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Abstract: Tailings dam disasters are reported almost every year and are triggered by mechanisms, such as overtopping, piping, and others.
The failures due to inadequate management cannot be neglected as well. These dams are constructed mostly in a step-by-step construction
method that leads to a continuously changing state of vertical loads during construction and may lead to particle breakage and changes in
strength. Therefore, a layer of tailings dam today may not be the same tomorrow during the construction phase. To study the effects of
different loads on particle breakage and strength, direct shear tests were performed on remolded tailings samples that were separated into
different particle sizes. The tests were performed using different normal stresses that ranged from 50 to 500 kPa. The results indicate that finer
tailings exhibited slightly more shear resistance than that of coarser tailings irrespective of the deposition method. For normally deposited
specimen, the dilatant and contractant behavior in vertical height was observed when the normal effective stress was less than 300 kPa and
greater than 300 kPa, respectively. Under the vertical deposition method, the finer tailings showed contractant height behavior when subjected
to a normal effective stress of 300 kPa. The friction angle and the cohesion of vertically deposited specimens were slightly higher and slightly
lower, respectively, than that of normally deposited ones. The breakage of tailings particles was observed to be proportional to the particle size
of the tailings. DOI: 10.1061/(ASCE)MT.1943-5533.0003597. © 2020 American Society of Civil Engineers.
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Introduction

Tailings is leftover material after the extraction of valuable fractions
from the ore (Adajar and Zarco 2013). The tailings material from
an ore may range from 70% to 99% (Jantzer et al. 2001; Northey
et al. 2014). The waste material is generally stored in a tailings im-
poundment by constructing a tailings dam (Jantzer et al. 2001).
The waste material from a mine can be millions of tons of tailings;
for example, Lokken mine Norway has approximately 2 million
metric tons of tailings (Wolkersdorfer and Bowell 2005). Some
of the historical tailings dam failures are reported in the literature

(Azam and Li 2010; Blight et al. 2000). Some of the recent major
tailings dams failures are the Ajka mine in 2010 in Hungary,
the Mount Polley mine in Canada in 2014, the Germano mine
in Brazil in 2015, the Dahegou Village in China in 2016, and
the Brumadinho dam disaster in Brazil in 2019.

Tailings dams are constructed of both fine and coarse tailings of
different particle sizes. Generally, the embankments are raised to
high levels to accommodate the waste material frommines. The tail-
ings particles located in the lower part of the dam may be subjected
to high normal and shear stresses as the embankments are gradually
raised. The tailings particles may undergo crushing of coarser par-
ticles, resulting in a generation of fine particles that may result in
changes in the mechanical properties of the tailings. In such condi-
tions, possible risksmight be the development of high pore pressures
and an associated decrease in the shear strength and stability of the
embankments of tailings dams. Fines content is an important factor
of the shear strength of tailings; finer particlesmay lower friction and
interlocking (Blight et al. 2000). Furthermore, more fines content
may lead to lower hydraulic conductivity, which may cause high
pore pressures and the associated liquefaction risk (Blight et al.
2000). Guidelines on the safe disposal of mine waste suggest that
tailings dams should be stable for a minimum 1,000 years. To ensure
the long-term safety of a tailings dam, having a good understanding
of the mechanical behavior of tailings material (Qiu and Sego
2001) and a particularly deep understanding of tailings behavior
under shear is necessary (Martin and McRoberts 1999).

