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The non-linear mechanical characteristics of tailings under high pressure are the
research foundation of large-scale high tailings dams. Considering the high stress
caused by high tailing ponds, consolidated drained triaxial shear tests were carried
out. The deterioration mechanism of non-linear mechanics was revealed by
particle crushing. The test results show that sample density has a great
influence on volumetric strain under low pressure. However, volumetric strain
is not related to sample density under high pressure. The shear strength of the
tailings is significantly non-linear. The internal friction angle under low pressure
can still be obtained by the traditional linear Mohr–Coulomb criterion and the
internal friction angle under high pressure by the power function of the Mohr
criterion. The particle crushing of tailings occurs not only at high pressure but also
at low pressure. The value of the breakage index increases with sample density.
The non-linear mechanics of shear strength are affected by particle breakage. The
breakage index value increases linearly with increasing shear strength, indicating
that the high density of the deep part of the tailings dam is prone to particle
crushing, which affects the stability of the large-scale high dam.
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1 Introduction

Tailings are the lower-grade tailings residue after ore has been sorted and the tailings
disposed of by manually constructing a tailings pond (Wu et al., 2020; Chen et al., 2023).
More than 1.4 billion tons of tailings are disposed of in tailings ponds every year in China,
and a total of 14.6 billion tons had been deposited in tailings ponds by 2014 (Zhou et al.,
2020). Tailings dams are being piled higher and higher due to the numerous demands for
mineral resources and the restricted use of land resources. At present, there are at least
26 tailings dams with a height greater than 100 m and at least 10 tailings dams with a storage
capacity over 100 million m3. The highest tailings dam in the world is the Wanniangou
tailings dam in Sichuan Province, China, with a total dam height of 325 m and a total storage
capacity of 326 million m3 (Wang, 2014). The largest tailings dam in Asia is the Dexing No.
4 tailings dam, with a total dam height of 208 m and a storage capacity of 890 million m3.
Stress in the deep regions of high tailings ponds has reached 4 MPa (Wu et al., 2017).
Potential safety threats to the stability of the dam are becoming more prominent because the
stress level in the dam increases with its height.

Catastrophic accidents caused by the collapse of high tailings dams occur frequently
(Rico et al., 2008). Deaths from tailings dam instability are not uncommon. For example, on
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18 October 2000, a tailings pond collapsed in Nandan County,
Guangxi Province, leading to 28 deaths and 56 injuries (Guo, 2010).
In 2008, a tailings pond collapsed in Xianfen County, Shanxi
Province, causing a tailings discharge of 268,000 m3, covering an
area of 30.2 ha, and resulting in 276 deaths and 34 injuries (Guo and
Wu, 2009). On 5 November 2015, the collapse of a tailings pond in
the state of Minas Gerais, Brazil led to 19 deaths and is considered
the worst environmental disaster. On 25 January 2019, a tailings
pond collapsed in Brumadinho, Brazil, leading to 58 deaths and
305 missing people (Zhang et al., 2020).

The statistical analysis of many tailings pond accidents reveals
many reasons for tailings pond accidents, including rainstorms,
overtopping, earthquake liquefaction, seepage failure, dam
foundation instability, dam structure failure, and load increase.
The final cause of dam instability, which mainly refers to
changes in the stress fields and seepage fields of tailings dams
caused by the aforementioned factors (Wang et al., 2021), is
discussed. It is worth noting that the instability characteristics of
tailings ponds are completely different at high stress and low stress,
so it is necessary to study them. The mechanical characteristics of
the soil are significantly different under high pressure than under
low pressure. The strength of the soil under high pressure varies
non-linearly and is accompanied by particle crushing. Slope stability
prediction for large-scale high slopes is a complex, non-linear system
problem (Wang G. G. et al., 2020; Wang J. X. et al., 2020). The
compression and strength characteristics of tailings sand under high
pressure were studied by Zhang (1995), who believed the shear
strength envelope to be related to the saturation of tailings sand and
drainage consolidation conditions. The shear strength parameter of
tailings is significantly less in the deep zone than in the shallow zone
(Zhang et al., 2010). To study the strength characteristics of tailings
materials under high pressure, numerous triaxial tests were carried
out under high pressure, as well as a power function Mohr strength
criterion, as established by Liu et al. (2012). Wang et al. (2023)
simulated the tailings pond accumulation process using soil tests
and indoor physical model tests and found that the saturation line
increased with increasing dam height in the physical model. The

