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Tailings fluidization under cyclic triaxial loading — a laboratory study
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Abstract.

Tailings fluidization (i.e., tailings behave as being fluidized) under cyclic loading is one concern during the

construction of tailings dams, especially in the shallow tailings layers. The primary goal of this study is to evaluate the responses
of tailings under cyclic loadings and the tailings potential for fluidization. A series of cyclic triaxial undrained and drained tests
were performed on medium and dense tailings samples under various cyclic stress ratios (CSR). The results indicated that axial
strain and excess pore water pressure accumulated over time due to cyclic loading. However, the accumulations were dependent
on CSR values, densities, and drainage conditions. The fluidization potential analysis in this study was then evaluated based on
the obtained cyclic axial strain and excess pore water pressure. As a result, tailings samples were stable (unfluidized) under
small CSR values, and the critical CSR values, where the tailings fluidized, varied depending on the density of tailings samples.
Tailings fluidization is triggered as cyclic stress ratios reach critical values. In this study, the critical CSR values were found to

be 0.15 and 0.40 for medium and dense samples, respectively.
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1. Introduction

Tailings, which are often transported and deposited into
a tailings impoundment behind dams, are the chief waste
stream in the mining industry (Bella 2021, Forstner 1999,
Sarsby 2013). In general, tailings are stored in the
impoundment, whereas water is discharged via a decant
tower (i.e., spillway). In order to avoid tailings to be
transported out from the impoundment, porous piers are
constructed to make a tailings impoundment and the piers
have to be gradually raised (Fig. 1(a)). During the
construction of the piers, cyclic loading from the dump
haulers would lead to an increase in both undrained strain
and excess PWP in the tailings below. Due to the cyclic
loadings, tailings slurry could be pumped upward to the
surface of the piers, so called: tailings pumping. It should be
noted that pumping can occur in any type of soil if three
conditions are satisfied: (1) cyclic loading; (2) fully
saturated soil; and (3) soil with a high percentage of fines
(Alobaidi and Hoare 1994; Alobaidi and Hoare 1996). This
phenomenon could lead to a decrease of drainage capacity
and a reduction in the stability of the overlying granular
layers (Christopher et al. 2006, Kermani et al. 2019).
Therefore, tailings pumping (i.e., the migration of tailings
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slurry from fully saturated tailings into the piers) is one
concern during the construction of tailings dams. Such
tailings mud pumping often occurs with tailings under as
well as on the sides of the piers if tailings behave as being
fluidized. Fig. 1(b) shows one example of fluidized tailings
pumped upward to the surface of the pier in Aitik tailings
dam (Knutsson and Laue 2016).

In general, fluidization due to cyclic traffic loading and
seismic-induced liquefaction involve a considerable
increase in excess PWP. However, the fluidization due to
cyclic traffic loading often takes place at shallow depths
while the seismic-induced liquefaction happens due to the
dynamic accelerations (e.g., earthquake motion) (Duong et
al. 2013, Indraratna et al. 2020, Wheeler et al. 2017).
During the past decades, the seismic-induced liquefaction
has been addressed in many studies on soils by Dash and
Sitharam (2011), Kheirbek-Saoud and Fleureau (2012),
Sonmezer (2019), Sonmezer et al. (2020), Wang et al.
(2012) or on tailings by Tsuchida (1970), Ishihara et al.
(1980), Moriwaki et al. (1982), Vick (1983), Peters and
Verdugo (2003), Wijewickreme et al. (2005), Verdugo
(2009), James et al. (2011), Geremew and Yanful (2012),
Festugato et al. (2013), Geremew and Yanful (2013), Suazo
et al. (2016), Hu et al. (2017), Zardari et al. (2017).
However, research on the tailings pumping has not yet been
closely evaluated. It should be noted that tailings mud
pumping occur in the shallow tailings layers where the
tailings behave as being fluidized due to the repetitive
(cyclic) loading applied over a considerable period of time
as a result of dump haulers driving on the piers of tailings
dams. Therefore, one-way cyclic loading (i.e., only cyclic
deviatoric compressive stress without reversal stress) is
adopted to study the dynamic behavior of tailings.