Tailings may possess different material properties relative to
natural geological materials (Berghe et al. 2009). For example,
the friction angle can be higher (Matyas et al. 1984; Mittal and
Morgenstern 1975), and tailings particles are more angular than
natural soils. Blight et al. (2000) and Rodriguez (2013) stated
that tailings having angular shapes may result in dilative behavior
and may lead to higher strengths while developing negative pore
pressures in undrained conditions. Many studies were conducted on
tailings material (Adajar and Zarco 2016; Blight and Bentel 1983;
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Chen and Zyl 1988; Guo and Su 2007; Jantzer et al. 2001;Mittal and
Morgenstern 1975; Qiu and Sego 2001; Shamsai et al. 2007; Volpe
1979; Zhang et al. 2015), in which the authors focused only on the
material properties and strengths of tailings. In recent studies
(Bhanbhro 2014; Bhanbhro et al. 2013), the vertical height reduction
was observed during direct shear tests on tailings material consisting
of different particle sizes. A reduction in the vertical height of natural
materials of a similar size has also been observed (Hamidi et al.
2011). The reasons for vertical height changes could be particle
breakage, high stresses, or particle sizes and rearrangement, among
others. In addition, Oedometer tests were conducted on uniformed
tailings material of different sizes (Bhanbhro et al. 2015; Rodriguez
et al. 2016) to examine the effect of vertical loads on the breakage of
tailings particles. Larger particles of size 0.5 mm broke up to 14%,
and finer particles (0.063 mm) indicated almost no breakage. Break-
age of tailings particles is expected to be even more if subjected to
normal stresses coupled with shear stresses. A tailings dam during
operation can be exposed to shear deformations that may change the
granular skeleton (Knutsson et al. 2014). To understand the mecha-
nism of the reduction in the vertical height, investigating the effect of
grain size on particle breakage during shearing has been necessary.

This study used tailings material obtained from a Swedish tail-
ings dam (Fig. 1). Direct shear tests were performed on different
uniformly sized tailings particles that were subjected to various ef-
fective normal stresses. Sieve analysis was conducted before and
after the shear tests to study the particle breakage of tailings. Finer
particles of tailings were observed to exhibit slightly more shear
resistance. Effective normal stresses of 300 kPa were somehow
the deciding factor toward the volumetric behavior of materials;
that is, at less than 300 kPa, dilatant behavior was observed and
vice versa. The deposition method of the materials was also ob-
served to have some influence on the strength parameters (friction
angle and cohesion). The breakage of the tailings particles seemed
proportional to the particle size.

Materials and Methods

Materials

The tailings material used in this study was collected from different
locations of the Aitik tailings dam in northern Sweden (Fig. 1).

The collected undisturbed material was remolded, wet sieved, and
dried for 24 h at 105°C (Fig. 2). Tailings particles were separated
into the following sizes: 1–0.5, 0.5–0.25, 0.25–0.125, and 0.125–
0.063 mm.

The range of the particle sizes of the tailings utilized in this study
is illustrated as follows. A particle size of 1–0.5 mm indicates that
the material passed through a 1-mm sieve and retained on a 0.5-mm
sieve. The other three ranges of the tailings particles are defined sim-
ilarly. Tailings material obtained in this manner was considered to be
homogenous material with uniform sizes. For convenience, different
particle size ranges are namedwith their lower particle size limit. For
example, the specimen containing tailings of size 1–0.5 mm are re-
ferred to as tailings consisting of particles of 0.5 mm uniform size.

The sample specimens were prepared in a sample tube 170-mm
tall and with a 50-mm diameter. The samples were prepared using
the method suggested in Dobry (1991). Initially, the bottom cap of
the sample tube was sealed, and the tube was filled with water up to
approximately a 30-mm depth. Then dry tailings of uniform size
were poured in the sample tube using a 5-mm nozzle just above
the water surface. Each layer of the poured material had a depth of
20–25 mm. For each layer, the material was allowed to settle for
approximately 1–24 h. The same process was repeated five to
six times until the tube was full. The basic properties of tailings,
that is, moisture content, specific gravity, bulk density, and degree
of saturation after preparation of the specimen, were determined
(Table 1). Table 1 indicates the degree of saturation ranging from
20% to 99% for coarser to finer particles, respectively. However,
prior to testing, all test specimens were assured to be fully saturated.

The value mineral of the tailings used in this study was chalco-
pyrite (CuFeS2). The main sulfides were pyrite, chalcopyrite, and
sphalerite. The main gangue minerals were quartz, feldspar, plagio-
clase, and mica (Rodriguez 2013; Rodriguez et al. 2016). From
the preliminary study pertaining to particle shapes, particles were
found to be very angular to subangular as per the Powers (1953)
scale. The various particle shapes are provided in Fig. 3, which
indicates the shapes of the particles of size from 0.063 to 1 mm.
The presented photos are not scaled.

Deposition Methods of Tailings

The idea of preparing tailings with different methods was to ob-
serve the effect of deposition on the mechanical properties of

Fig. 1. Plan view of Aitik Tailings Dam located north of Sweden. (Reprinted from Bhanbhro 2014, with permission.)
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tailings particles. The tailings specimens were prepared using two
deposition methods: (1) normal deposition and (2) vertical deposi-
tion, as indicated in Figs. 4(a and b), respectively.