triaxial compression tests were carried out using a high-pressure
triaxial apparatus by Zhang et al. (2020) and revealed that the
tailings exhibit strain softening under low confining pressure and
strain hardening under high confining pressure. Chen et al. (2022)
conducted consolidated undrained axial shear tests with a high-
pressure triaxial apparatus to study the mechanical behavior of
sandwich tailings under high confining pressure and compared the
results against tests under low confining pressure. The triaxial
compression and triaxial elongation of Cambria sand under high
pressure were carried out by Lade and Bopp (2005) and revealed that
the internal friction angle of Cambria sand is larger in triaxial
compression than in triaxial elongation.

In reality, the deposition structure of high tailings dams is very
complex. Consolidated drained tests of tailings under high stress
caused by high dam tailings ponds were carried out. The mechanical
properties of three sets of tailings specimens with different initial
densities were investigated. The deterioration mechanism of non-
linear mechanics was explained by particle breakage.

2 Specimen materials and methods

2.1 Test instrument

Strain-controlled high-pressure triaxial equipment mainly
includes four major components: a pressure testing machine, a
high-pressure triaxial pressure chamber, a pressure volume
controller, and a data acquisition system. The triaxial pressure
chamber is made of stainless steel, with a wall thickness of
12 mm, and the perimeter pressure connection pipe is made of
copper, with a maximum perimeter pressure of 5 MPa and a
counterpressure of 1 MPa. The maximum travel of the motor is
80 mm. The maximum load of the axial load sensor is 60 kN, the
maximum measurement range of the axial displacement sensor is
20 mm, and the volume variation capacity of the pressure volume
controller is 200 mL. Three types of tests can be performed:
unconsolidated undrained shear (UU shear), consolidated

FIGURE 1
Strain-controlled high-pressure triaxial apparatus.
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undrained shear (CU shear), and consolidated drained shear (CD
shear). The high-pressure triaxial testing machine is shown in
Figure 1.

2.2 Tailings specimen

The tailings samples were taken from the No. 4 tailings dam in
the Dexing copper mine in Jiangxi Province (Wu et al., 2017), the
largest tailings dam in Asia, with a maximum design height of

208 m. The undisturbed tailings are gray and non-cohesive, with a
particle-specific gravity of 2.7, an average particle size of 0.65 mm,
and an inhomogeneity factor of 3.4. The tailings contain 1.4%
cohesive particles, 12.1% powder particles, and 86.5% sand
particles. The particle size distribution curve is shown in Figure 2
and the physical property indexes are shown in Table 1.

The German Bruker AXSD8-Focus X-ray diffractometer was
used to analyze the mineral composition of the tailings, and the
results are shown in Table 1. The tailings are mainly composed of
quartz sand, with a content of 53.61%; the other mineral
components are illite, plagioclase, dolomite, and calcite, in
descending order of content. Microscopic SEM images of the
tailing samples are shown in Figure 3. The tailings particles exist
in granular form, and their surface morphology is uneven and
angular. Some of the particles have sharp edges, and the particles
do not have a uniform profile.

2.3 Specimen preparation and test plan

According to test regulations (GB/T50123, 1999), the size
diameter of the tailings sample in the triaxial test was 39.1 mm
and the height was 80 mm. Specimen preparation was performed
using the wet sample preparation method (Wood et al., 2008). The
moisture content of the samples was 10%. To ensure homogeneity,
the specimens were prepared by the layered tamped method: the
prepared samples were poured into the sampler three times and were
then tamped with a tamping rod. The contact surface of each layer
was shaved.

To study the mechanical properties of tailings under high
pressure, three densities of specimens were set to 1.4 g/cm3,
1.6 g/cm3, and 1.8 g/cm3, representing loose, medium, and dense

TABLE 1 Mineral composition of tailings.

Name of the mineral Quartz sand Illite Oblique chlorite Dolomite Calcite

Accounted for (%) 53.61 31.64 8.09 4.21 2.45

FIGURE 3
Shape topography of tailing particles.