The present study focuses on the cyclic characteristics
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Fig. 1 Tailings fluidization under cyclic traffic loading:
(a) schematic diagram of the process and (b) example of
fluidized tailings pumped upward to the surface of the
pier (Aitik tailings dam) by Boliden

of tailings utilized for the fluidization potential analysis. A
series of cyclic triaxial tests were carried out on medium
and dense tailings samples under various cyclic stress ratios
(CSR). The fluidization potential analysis was then assessed
based on the obtained cyclic axial strain and excess PWP.

2. Experimental program

Tailings used in the present study originated from a
tailings impoundment in Kiruna, Sweden. The tailings are
classified as silty sand with 12.7% fine content. Physical
properties of the tailings are presented in Table 1. The
particle size distribution curves of the tailings studied here
and in some other studies are shown in Fig. 2. Tailings
samples were prepared by using the under compaction
method and targeted to dry densities of 1700 kg/m3
(medium samples) and 1810 kg/m3 (dense samples). This
method has been successfully employed in many previous
studies as it could consider the compaction energy
transferring from upper layers to bottom layers (Bedin ef al.
2012, Indraratna et al. 2020, Kwan and Mohtar 2018, Ladd
1978, Lade 2016, Shajarati et al. 2012). The tailings at the
optimum moisture content was compacted into a
manufactured mould (50 x 100 mm) (Fig. 3). Tailings
sample preparation the under compaction method is
discussed in detail in the study by the authors (Do 2021). In
brief, same amount of tailings was compacted into five
layers. The height of each layer was experimentally pre-
determined by testing the dry density variations with respect

Table 1 Physical properties of tailings used in this study

Properties Tailings
Mﬂl;ﬂ:%(gj)ry density 2015
Optimum Moisture Content 10.9
(%)
Maximum void ratio 1.05
Minimum void ratio 0.49
Specific gravity 3.01
Dso (mm) 0.187
Fine content (%) 12.7
Colour Dark green

to the distance from the bottom of the specimen. In this
study, the heights from the bottom to the top of five layers
were determined as 20.4 mm, 20.35 mm, 20.15 mm, 19.8
mm, and 19.3 mm. Pre-determined quantities of tailings
were spread carefully and sequentially in the five layers into
the mould. Each layer was then densified by tamping with a
steel rod that was marked for five designated portions.

For all tailings samples used in cyclic triaxial tests, the
minimum back pressure of 600 kPa was utilized to assist the
specimen in reaching full saturation. The samples were then
consolidated to the low effective confining pressure of 30
kPa, representing the condition of the shallow tailings
layers. After that, all tailings samples were sheared
cyclically by using the one-way stress-controlled loading
scheme under various cyclic stress ratios (CSR)

CSR:& (1)
2xo,’

where qqyc is the amplitude of cyclic part of the deviatoric
stress and o’ is the effective confining pressure.

For each cyclic triaxial test, the targeted cyclic stresses
were controlled by setting values (Geosys software) varied
from an initial deviatoric stress of 10 kPa (i.e., from
anisotropic consolidation) to a value of (10 + qcyc) kPa. The
bottom drainage valve was used to control the drainage
conditions during shearing phases (i.e., kept closed for the
undrained cyclic triaxial loading or kept opened for the
drained cyclic triaxial loading).