For normal deposition, the samples were cast in a way such that
normal stresses act in the direction perpendicular to the deposition
layers, as in Fig. 4(a) and represented as (A). For vertical deposi-
tion, the samples were cast in a mold that was placed horizontally
with its opening on top [indicated as (B) in Fig. 4(b)]. The cross
section of the mold is indicated as (C) in Fig. 4(b). The dry tailings
were poured horizontally in layers. Once the tailings particles were

settled down, the samples were taken by inserting a sample tube
horizontally from one end [represented as (C) in Fig. 4(b), and
the dotted lines represent the tube section in Fig. 4(b)]. The tailings,
on deposition, may attain normal depositions. However, when fail-
ures and slip surfaces are considered, the situation arises in which
shear resistance due to vertical deposition may also need to be con-
sidered, as indicated in Fig. 5.

Testing Procedure for Direct Simple Shear Tests

The direct simple shear tests were performed on the samples of
tailings using the Norwegian Geotechnical Institute (NGI) appara-
tus. The tests were carried out in accordance with the guidance in
ASTM D3080 (ASTM 2011). Specimens of size 20-mm height and
50-mm diameter were used. Seventy-two total tests were conducted
for simple shear, out of which 40 were conducted on normally de-
posited material and 32 were conducted on vertically deposited
material. All of the samples were fully saturated before the start
of the test. The consolidation of the test specimens was performed
under a normal effective stress range of 50–500 kPa. The normal
effective stresses were applied in steps of 20–50 kPa. All of the tests

Table 1. Description of tailings material used in this study

Material (particle
size in mm)

Moisture
content
(%)

Specific
gravity

Bulk
density
(kg=m3)

Degree of
saturation

(%)

1–0.5 7 2.88 1,510 20
0.5–0.25 21 2.90 1,910 73
0.25–0.125 26 2.87 2,000 93
0.125–0.063 29 2.94 2,040 99
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Fig. 2. Particle size distribution curve of tailings obtained from Aitik tailings dam, Sweden.

Fig. 3. Tailings particles and their shapes as per size.
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were performed as saturated drained and with shearing speed of
0.012 mm=min. Each test was continued until a horizontal dis-
placement of 5 mm was achieved. An illustration of a shearing pro-
cess is provided in Fig. 6.

The shearing displacement was measured in radians due to
the fact that the actual horizontal displacement (displacement =
D in Fig. 6) might be slightly lower with respect to the measured
horizontal (D + F). This is also true for strains because they are
calculated from the measured horizontal displacement. However,
the displacement measured in radians (C) will be exactly the same
whether or not the vertical height changes.

The pore pressures and vertical height of the samples were
monitored during each stage of the application of normal stresses.

Each load step was applied after ensuring that no change occurred
in the vertical height and pore pressures. Enough time was allowed
for the settlement and dissipation of the pore pressures. The spec-
imens were prepared from uniformly sized particles, and the con-
solidation process was relatively fast compared with natural soils.
A typical consolidation curve for tailings particles of size 0.063 mm
subjected to normal effective stress of 150 kPa is provided in Fig. 7.
Because the tailings material in this research was uniformly sized,
it had a greater ability to drain. As Fig. 7 indicates, the pore pres-
sure behavior in response to loading is negligible. Similarly, the
vertical height behavior subject to loading becomes unchanged
within one minute of application of the normal load increment.
Shearing of the specimen was performed after two hours of appli-
cation of the final load step of the normal stresses.

Results and Discussion

Void Ratio of Tailings

The void ratios of tailings, which consisted of three uniform size
ranges, are presented in Fig. 8. The void ratios were observed to
decrease during the consolidation process. The void ratios were
higher in large particle sized (0.25 mm) specimens relative to the
ones containing smaller particles (0.063 mm). The tailings speci-
mens of particle size 0.25, 0.125, and 0.063 mm indicated 20%,
15%, and 13% reductions in voids, respectively, at the end of apply-
ing the normal stress of 500 kPa. It is presumed that at a normal
effective stress of 500 kPa, the specimens have already undergone
some particle breakage before application of the shear stresses.