FIGURE 2
Particle size distribution of tailings.

Frontiers in Earth Science frontiersin.org03

Chen et al. 10.3389/feart.2023.1154791

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1154791


tailings specimens. The test confining pressure was 0.2 MPa,
0.4 MPa, 0.8 MPa, 1.2 MPa, 2 MPa, 3 MPa, 4 MPa, and 5 MPa in
this test. Less than 0.8 MPa is low confining pressure, and more than
0.8 MPa is high confining pressure. Because the accumulation rate of
a tailings dam is slower than that of pore pressure dissipation during
dam construction, the consolidated drained test method was
adopted in this test. To prevent the rubber membrane being
broken during the test, a reasonable thickness of the rubber
membrane should be selected for different confining pressures.
Based on the literature (Henkel and Gilbert, 1952; Ren, 2018), a
rubber film with a thickness of 0.38 mm was chosen for specimens
with confining pressures of less than 0.8 MPa. For specimens with
confining pressures greater than 0.8 MPa and less than 2 MPa, a
rubber film with a thickness of 0.5 mm was chosen. For specimens
with a confining pressure greater than 2 MPa, a 1-mm rubber film
was used. When a prepared tailings specimen is installed directly in
the triaxial pressure chamber, the specimens are easily disturbed and
damaged. Therefore, the freezing method was used before installing
the specimen: the specimen was installed in the triaxial pressure
chamber after freezing, then saturated using the head saturation
method while the confining pressure was slowly applied. The shear
rate was 0.074 mm/min, and the test was stopped when the axial
strain reached 15% (GB/T50123 1999).

3 Non-linear mechanical properties of
tailings

3.1 Isotropic consolidation compression

Isotropic compression tests were conducted on three tailings
specimens with different densities under confining pressures of

0–5 MPa. The consolidation volume change in the test was
measured by the drainpipe. After the consolidation time reached
4 h, the specimen pore pressure dropped to zero and the drainage
volume was kept constant. Therefore, the specimen consolidation
was close to stability after 4 h. The isotropic consolidation curves of
tailings specimens with different densities could be obtained and are
shown in Figure 4.

The pore ratio of the specimens of three different densities
decreased with increased confining pressure. The pore ratio for the

FIGURE 4
Consolidation curves of specimens with different densities.

FIGURE 5
Stress–strain relationships of tailings for different densities. (A)
Stress–strain curve for 1.4 g/cm3 tailings. (B) Stress–strain curve for
1.6 g/cm3 tailings. (C) Stress–strain curve for 1.8 g/cm3 tailings.
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three groups of specimens did not approach a fixed value in the
pressure range of 5 MPa. The pore ratio for specimens with densities
of 1.4 g/cm3 and 1.6 g/cm3 gradually approached 0.55. The pore ratio
of the specimen with density of 1.8 g/cm3 still had a large deviation
from the other two groups of specimens. The consolidation curves
for three groups of specimens were curvilinear under low confining
pressure and a straight line under high confining pressure. In the
range of high confining pressure, the linear fitting method was used
to obtain a straight-line segment; the slope of the straight-line
segment could be expressed by the compression index Cc, defined as

Cc � − Δe
Δ lg σ( ). (1)

In the formula, Δe is the amount of pore ratio reduction under
the lateral limiting condition and Δ(lg σ) is the effective stress
increase under the confined condition. The compression index Cc

decreases with increasing specimen density. The compression index
Cc of the specimen with a density of 1.8 g/cm3 is 0.06. The
compression index Cc of the specimen with a density of 1.6 g/
cm3 is 0.12. The compression index Cc of the specimen with a
density of 1.4 g/cm3 is 0.24.

3.2 Stress–strain curves

Figure 5 presents the stress–strain curves of the tailings for
specimens at the three different densities. For the specimens with
densities of 1.4 g/cm3, the stress–strain curves are all strain-
hardened. The stress increases with increasing axial strain, the
strain-elastic phase is not obvious, and the specimens show
mainly strain-plastic behavior.

For the specimens with a density of 1.6 g/cm3, the stress–strain
curve is only strain-softening at 0.2 MPa confining pressure and is
strain-hardening at other confining pressures. At an axial strain of

0%–2%, the specimens mainly exhibit strain–elastic behavior with a
rapid increase in stress. When the axial strain is greater than 2%, the
specimen mainly exhibits strain–plastic behavior with a slow
increase in stress.

