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Abstract: Tailings dam accidents emphasize the importance of an adequate understanding of the
strength parameters of tailings to improve the efficiency and effectiveness of the design, construction,
and operation of such structures. Usually, the tailings strength is addressed in a deterministic manner.
However, a statistical approach would better represent their behavior due to its inherent heterogeneity.
The literature about tailings strength distribution is relatively rare or superficial, which impairs the
probabilistic analyses which are essential for risk management. Therefore, this article focuses on the
probability density function (PDF) of the effective friction angle (φ′) of iron ore tailings from the
reservoir of Germano dam, Mariana, Brazil, based on data from publicly available CPTu tests. The
influence of the relative density (Dr), and the presence of plastic layers amidst the sand tailings on
the strength of the sand are also discussed herein. Several correlations were employed to estimate φ’
and Dr. According to the results, the presence of plastic layers influences the estimated properties,
and the relative density has a log-normal distribution. The effective friction angle, on the other hand,
presents a normal distribution.

Keywords: tailings dams; tailings; effective friction angle; relative density; probabilistic approach; CPTu

1. Introduction

The acceleration of urban growth close to mining sites is a significant challenge. The
collapse of tailings dams in the cities of Mariana [1] and Brumadinho caused hundreds
of deaths and billions of dollars in damages. As the height and volume of tailings dams
increase, and their distance to the nearest cities shortens, the potential consequences of
failures become more critical. In that context, governments and society increasingly demand
risk assessment and management.

Probabilistic analysis of slope stability became more widespread with the increasing
availability of high-capacity computers that have led to many advances in recent decades
e.g., [2–10].

Recent guidelines have included provisions for risk assessment [11,12], and it is
believed that probabilistic analysis of the slope stability of tailings dams will become
mainstream soon. Despite that, stability analysis based on deterministic safety factors is
still the most common and usually the only mandatory study.

There are several definitions of risk and equations to assess it. According to Varnes [13],
the “Total Risk” (R) of an adverse event, such as deaths and damages due to the collapse
of a tailings dam caused by a slope failure mechanism, may be defined as the product
of the probability of occurrence of the slope failure (also called “susceptibility”, S), by the
“consequences” (C) of the event, and the degree of loss of a given element or set of elements at
risk resulting from the occurrence of the adverse event ("vulnerability”, V), i.e., R = V · S · C).

To quantitatively assess the failure probability, it is necessary to conduct a proba-
bilistic stability analysis, which depends on many factors. Given the significant variabil-
ity of the properties of the materials stored in tailings dams and the random nature of
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their deposition, the main influence in the susceptibility is usually the distribution of
tailings strength.

Unfortunately, studies of tailings strength distribution are rare, hindering the use of
probabilistic analysis.

Accidents involving the failure of iron ore tailings dams in Brazil, particularly the most
recent ones in Mariana (2015) and Brumadinho (2019), raised discussions on the paramount
importance of an adequate understanding of the behavior of tailings. These failures caused
hundreds of deaths and massive environmental damages since tailings flooded large areas,
traveled hundreds of kilometers, and reached the ocean [1,14–17].

The present work aims to study the intrinsic variability of the iron ore sand tailings by
assessing the friction angle’s probability distribution and the sand tailings’ relative density
based on data from CPTu tests carried out in the reservoir.

Since the tailings disposal procedure leads to heterogeneous stratigraphy with embed-
ded randomly distributed layers of plastic, clay-like, fine tailings, whose presence affects
the CPTu results, the study was carried out for four different scenarios. In some scenarios,
the outliers or the results affected by the plastic layers were removed from the data to
assess their impact on the φ′ PDF. This innovative approach allowed to better understand
the shear strength of sand tailings and minimize the influence of the clay-like layers.

2. Materials and Methods

The sand tailings from the Germano dam reservoir discussed herein are classified
as silty sand. Usually, the clay content is zero, and the silt content ranges from 30% to
50% [1,18,19]. It should be noted that the Fundão dam and Germano dam received tailings
from the same mine. Figure 1 presents an image obtained by an electronic microscope and
Figure 2 shows an image of the same tailings by the optical microscope.
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Figure 1. MEV photographs of the Fundão dam tailings—500× enlargement [20].
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Figure 2. Optical microscope photographs of the Fundão dam tailings [19].