Coarser particles (0.25 mm) displayed a 20% reduction in void
ratios. For finer particles (0.125 and 0.063 mm), the reduction in
void ratios was 15% and 13%, respectively, because the samples
with uniform coarser particles contained more voids than the sam-
ples of finer particles that contained fewer voids. The coarser par-
ticles have a greater tendency to break on the application of loads
(Bhanbhro et al. 2015). As a result, a greater reduction in the void
ratio occurred from the rearrangement of the particles when sub-
jected to different normal effective stresses. Details on the breakage

(a) (b)

Fig. 4. Illustration of sample preparation for shear tests: (a) normal deposition; and (b) vertical deposition.

This location can be treated
as normal deposition. 

This location can be 
treated as vertical 
deposition. 

Potential Slip Surface

Fig. 5. Illustration of potential failure mode and particle orientation
during shearing.
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Fig. 6. Illustration of measurement of radians during shearing process.
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of tailings particles during the application of normal stresses are
evaluated and presented in a separate study by Bhanbhro et al.
(2015). However, the breakage during the shearing process is
included in this study.

Shear Stress-Strain Behavior of Tailings

Fig. 9 provides the shear stress-strain and vertical strain behavior
of tailings of particle size 0.25, 0.125, and 0.063 mm that were
sheared after application of a normal effective stress of 100 kPa.
All of the direct, simple shear tests conducted on the tailings indi-
cated strain hardening behavior. For samples taken using the
normal deposition method, finer tailings particles (0.125 and
0.063 mm) [Fig. 9(a)] indicated slightly higher shear stress than
coarser tailings of particles size 0.25 mm [Fig. 9(a)]. The vertically
deposited tailings samples also indicated similar behavior as that
of normally deposited ones. In general, the tailings of particle size
0.25 mm indicated less shear stress for the samples obtained using
both deposition methods [Fig. 9(b)].

The shear stress-strain response of the tailings of the aforemen-
tioned particle sizes was also analyzed when subjected to a normal
stress range of 300–500 kPa. The tailings particles of size 0.25
and 0.125 mm sheared after a normal effective stress range of
300–500 kPa indicated a slight strain-softening behavior. However,
the finer tailings (0.125 mm and 0.063 mm) indicated slightly more
shear strength than coarse particles.

Fig. 9 also indicates a reduction in the vertical height for all of
the tests conducted at normal effective stress of 100 kPa on samples

prepared with both deposition methods. Significant differences in
the vertical heights of the samples were observed between finer tail-
ings (0.125 and 0.063 mm) and coarser tailings (0.5 and 0.25 mm),
as provided in Fig. 9(a). At normal effective stress of 100 kPa,
the change in the vertical height of the samples was observed to be
proportional to the particle size and the associated void ratio. This
finding implies that a larger particle size and initial void ratio results
in higher vertical strains and vice versa. The specimens cast with
finer particles (0.125 and 0.063 mm) indicated an approximate
1%–12% increase in height with respect to the original height.
In contrast, coarser particles indicated an approximate 1%–2.5%
decrease in height from the original height. In addition, the normally
deposited specimens indicated an initial compression in height
followed by dilatant behavior. In contrast, the vertically deposited
specimens indicated a reduction in vertical height and contractant
behavior, except for the tailings particles of size 0.125 mm subjected
to a normal effective stress of 100 kPa [Fig. 9(a)].

The finer particles indicated slightly higher shear strength than
the coarser particles [Figs. 9(a and b)]. This statement contrasts
with Wei et al. (2009), which found that finer tailings may have
lower shear strength than coarser ones. To be emphasized is that
this study was conducted on tailings with uniformly sized particles.
The lower shear strength exhibited by the coarser particles is asso-
ciated with a higher void ratio and more breakage of the particles.
In contrast, the finer particles indicated less breakage and probably
less overlapping, hence causing slightly higher shear resistance
than the coarser particles. When particles of coarser tailings broke,
they resulted in fractions of finer particles (e.g., tailings of particle
size 0.25 mm resulted in the generation of 35%–39% of fine par-
ticles). In the interaction between coarser and finer tailings, the
finer particles replaced the pores available in a coarser skeleton
(Zhang et al. 2015).