For the specimens with a density of 1.8 g/cm3, the stress–strain
curves under 0.2 MPa, 0.4 MPa, and 0.8 MPa confining pressure are
of the strain-softening type. The stress increases rapidly and reaches
a peak rapidly, then drops after the peak. The peak corresponds to an
axial strain of 3%. Other stress–strain curves exhibit hardening
types. The stress increases rapidly and then slowly with increasing
axial strain.

In summary, the stress–strain curves of the specimens at high
confining pressure (σ3>0.8 MPa) exhibit a strain-hardening type
regardless of whether they are loose or dense specimens. The
hardening behavior of the specimens increases with increasing
confining pressure, which means that the specimens’ strain type
at high pressure is independent of their density. At low pressures
(σ3<0.8 MPa), the strain-softening behavior of the specimen is more
likely to be present with increasing density. Dense specimens are
prone to softening behavior under low pressure.

Figure 6 presents the relationship between the peak strength and
confining pressure of different-density specimens. The higher the
density of the specimen, the higher the peak strength. The difference
between the peak strengths of the specimens increases with
increased confining pressure. The peak strength shows a

TABLE 2 Fitting parameters of shear strength.

Density of (g/cm3) a b R2

1.4 1.9 0.83 0.999

1.6 2.1 0.81 0.997

1.8 3.1 0.68 0.996

FIGURE 7
Relationship between initial elastic modulus and confining
pressure.

FIGURE 6
Relationship between shear strength and confining pressure.
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downward deflection, which indicates an obvious non-linear
strength behavior of the tailings; this means that the strength
parameter of the tailings is variable under high pressure and can
be explained by the Mohr–Coulomb criterion. The criterion is
expressed in Eq. 2:

σ1 − σ3( )f � 2
1 − sinφ

c cosφ + σ3 sinφ( ). (2)

Only when the strength parameter is a constant value is the
relationship between the peak strength (σ1–σ3)f and the confining
pressure σ3 linear, according to Eq. 2. An obvious non-linear
strength behavior occurred in the test. Therefore, the strength
parameter in Eq. 2 is variable. The internal friction angle is
gradually decreasing because the strength is deteriorated by
particle crushing under high pressure.

The relationship between the peak strength (σ1–σ3)f and the
confining pressure under high pressures can be represented by the
non-linear strength mathematical model proposed by Yin et al.
(1980). It is defined as

σ1 − σ3( )f � aσb, (3)
where a and b are test constants.

The parameters a and b can be obtained by Eq. 3. The fitting
results are shown in Table 2. The fitted curves are in good
agreement with the peak strength. The parameter a, which

increases with increasing specimen density, represents the
linear growth rate of the peak strength. The parameter b
decreases with increasing specimen density and represents the

TABLE 3 Fitting parameters of the initial elastic modulus.

Density of (g/cm3) c d R2

1.4 0.45 0.78 0.989

1.6 0.58 0.75 0.992

1.8 1.12 0.56 0.99

FIGURE 8
Maximum stress ratio of tailings for three different densities.

FIGURE 9
Volumetric strain of tailings for different densities. (A)Volumetric strain
curves of tailings with a density of 1.4 g/cm3. (B) Volumetric strain curves of
1.6-g/cm3 tailings. (C) Volumetric strain curves of 1.8-g/cm3 tailings.
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non-linear growth rate of the peak strength; it indicates that there
are obvious non-linear strength behaviors for tailings specimens
under high pressure.

Figure 7 presents the relationship between the initial elastic
modulus and the confining pressure for different-density specimens.
The initial elastic modulus is the slope of the stress–strain curve at
the initial stage. The evolution law of the initial elastic modulus is
similar to the peak strength. The initial modulus increases with
confining pressure. The between the initial elastic modulus and the
confining pressure is non-linear. It can be expressed by Eq. 4:

Ee � cσd, (4)
where c and d are the test constants.

