

Comparison with previously reported tests on iron
ore tailings, all of which were coarser than the mate-
rial tested here (a difference that was particularly
apparent when considering the proportions of clay-
sized particles) and all of which showed no evidence
of transitional behaviour, suggests that there is the
need to distinguish between tailings for which moist
tamping is a suitable method of preparation, from
those for which slurry deposition is more suitable. A
tentative boundary is suggested to be one based on
a plasticity criterion (such as plasticity index). This
topic remains to be further explored.
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