Vertical Height Behavior of Uniformly Sized Tailings

Fig. 10 indicates the change in the vertical height of tailings sam-
ples prepared with both the normal and vertical deposition methods
and subjected to a normal effective stress range of 50–500 kPa.
For normally deposited tailings, the normal effective stresses of
300 kPa and higher are considered as somewhat critical stress
levels. When the normal effective stress was less than 300 kPa,
dilatant behavior in the vertical height was observed. In contrast,
for normal effective stress higher than 300 kPa, contractant height
behavior was observed for normally deposited specimens.

Therefore, the normal effective stress of 300 kPa in this study is
considered as a decisive stress level for vertical height behavior. For
normally deposited tailings, coarser particles (0.25 and 0.125 mm)
indicated more dilatancy than finer particles of size 0.063 mm
[Fig. 10(a)]. The results provided in Fig. 10 suggest that (1) the over-
lapping of particles did not occur when the normal effective stresses
were higher than 300 kPa, and (2) probable secondary particle
breakage occurred that caused a sudden decrease in the height of the
tailings particles of size 0.063 subjected to a normal effective stress
of 500 kPa [Fig. 10(a)]. The critical stress level of 300 kPa does not
seem to be valid for vertically deposited specimens [Fig. 10(b)] be-
cause even at a normal effective stress of 100 kPa, the vertical height
behavior was contractant, as observed in normally deposited spec-
imens subjected to a normal effective stress of 500 kPa.

The tailings specimens containing finer particles (0.063 and
0.25 mm) displayed contractant height behavior during the shear-
ing initiated after the application of normal effective stresses of 100
and 300 kPa. This finding indicates a contrast in the vertical height
behavior during shearing for vertically and normally deposited
specimens. However, only the tailings of particle size 0.125 mm
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indicated dilatant behavior at normal effective stresses of 50, 100,
and 300 kPa. Vertically deposited samples also displayed slightly
less vertical height reduction than normally deposited samples
under the same normal effective stresses. For tailings particles
of size 0.125 mm, the vertically and normally deposited specimens
indicated approximately 0.8% and 2.8% reductions in the sample
heights, respectively.

All of the specimens of all sizes obtained with the normal dep-
osition method indicated initially contractant behavior followed by
dilatant behavior under normal effective stress of magnitudes of
less than or equal to 300 kPa. For the tests, which were conducted
at normal stress magnitudes higher than 300 kPa, the unchanged
height behavior was observed under shear displacement from 0.15
to 0.3 rad along the shearing path after the primary height reduc-
tion. Beyond a shear displacement of 0.3 rad, a sudden decrease
in height (secondary height reduction) was observed. The shear
stress continued to increase under a shear displacement from 0.15
to 0.3 rad and then started to reduce from the point at which the
secondary height reduction was initiated (Fig. 11). The sudden de-
crease in shear stress can be the result of physical changes in the
skeleton. When the particles in the skeleton started to break, as a
result, a sudden decrease in height behavior occurred. This phe-
nomenon can be termed interlocking degradation, as observed by
Cresswell and Powrie (2004) and Guo and Su (2007).

However, this type of behavior was not clearly visible for
specimens that were prepared with the vertical deposition method,
possibly because of the different particle orientation relative to the
normally deposited specimens. From the results presented for the
normally deposited specimens, the normal effective pressure of
300 kPa can be considered as critical stress. At normal effective

stress less than 300 kPa, for all specimens, the dilatant height
behavior was observed after initial vertical height compression.
Contractant height behavior was observed when the normal effec-
tive stress was greater than 300 kPa, implying that the overlapping
and interlocking of particles was only dominant when the normal
effective stress was equal to or less than 300 kPa. Particle interlock-
ing does not seem to dominate when the normal stress is greater
than 300 kPa. Fig. 10 also makes it visible that finer particles
(0.063 mm) indicated less dilatancy, which can also assist in under-
standing the vertical height behavior of tailings material during
shear, as previously observed by Bhanbhro (2014) and Bhanbhro
et al. (2014). In the aforementioned study, more than 75% of the
particles were smaller than the fine particles (0.063 mm) studied in
this research. Therefore, it can be interpreted that tailings having
more content of fines could indicate less dilatant behavior or,
in some cases, may exhibit no dilatancy at all, as observed by
Bhanbhro (2014). However, this can be a preliminary remark re-
garding the reduction in the vertical height of tailings samples dur-
ing shear. More detailed studies on such aspects of tailings material
could help form concrete conclusions.