The parameters c and d can be obtained by Eq. 4. The fitting
results are shown in Table 3. The fitted curve is in good agreement
with the initial elastic modulus. The parameters c and d have the
same variation as the parameters a and b. The parameter c increases
as the density of the specimen increases, which represents the linear
growth rate of the initial elastic modulus. The constant d, which
decreases with increasing specimen density, represents the non-
linear growth rate of the initial elastic modulus.

3.3 Maximum stress ratio

Figure 8 presents the maximum stress ratio of tailings with three
different densities. The maximum stress ratio increases with the
density of the specimen. The maximum stress ratio for the tailings of
three different densities is significantly affected by the confining
pressure and decreases with increasing confining pressure; the
decreasing rate of the curve decreases with increasing confining
pressure. When the confining pressure is 5 MPa, the maximum
stress ratios of the tailings with three different densities are generally
around 2.8. When the confining pressure is less than 0.8 MPa, the
maximum stress ratio of tailings with three different densities

decreases rapidly with increasing confining pressure. When the
confining pressure is greater than 0.8 MPa, the maximum stress
ratio of tailings with three different densities decreases slowly with
increasing confining pressure. The Mohr–Coulomb criterion was
rewritten by the stress ratio. It is expressed as

σ1
σ3

( ) max � 1 + sinφ
1 − sinφ

+ 2c cosφ
1 − sinφ

· 1
σ3
. (5)

When the strength parameter is constant, the relationship
between the maximum stress ratio and the confining pressure is
hyperbolic. When the confining pressure is low, the maximum stress
ratio is caused by the confining pressure because the strength
parameter is constant. When the confining pressure is high, the
strength parameter is variable due to particle breakage. The
maximum stress ratio is caused by both confining pressure and
particle breakage. Therefore, the relationship between the maximum
stress ratio of the tailings and confining pressure under high
confining pressure is not hyperbolic.

3.4 Volumetric strain

Figure 9 presents the volumetric strain of tailings with three
different densities. For specimens with a density of 1.4 g/cm3,
volumetric strain decreases with increasing axial strain. Shear
shrinkage occurred for all specimens. The volumetric strain of
the specimen increases with confining pressure. For the specimen
with a density of 1.6 g/cm3, when the confining pressure was
0.2 MPa, the volumetric strain of the specimen decreased until
the axial strain reached 2% and then increased with increasing
axial strain. Shear dilation occurred. For the specimen under
confining pressure of less than 0.2 MPa, the volumetric strain of
the specimen decreased with increasing axial strain. Shear shrinkage
occurred. For the specimen with a density of 1.8 g/cm3, when the
confining pressure was less than 0.8 MPa, the volumetric strain of
the specimen decreased until the axial strain reached 1% and then
increased with increasing axial strain. Shear dilation occurred.When
the confining pressure was more than 0.8 MPa, the volumetric strain
of the specimen decreased with increasing axial strain. Shear dilation
occurred.

In summary, the density of the specimen has a great effect on
volumetric strain under low pressure (a confining pressure of less
than 0.8 MPa). There are two types of volumetric strain: 1) the
volumetric strain of the sample decreasing with increasing axial
strain and 2) the volumetric strain of the sample decreasing until it
reaches a certain strain, and then increasing with increasing axial
strain. These curves can be divided into three phases. 1) In the
volumetric strain decrease stage, the particle pores are filled by
tailings particles under axial pressure and confining pressure. The
volume of the sample decreases until the volume reaches aminimum
value, which is the expansion point. 2) In the volumetric strain
increase stage, the particle pores increase due to the shear expansion
effect. The volume of the sample increases. 3) In the volumetric
strain-invariant stage, when the axial strain reaches a certain value,
the volume of the specimen remains at a certain value, which is
called the critical state. For the samples under confining pressure
greater than 0.8 MPa, the volumetric strain of the specimen is

FIGURE 10
Maximum volume strain under different confining pressures.

Frontiers in Earth Science frontiersin.org07

Chen et al. 10.3389/feart.2023.1154791

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1154791


negligibly affected by the density. The volumetric strain of all
samples decreases with increasing axial strain, which can be
explained by the mechanism of particle motion during shearing.

For dense specimens under low pressure, the motion of particles
is mainly in the form of rotation and slip. The tailings particles are
rearranged during the shear test. The pores between the particles of
the dense specimen expand, resulting in an increase in the pores.
The volume of the specimen increases.