It should be noted that this stress-controlled loading has
been widely used for cyclic characteristics of soils under
traffic loading in many previous studies (Baki et al. 2012,
Cai et al. 2013, Gu et al. 2016, Indraratna et al. 2020,
Moses et al. 2003). The procedures in ASTM Standards (D
5311) were used to perform the cyclic triaxial tests in this
study. The experimental program is presented in detail in
Table 2. The tested CSR values varied from 0.12 to 0.40
and 0.25 to 0.70 for medium and dense tailings samples,
respectively. The frequency f=1 Hz is chosen in this study,
based on the fact that the speed of dump haulers driving on
the pier is typically limited to 40 km/h (Knutsson and Laue
2016, Wheeler et al. 2017). The cyclic triaxial tests were
terminated after reaching either 5% cyclic axial strain or
1000 cycles.
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Fig. 2 Particle size distribution curves of tailings used in this study and in other similar studies

3. Results and discussion

In order to get a general idea of the cyclic response of
tailings materials, a standard four-way plot of tailings
sample CRS=0.3, Medium is shown in Fig. 4. For better
clarity, only first 20 cycles of the test are plotted. The
standard four-way plot usually consists of four subfigures:
stress path (Fig. 4(a)), stress-strain curves (Fig. 4(b)),
development of excess pore pressure ratio (Fig. 4(c)) and
(d) development of shear strain (Fig. 4(d)), so-called
standard four-way plot (Kammerer et al. 2002). As can be
seen, the axial strain (Figs. 4(b), 4(d) and excess PWP ratio
(Fig. 4(c)) accumulated over time due to cyclic loading.
Due to the development of excess PWP (i.e., involving the
development of excess PWP ratio), the effective stress of
the tailings sample decreased after each single cycle (Fig.

4(a)).

Fig. 3 A manufactured mould (50 x 100 mm) for the under compaction method

3.1 Cyclic characteristics of tailings

Fig. 5 illustrates the undrained cyclic axial strain response
of tailings samples (i.e., both medium and dense). As can be
seen, the cyclic axial strains of these samples increased with
respect to the number of cycles. However, the cyclic axial
strain response was significantly dependent on the CSR values,
regardless of densities. In particular, at low CSR values of 0.12
(medium sample) and 0.25 (dense sample), the cyclic axial
strains increased slightly and reached 0.24% (medium sample)
and 0.12% (dense sample) after 1000 cycles. However, at
higher CSR values (i.e., CSR > 0.15 for medium and CSR >
0.40 for dense samples), the cyclic axial strain increased
dramatically up to 5% (fluidized sample) after a certain
number of cycles. This trend is consistent with findings from
other studies despite different materials used (Baki ef al. 2012,
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Table 2 Experimental program used for cyclic triaxial tests on tailings samples

Initial dry density Relative density, Confining cveli .
Dr pressures, o’ yelie gge;s ratio, Frequency (Hz) Drainage conditions
(kg/m®) (%) (kPa)
1700 51 30 0.12 Undrained and drained
cyclic triaxial loading
Undrained and drained
1700 51 30 0.15 cyclic triaxial loading
Undrained and drained
1700 51 30 0.25 cyclic triaxial loading
1700 51 30 0.30 Undrained and drained
cyclic triaxial loading
1700 51 30 0.40 Undrained and drained
cyclic triaxial loading
Undrained cyclic triaxial
1810 70 30 0.25 loading
Undrained cyclic triaxial
1810 70 30 0.40 loading
1810 70 30 0.50 Undrained cy_cllc triaxial
loading
1810 70 30 0.60 Undrained cy_cllc triaxial
loading
Undrained cyclic triaxial
1810 70 30 0.70 loading
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Fig. 4 Standard four-way plot of tailings sample CRS=0.3, Medium: (a) stress path, (b) stress-strain curves, (c)
development of excess pore pressure ratio and (d) development of shear strain