Particle Breakage of Tailings

To determine the particle breakage of different uniform size tailings
during direct shear tests, the specimens were dried and sieved after
the completion of each test. The breakage of tailings particles was
evaluated from the samples obtained using only the normal depo-
sition method. The difference in the particle size of tailings before
and after sieving was considered as particle breakage. A larger
particle size of tailings resulted in more particle breakage during
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Fig. 9. Typical shear stress and vertical strain behavior at normal effective stress of 100 kPa for different particle sized specimens [sampling method:
(a) normal deposition; and (b) vertical deposition].
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shearing. The illustration of finding particle breakage is given in
Fig. 12.The particle breakage of tailings of size 0.125–0.063,
0.25–0.125, and 0.5–0.25 mm subjected to various normal stresses
was approximately 9%–13%, 21%–24%, and 26%–39%, respec-
tively (Fig. 13). Regarding the breakage of tailings, the coarser par-
ticles indicated more breakage than the finer ones. Apart from the
normal stress, the shear stress significantly contributed to particle
breakage (Fig. 14).

In previous studies by Bhanbhro et al. (2015) and Rodriguez
et al. (2016) on similar tailings material, the breakage of particles

under the application of normal stress was studied by conducting
oedometer tests. Table 2 and Fig. 14 make it evident that specimens
under the influence of normal stress when sheared indicated signifi-
cant particle breakage. If the deformations in a tailings dam are
considered as shearing strains, it can be interpreted that the break-
age of particles is likely to occur as the dams are gradually raised.
Hence, the particle breakage should be considered in the design of
stable tailings dams during static and dynamic loading conditions.
Moreover, particle breakage could lead to fine particle sizes result-
ing in a decrease in the voids ratio. Such a type of condition that
arises from the breakage of particles in a tailings dam could in-
crease pore pressure to such an extent that might lead to dam in-
stability or failure. In contrast, given the presence of fine particles in
a tailings dam, less breakage and compression are likely to occur.

Shear Strength Parameters of Tailings

The shear strength parameters (i.e., cohesion and friction angle) of
tailings particles were evaluated using the Mohr-Coulomb failure
criteria. The cohesion (c) and friction angle (ϕ 0) are usually evalu-
ated from maximum shear stresses with corresponding normal
stresses. Due to strain hardening behavior, the maximum shear
stress is not well defined, and shear stress is evaluated at a shear
displacement of 0.15 rad, which is the standard practice used by the
Swedish Geotechnical Society (SGF 2004). The shear strength (τ )
is plotted against the normal stress, which is usually a straight line
with slope tanϕ 0 and is described as τ ¼ tanϕ 0. The evaluated fric-
tion angle for both the normally and vertically deposited specimens
is provided in Fig. 15.

The results reveal that the friction angle for vertically deposited
specimens was slightly higher than that of normally deposited spec-
imens. The friction angles for vertically deposited specimens were
in the 25°–26° range and were in the 22°–24° range for normally
deposited specimens. The values of the friction angle of vertically
deposited specimens were approximately 2°–3° higher than that of
normally deposited specimens.

The values of the evaluated friction angle of tailings samples of
different uniform sizes are summarized in Table 3. The procedure to

Fig. 12. Illustration of particle breakage during shearing process for uniformly sized particles.
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Table 2. Comparison of particle breakage due to vertical loads
(Oedometer) and direct simple shear tests (present study)

Particle size
(mm)

Oedometer tests
(Bhanbhro et al. 2015)
(σ 0

n ¼ 640 kPa) (%)

Present study based on
shear tests

(σ 0
n ¼ 50–500 kPa) (%)

0.5–0.25 10.1 26.6–39
0.25 − 0.125 12.5 21–23.9
0.125 − 0.063 0.8 9.2–12.7

Particle Size Range (mm)
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Fig. 14. Comparison of particle breakage due to vertical loads
(Oedometer, Bhanbhro et al. 2015) and direct shear tests (present
study).
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evaluate the friction angle and the cohesion of tailings materials is
illustrated in Fig. 16. The cohesion (c) intercept observed was in the
0–12 kPa range, and the 5–16 kPa range for tailings samples ob-
tained from vertical and normal deposition methods, respectively.
It is evident that the cohesion intercept was slightly higher in nor-
mally deposited [Fig. 16(a)] specimens than that of vertically de-
posited specimens [Fig. 16(b)].