For loose specimens under low pressure, the pores of the
particles continue to be filled by the particles during the shearing

process because the initial pores of the tailings are large. The volume
of the specimen is decreased.

For specimens under high pressure, particle rotation and sliding
are limited. The movement of particles is mainly particle breakage.
The fine particle fragments continue to fill the particle pores,
reducing the volume of the specimen. The specimen becomes
more and more dense.

The volumetric strain curve of all specimens under high pressure
decreases with increasing axial strain. To investigate the relationship
between density andmaximumvolumetric strain of the specimen under

FIGURE 11
Power function Mohr envelope of tailings. (A) Power function Mohr envelope of tailings with a density of 1.4 g/cm3. (B) Power function Mohr
envelope of tailings with a density of 1.6 g/cm3. (C) Power function Mohr envelope of tailings with a density of 1.8 g/cm3.
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high pressure, the relationship between maximum volumetric strain
and confining pressure was drawn. Figure 10 presents the maximum
volumetric strain under different confining pressures. The relationship
between maximum volumetric strain and confining pressure was fitted,
and the fitting coefficients of each curve were all greater than 0.9. The
fitting function of each curve is shown as, respectively,

Vm � −5.08 exp −σ3/6.54( ) + 12.23 1.4g/cm3( )
Vm � −7.22 exp −σ3/2.23( ) + 10.27 1.6g/cm3( )
Vm � −13.12 exp −σ3/3.39( ) + 11.29 1.8g/cm3( )

⎫⎪⎬⎪⎭. (6)

The maximum volumetric strain of the tailing specimen
increases exponentially in relation to the confining pressure. The

increase rate decreases with increasing confining pressure. When the
confining pressure is 5 MPa, the maximum volumetric strain is
almost close to the certain value. A more interesting finding is that
the maximum volume strain for different-density specimens will
converge to the same value when the confining pressure σ3 tends to
infinity. This means that the volumetric strain of the sample is
greatly affected by density under low pressure and that the volume
strain of the sample is independent of sample density under high
pressure.

3.5 Strength envelope line

Numerous tests have shown that the linear Mohr–Coulomb
strength theory is no longer applicable to high-stress-level
conditions. To describe the strength characteristics under high
stress, many non-linear strength criteria have been proposed.
However, some disadvantages exist for these criteria. Because the
shear stress index parameter is constant. The parabolic Mohr
strength criterion causes limited adjustment of the bending
degree of the curve, resulting in test data that do not fit well. For
the hyperbolic Mohr strength criterion, a characteristic of the
hyperbolic curve is that it has an asymptote; this causes the shear
stress to vary approximately linearly with normal stress under high-
stress conditions and to deviate from the experimental data. Charles
and Watts (1980) proposed a power function Mohr strength
criterion to overcome the shortcomings of the parabolic and
hyperbolic Mohr strength criterion. Therefore, the power
function Mohr strength criterion was used to describe the
strength characteristics of tailings under high confining pressure
in this paper. The power function Mohr strength criterion is
expressed as

τ � mσn + l, (7)
where m, n, and l are constant values.

TABLE 4 Internal friction angle of tailings for different densities.

Confining pressure (MPa) 0.2 0.4 0.8 1.2 2 3 4 5

Density of 1.4 g/cm3 Internal friction angle calculated using Eq. 8 (°) 30.64 28.63 26.70 25.69 24.39 23.36 22.67 22.13

Internal friction angle calculated by linear Mohr–Coulomb (°) 29.19 29.19 29.19 — — — — —

deviation (°) 1.45 −1.27 −2.49 — — — — —

Recommended internal friction angle (°) 29.19 29.19 29.19 25.69 24.39 23.36 22.67 22.13

Density of 1.6 g/cm3 Internal friction angle calculated using Eq. 8 (°) 33.15 30.49 27.91 26.56 24.92 23.63 22.69 21.98

Internal friction angle calculated by linear Mohr–Coulomb (°) 30.1 30.1 30.1 — — — — —

deviation (°) 3.05 0.39 −2.19 — — — — —

Recommended internal friction angle (°) 30.1 30.1 30.1 26.56 24.92 23.63 22.69 21.98