Indraratna et al. 2020, Selig and Chang 1981, Wang et al.
2017). (a) The excess PWP response of tailings samples

under undrained cyclic loading is presented as residual
PWP ratios against number of cycles (Fig. 6). The idea of
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Fig. 5 Undrained cyclic axial strain response of (a) medium tailings samples and (b) dense tailings samples
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Fig. 6 The excess PWP response under undrained cyclic loading: (a) idea of the residual excess PWP ratio; (b) medium

tailings samples and (c) dense tailings samples

the residual PWP ratios (i.e., the troughs of each cycle) is
presented in Fig. 6(a). The excess PWP response is
represented by the excess pore water pressure ratios (7),
which is well known as the ratio between excess pore
pressure development and the initial effective stress. As

shown in Figs. 6(b) and 6(c), the development of PWP
followed the same trend as for the axial strain, regardless of
densities and CSR values. When CSR was small (i.e., CSR =
0.12 for medium and CSR = 0.25 for dense samples), 7,
increased and reached 0.39 and 0.15, respectively. However,
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Fig. 8 Cyclic characteristics of selected medium tailings samples with different drainage conditions: (a) cyclic axial
strain vs number of cycles and (b) excess PWP ratio vs number of cycles

when CSR was higher (i.e., CSR > 0.15 for medium and
CSR > 0.40 for dense samples), r, grew rapidly up to 1.0 at
an early stage. It should be noted that »,=1.0 means soil
liquefaction during cyclic loading. In addition, the samples
with higher relative density tended to resist cyclic loads
better than those with lower relative density under the same
loading conditions. Take CSR = 0.25 as an example, while
the excess pore water pressure ratio of CRS=0.25 (Medium)
raised rapidly and reached 1.0 after only 95 cycles (failure),
that of CRS=0.25 (Dense) increased slightly and reached
only 0.15 after 1000 cycles (not failure). Take CSR=0.40 as
another example; the excess pore water pressure ratios of
both CRS=0.40 (Medium) and CRS=0.40 (Dense) reached
1.0. However, in order to reach ru=1.0, the sample with
higher relative density, i.e., CRS=0.40 (Dense) took more

number of cycles (77 cycles) than sample with lower
relative density, i.e., CRS=0.40 (Medium) (18 cycles).

Fig. 7 illustrates the relationship between r, and the
number of cycles (N) normalised by the number of cycles at
r=1 (Nn=1). For reference, data in this study are compared
to those from the literature for various tailings types (Hu et
al. 2017, Zhang et al. 2006). Note that Zhang et al. (2006)
proposed a model to predict cyclic pore pressure based on
various undrained cyclic triaxial tests of tailings materials,
which is expressed as

1/2e

r, = 4 arctan| 2
T N,
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Fig. 9 Incremental increase of excess PWP ratio of the selected tailings samples: (a) unfluidized tailings sample and (b)

fluidized tailings sample

where 0 is an empirical constant determined from
laboratory testing.

As shown, the data in this study fall into the pore water
pressure envelope by Zhang et al. (2006) with the optimal
values of 6=0.2 (lower bound) and 6=0.6 (upper bound). In
addition, compared to the dense tailings samples, the data of
the medium tailings samples are closer to those reported by
Hu et al. (2017). The data of dense tailings samples are
shifted downwards due to a lower rate of excess pore
pressure generated in the earlier cycles, as observed in Fig.
6 (at the same CSR). Note that the densities of coarse
tailings used by Hu et al. (2017) are relatively low, ranging
from 1460 to 1600 kg/m?.

In addition to CSR and density, the cyclic characteristics
of tailings are also affected by the drainage conditions. Fig.
8 shows the cyclic characteristics of selected medium
tailings samples with different drainage conditions. The
results obtained from the tests with CSR = 0.3; 0.4
(undrained tests), and CSR=0.4; 0.45 (drained tests) are

plotted in Fig. 8(a). As can be seen, the development of
drained cyclic axial strain was relatively small despite the
increasing number of cycles N up to 1000 cycles. However,
the undrained cyclic axial strain accumulated rapidly up to
5% (fluidized tailings sample) after a limited number of
cycles. This is due to the considerable development of
excess PWP under undrained cyclic loading, the main factor
in failure of tailings samples. Take CSR = 0.4 as an example
(Fig. 8(b)), while r, of the undrained test raised rapidly and
reached 1.0 after only 18 cycles, 7, of the drained test
almost remained constant up to 1000 cycles.