Table 3 indicates that, regarding the shear strength parameters of
tailings particles of uniform size, the values of the cohesion and
friction angle were lower than that of similar material, as reported
by Vick (1990). However, the values of the shear strength param-
eters match with previous tests conducted on similar material by
Bhanbhro (2014) even though the tailings particles of the present
study were of uniform size. However, the shear strength parameters
for the vertically deposited samples were slightly higher than those

of the normally deposited samples. All of the tests showed some
magnitude of cohesion, which generally should not have been the
case, according to Vick (1990). The studies conducted by Zhang
et al. (2015) also indicated cohesion for coarse tailings material
as high as 19.9 kPa and for fine tailings as 27.5 kPa; therefore,
indications of cohesion for coarse tailings is nothing new. Accord-
ing to Vick (1990), the effective normal stress is the most important
parameter controlling the internal friction angle with the strength
envelope curved at high stress levels as a result of particle crushing.
This cohesion intercept can simply be considered a mathematical
value that defines the Mohr-Coulomb failure criterion for the stress
range to which they are subjected (Vick 1990). In addition, tests at
very low stresses may still show zero cohesion for the same tailings
materials.

In general, particle size influences the mechanical behavior
(i.e., shear stress, deformation, and particle breakage) of tailings
material. Regarding the difference in the mechanical behavior of
tailings samples obtained using the normal and vertical deposition
methods, more advanced studies are needed to gain a better under-
standing of the behavior of tailings material in a tailings dam.

Conclusions

This study was conducted to investigate the strength, stress-stain
behavior, and particle breakage of uniform tailings material of dif-
ferent sizes. A comparison was also made between different uni-
formly sized tailings material. The orientation of these uniformed
size tailings particles was an additional object of study. The idea
was mainly to investigate and conduct a preliminary study to pro-
vide know-how to designers and owners of a tailings dam and strive
for the safe existence of these dams.
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Fig. 15. Friction angles for different particle sized specimens obtained
using normal and vertical deposition methods.

Table 3. Evaluated friction angle (ϕ 0) and cohesion (c) for specimens cast from particles of various sizes

Deposition method

0.125–0.063 mm 0.25–0.125 mm 0.5–0.25 mm 1–0.5 mm

ϕ 0 (degrees) c (kPa) ϕ 0 (degrees) c (kPa) ϕ 0 (degrees) c (kPa) ϕ 0 (degrees) c (kPa)

Vertical deposition 25.20 5.13 25.23 11.53 26.13 0 — —
Normal deposition 23.72 8.57 23.15 16.21 22.6 8.17 21.78 4.92
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Fig. 16. Determination of friction angle ϕ 0 for 0.125–0.063 mm particle size specimens for (a) normal deposition; and (b) vertical deposition
methods.
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The results indicate that the deposition type has no significant
influence on the shear strength of tailings, and friction angles were
found to be in the range of 22°–24°. However, vertically deposited
tailings indicated slightly higher friction angles (2°–3°) relative to
normally deposited tailings. Moreover, under both types of depo-
sition methods, finer particles showed slightly more shear strength
than coarser ones.

Regarding stress-strain behavior, normally deposited tailings
indicated dilatancy up to an effective normal stress of 300 kPa
and contractancy beyond effective normal stresses of 300 kPa.
Similarly, in most cases, the stress-strain behavior of vertically
deposited tailings indicated contractant behavior. However, tail-
ings particles of size 0.25–0.125 mm indicated dilatant behavior.

Particle breakage during the shearing process seemed propor-
tional to the particle size of the tailings material; that is, coarser
particles are associated with more breakage and vice versa. The
tailings particles, when subjected to shearing loads, tend to break
more than the particle breakage in normal loadings. Additionally,
for deformations on the application of normal loads, the finer
tailings particles (0.063 mm) indicated fewer deformations than
the coarser particles (0.25 mm).
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