Density of 1.8 g/cm3 Internal friction angle calculated using Eq. 8 (°) 38.46 34.8 31.74 29.88 27.6 25.89 24.82 24.03

Internal friction angle calculated by linear Mohr–Coulomb (°) 33.72 33.72 33.72 — — — — —

deviation (°) 4.74 1.08 −1.98 — — — — —

Recommended internal friction angle (°) 33.72 33.72 33.72 29.88 27.6 25.89 24.82 24.03

FIGURE 12
Relationship between the recommended internal friction angle
and confining pressure of samples for different densities.
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The data were fitted by Eq. 7 using an iterative method. The
detailed iterative steps are referred to in Liu et al. (2012). Figure 11
presents the power functionMohr envelope of the tailings with three
different densities under high pressure. The fitting coefficients were
all greater than 0.95, and the fitting formulas were as follows:

τ � 0.5879σ0.8793 1.4g/cm3( )
τ � 0.6548σ0.8439 1.6g/cm3( )
τ � 0.8132σ0.8088 1.8g/cm3( )

⎫⎪⎬⎪⎭. (8)

The strength characteristics of the tailings under high pressure are
well-represented by the power function Mohr strength criterion. The
linear growth rate of the strength envelope increases with increasing
sample density, and the non-linear growth rate of the strength envelope
decreases. The deviation between the internal friction angles calculated
using Eq. 8 and those calculated by the conventional linear
Mohr–Coulomb criterion under low confining pressure. Deviation
increases with the increase of density and confining pressure, which
is consistent with the conclusions obtained by Liu et al. (2012). It is
recommended that the conventional linear Mohr–Coulomb criterion
be used to obtain the internal friction angle under low confining
pressures and that the power function Mohr strength criterion be
used to obtain the internal friction angle under high confining
pressures. The formula is calculated as

φ � arctan
τ − c

σ
( ) σ3 ≤ 0.8MPa,

arctan mnσn−1( ) σ3 > 0.8MPa,

⎧⎪⎪⎨⎪⎪⎩ (9)

where φ is the internal friction angle, σ3 is the effective normal stress,
c is the cohesion, and τ is the shear force.

The recommended internal friction angles of tailings at low and
high pressures can be calculated by Eq. 9. The recommended values
of the internal friction angle are shown in Table 4.

Figure 12 presents the relationship between the recommended
internal friction angle and the confining pressure of samples of
different densities. The internal friction angle of samples under high
pressure is significantly lower than that of samples under low
pressure. All three groups of specimens with different densities
showed a large decrease in the internal friction angle, with a decrease
of 7.06° for the loose specimen (1.4 g/cm3), 8.12° for the medium
dense specimen (1.6 g/cm3), and 9.69° for the dense specimen (1.8 g/
cm3). The internal friction angles of specimens with densities of
1.4 g/cm3 and 1.6 g/cm3 coincide when the confining pressure
reaches 4 MPa. The internal friction angle of the specimen with
density 1.8 g/cm3 also gradually approaches that of the other two
groups of specimens. The significant reduction in the internal
friction angle of the tailings under high pressure is very likely to

FIGURE 13
Morphological changes of calcite particles before and after testing for different densities.
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destabilize the high-pile tailings dam. If strength parameters
obtained under low pressure are used in the analysis of the
stability of the high-pile tailings dam, the calculation results will
undoubtedly be undesirable. Therefore, it is necessary that the test
results be obtained under high pressure. For high-dam stability
analysis, zoning assignment calculation is recommended.

4 Deterioration mechanism of non-
linear mechanics

The mechanical behavior of geotechnical material is obviously
affected by particle crushing. Therefore, the engineering structure

will have less stability when particle breakage takes place. The
deterioration mechanism of non-linear mechanics can be
explained by particle breakage. To study the particle crushing of
soil particles, Hyodo et al. (2002) and Nakata et al. (1999) both
obtained information related to particle crushing using the marked
particle method. The marked particle method, by which some
particles are identified, was used in this study. Calcite was used
as the marked particle because its hardness (Mohs hardness 3) is
lower than that of quartz, which is the main mineral in the tailings.
The surface of calcite particles is smooth and flat. It is easy to
compare morphological changes before and after the test. The size of
the marked particles was 5 mm, and the marker particles were
placed in the middle of the specimen so that they would be in
similar stress environments.