3.2 Tailings fluidization under cyclic triaxial loading

The build-up of excess PWP under cyclic loading has an
important effect on the migration of fluidized subgrade
materials (Alobaidi and Hoare 1994, Alobaidi and Hoare
1996, Duong et al. 2013, Indraratna ef al. 2020, Kermani et
al. 2019). Additional insight into the development of excess



504 Tan Manh Do, Jan Laue, Hans Mattson and Qi Jia

60 1 —Effective stress vs deviatoric stress
——Effective stress vs cyelic avial strain
30 4 3
m Instability line (IL) ) =
- from static triaxial test &
£ M=134 47
= by
g g
2 E
£ 5 2
= =
= =
Z =
= o
% 20 - 2 E
] ~ ’
10 1
e ——
0 T T T T T T T 0
0 5 10 15 20 25 30 35 40
Effective stress, p'(kPa)
(a)
6
60 o —Effective stress vs deviatoric stress
——Effective stress vs cyclic aial strain
T - - Instability line (IL) -~
50 mRaptd increasing strain after point 2 M=1.34 - - 5
= -Rapn‘l decreasing p' after point 2 ’ .
~ s
=
% 40 1 e
< K =
o =
E ; €
» 30 4 . - i -
] Pointl -~ =
b y =
2 =
] )
T 20 A 2 E
| T
10 4 L1
0 T T T T = T 0
0 5 10 15 20 25 30 35 40

Effective stress, p' (kPa)

(b)

Fig. 10 Typical stress paths of the selected tailings samples: (a) unfluidized tailings sample and (b) fluidized tailings

sample

PWP can be attained by looking into the incremental
increase of excess PWP ratio per cycle. The incremental
increases of excess PWP ratio of the selected medium
tailings samples are shown in Fig. 9(a) (unfluidized tailings
sample; CSR=0.12) and Fig. 9(b) (fluidized tailings sample;
CSR=0.30). For the unfluidized tailings sample, it can be
clearly observed a plateau zone characterised by an almost
constant incremental increase of excess PWP ratio per cycle
despite an increase in the number of cycles up to 1000 (Fig.
9(a)). For the fluidized tailings sample, the incremental
increase was separated into two zones: (a) plateau zone with
an almost constant incremental increase of excess PWP
ratio; and (b) rapid increasing PWP zone in which the
incremental increase was accelerated until sample failure. A
critical point, Ny, which is the number of cycles at which
the incremental increase starts accelerating, is identified in
Fig. 9(b).

In addition to the incremental increase of excess PWP,
two typical stress paths are illustrated in the q-p’ planes for
both selected stable and unstable tests (Fig. 10). In Fig. 10,
the instability line (IL) is defined from the results of a static

triaxial compression test. As expected, the stress path of the
stable test falls well below the IL. A relatively small cyclic
axial strain (0.24% after 1000 cycles) (Fig. 10(a)) would be
explained for the stability of this test. However, it can be
seen from Fig. 10(b), the stress path of the unstable test
moves towards and crosses the IL (point 1) by the cyclic
axial strain of 0.35% (after 18 cycles). It follows by a loss
of stability with decreases in both deviator stress and
effective stress. These results are in good agreement with
those of the study by Baki ef al. (2012) and Vernay et al.
(2016), addressing the cyclic instability of sand under one-
way cyclic loading. In Fig. 10(b), the critical point (Ny.), at
which the incremental increase starts accelerating as
presented in Fig. 9(b), is linked and marked as point 2. The
corresponding effective stress and cyclic axial strain at this
critical point are 6.68 kPa and 1.63%, respectively. After
passing this critical point, a rapid increase in the cyclic axial
strain (strain-softening) along with the significant reduction
of effective stress (p’) can be observed. In this sense, the
sample gets fluidized after the critical point (Ny.) and then
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collapses. A rapid increase in excess PWP and cyclic axial
strain under undrained cyclic loading has also been found in

the previous study on subgrade fluidization (Indraratna ez al.