To compare the effect of density on particle crushing, the marked
particles before and after the test, under confining pressure of 4 MPa,
were compared; Figure 13 presents the morphological changes in the
marked particles before and after the test. There were large differences
in the surfaces of the marked particles before and after the test. The
number of indentations at the marked particles increased with the
density of the specimen, indicating that particle crushing is more
prone to occur in dense samples.

The degree of particle breakage can be defined by the breakage
index. Several methods have been proposed to quantify the amount
of particle breakage. These methods are empirical in nature. Some
are based on a single particle size, while others are based on
aggregate changes in the overall grain size distribution. The most
widely accurate particle breakage indices were developed by Einav
(2007), who modified the definition of Hardin’s breakage index. The
improved relative breakage index Br proposed by Einav overcomes
the disadvantage of the breakage index proposed by Hardin, which
requires the artificial setting of an arbitrary cut-off value.

The Hardin’s breakage index is defined as

Br � Bt/Bp, (10)
where Br is the breakage index, Bt is total breakage, and Bp is
breakage potential.

The improved relative breakage index is defined as

Br � Ft − F0( )/ Fu − F0( ), (11)
where Br is the breakage index. F0, Ft, and Fu are the cumulative areas
of particle size distributions before testing, after testing under
current confining pressure, and after testing under ultimate
confining pressure, respectively.

The improved relative breakage index Br has a range of 0–1.
Br=0 means that particle crushing does not occur, and Br=1 means
that the particles are completely crushed. In this paper, the improved
relative breakage index Br was used to quantify the particle crushing
of tailings under high pressure. Figure 14 presents the relationship
between the particle breakage index and confining pressure.

The value of Br increases with increasing confining pressure, and the
growth rate decreases with increasing confining pressure. The particle
crushing of tailings occurs not only under high pressure but also under
low pressure. For different-density specimens, the larger the density of
the tailing specimen, the greater the particle crushing. This indicates that
when the height of the tailings dam is large, the mechanical properties of
the tailings will continue to deteriorate under high pressure, which is
detrimental to the stability of the high dam.

FIGURE 14
Relationship between the particle breakage index and confining
pressure.

FIGURE 15
Relationship between the particle breakage index and shear
strength.
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To explain the finding of the non-linear mechanics of shear
strength under high confining pressure, the relationship between the
particle breakage index and shear strength was drawn, as shown in
Figure 15. The blue dashed lines represent the fitting trend lines. For
tailings with three different densities, the value of Br increases
linearly with increasing shear strength. The fitting trend lines are
roughly parallel, which indicates that the non-linear mechanics of
shear strength is affected by particle breakage. The degree of particle
breakage can be explained by non-linear mechanical behavior.

5 Conclusion

For the high stress caused by large high-dam tailings ponds,
consolidated drained tests of tailings under high stress were carried
out. Isotropic consolidation compression and stress–strain curves of
tailings specimens were obtained for three different densities under
high stress, and particle crushing was studied. The main conclusions
are as follows.

(1) The compression index Cc decreases with increasing specimen
density under isotropic consolidation. All stress–strain curves of
the specimens exhibit strain hardening under high pressure. The
dense specimens are prone to softening behavior under low
pressure. The volumetric strain of the sample is greatly affected
by density under low pressure, and the volumetric strain of the
sample is independent of its density under high pressure.

(2) The strength and initial modulus of the tailing specimen
increase with increasing confining pressure. The shear
strength of the tailings is significantly non-linear. The
internal friction angle under low pressure can be obtained by
the linear Mohr–Coulomb criterion, and the internal friction
angle under high pressure can be obtained by the power
function Mohr strength criterion.

(3) The marked particle method was used to qualitatively study
particle crushing during tailings shearing. The number of
indentations at the marked particles increases with the
density of the specimen. Particle crushing is more prone to
occur with dense samples.

(4) The value of Br increases with increasing confining pressure,
and the growth rate decreases with increasing confining

pressure. The value of Br increases linearly with
increasing shear strength. The non-linear mechanics of
shear strength is affected by particle breakage. The degree
of particle breakage can be explained by non-linear
mechanical behavior.
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