2020). Their study has reported that the fluidization
involves the rapid decrease in the deviator stress due to a
significant amount of strain-softening. In addition, the same
observations on the strain-softening can also be found in the
one-way cyclic instability of sand (Baki et al. 2012, Li et al.
2017, Vernay et al. 2016) and silt (Hyde et al. 2006).

Eventually, a relationship between N4 and CSR is
shown in Fig. 11. As can be observed, an increased Ny.. can
be achieved with either a decreased CSR value or an
increased density. A non-linear relationship between CSR
and Ny was found in the form of

Nice = axCSR?® (3)

In this study, the parameters in Eq. (3) were found to be
a;=1.165; b= 2.88 (medium tailings), a,= 4.032; b= 3.25
(dense tailings). With these parameters, CSR can be used for
the evaluation of N4.. However, these parameters could be
affected by tailings types. Therefore, the relation in Eq. (2)
is expected to be validated to other tailings in future work.

4. Conclusions

A laboratory study on cyclic characteristics of tailings
for a fluidization potential analysis was conducted. Based
on the results of this study, the following conclusions can be
drawn:

. Axial strain and excess PWP accumulated over time
due to cyclic loading. However, the accumulations
were significantly dependent on CSR values, densities,
and drainage conditions.

» The cyclic axial strain and excess pore water pressure
increase slightly at low CSR values (i.e., CSR = 0.12
for medium and CSR = 0.25 for dense samples) even
after 1000 cycles. However, at higher CSR values (i.e.,
CSR 2> 0.15 for medium and CSR > 0.40 for dense
samples), these values increase dramatically, and

samples get failure after a limited number of cycles.
This is consistent with the data report in the literature.

» The development of strain and excess pore water
pressure is relatively insignificant under the drained
cyclic loading despite the increasing number of cycles
N up to 1000. However, these values under the
undrained condition accumulate rapidly, and samples
get failures after a limited number of cycle (i.e., with
the same CSR). This is due to the considerable
development of PWP under undrained cyclic loading,
the main factor in the failure of tailings samples.

. The concept of tailings fluidization was studied by
looking into the incremental increase of excess PWP
ratio per cycle. An unfluidized sample was identified
with a plateau zone characterised by an almost
constant incremental increase of excess PWP ratio
(i.e., consistent with the insignificant developments of
cyclic axial strain and excess PWP). For a fluidized
sample, the incremental increase was separated into
two zones: (a) plateau zone; (b) rapid increasing
excess PWP zone. This finding links to a rapid
increase in the cyclic axial strain (strain-softening)
along with the significant reductions of deviator stress
and effective stress observed in the corresponding
stress paths.

. The critical point (Ni.), the number of cycles at
which the incremental increase starts accelerating
until the sample is fluidized, was then employed for
presenting a relation between the cyclic stress ratio
(CSR) and the number of cycles Ny.. As a result, an
increased Ny can be achieved with either a decreased
CSR value or an increased density.
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List of notations

CSR Cyclic stress ratios
PWP Pore water pressure

f Frequency

ry Excess pore water pressure ratio

o’ Effective confining pressure

Dso Corresponding particle size when the cumulative
percentage reaches 50%

0 Empirical constant determined from laboratory
testing in Eq. (2)

N Number of cycles

Nace Number of cycles at which the incremental

increase of excess PWP ratio per cycle starts
accelerating
a, b Model parameters in Eq. (3)

Dy Relative density

Qeye Amplitude of cyclic stress
p’ Effective stress

q Deviatoric stress

€a Cyclic axial strain