2.1. Laboratory Studies on the Shear Strength of Iron Ore Tailings from Minas Gerais State, Brazil

Table 1 presents the effective friction angle of iron ore tailings from several dams in
Minas Gerais state.

Table 1. Effective friction angle of iron ore tailings from Minas Gerais state, Brazil.

Dam (City/State) φ′ (◦) Reference

Córrego do Doutor (Ouro Preto/MG) 30–34 [18]
Campo Grande (Mariana/MG) 32–45 [18]
Gongo Soco (Barão de Cocais/MG) 26–32 [18]
Pontal (Itabira/MG) 32–36 [18]
Fundão dam (Mariana/MG) 28–36 [1,19–24]

Flórez et al. [20] present the characteristics of disturbed tailings samples obtained in
the Fundão dam two years before its collapse. The characterization included chemical fluo-
rescence (XRF), mineralogical X-ray diffractometry (XRD), scanning electron microscope
(SEM), and particle size analysis. The tailings are silty sand composed of quartz, iron oxides,
hematite, and goethite. The fines are composed entirely of the silt fraction. This sample has
been used in several studies. For example, Becker and Barbosa [21] present eleven triaxial
compression tests (drained and undrained) in remolded samples that reached the critical
state. The friction angle at the critical state (φ′cs) equals 33◦, regardless of the drainage
condition of the test. Becker et al. [19] described a photography technique to determine
axial and radial strains in triaxial extension tests. They used another batch of the same
tailings sample obtained by [20]. The critical state friction angle in drained extension
was approximately equal to the critical state friction angle in drained compression (i.e.,
φ′cs,tc = 34.3◦ and φ′cs,te = 34.8◦). Twelve direct shear tests on remolded tailings samples
obtained from the Fundão dam two years before the dam’s collapse were performed by
Quintelas et al. [22]. The samples were classified as silty sand. Four relative densities
(Dr = 98%, 81%, 58%, and 35%) were used in the tests. The peak and constant volume
friction angles were 37◦ and 33◦, respectively, for effective vertical stresses between 100 kPa
and 400 kPa. Quirino et al. [23] performed ring shear tests to study the influence of the
fines content (FC) on the friction angle of this sample of sand tailings. Five proportions
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of sand and silt were used (FC ranged from 0 to 100% and was entirely composed of the
parcel passing the #200 sieve). The minimum and maximum friction angles were 29◦ and
31◦, respectively.

Thirteen triaxial compression tests on remolded sand tailings samples obtained from
Fundão dam’s remains using various loading conditions (CID, CIU, and CAU) were
performed by Morgenstern et al. [1]. The range of mean effective consolidation stress
varied between 200 kPa and 600 kPa. The critical state friction angle (φ′cs) was equal to 33◦.
Four static DSS tests and three direct shear tests were performed in similar samples. The
critical friction angle in DSS tests ranged from 28◦ to 32◦ for vertical consolidation stresses
between 150 kPa and 600 kPa. In the direct shear tests, the mobilized friction angle at the
end of the tests was 32◦ for vertical consolidation stresses between 250 kPa and 1350 kPa.
Rezende [24] conducted drained triaxial compression and extension tests on undisturbed
samples from the Fundão dam, obtained in three different locations at the beach before the
collapse of the dam. Twelve tests reached the critical state and φ′cs ranged from 32◦ to 36◦

for mean consolidation stresses varying from 75 kPa to 550 kPa. Wagner et al. [25] tested
sand tailings from Minas Gerais state in triaxial extension and triaxial compression tests.
φ′cs varied from 33.4◦ to 35.8◦.

2.2. Correlations between Piezocone Results and Sand Parameters

In this work, CPTu results were used to estimate φ′ and Dr of the sand tailings from
the Germano dam, as explained below.

Given the massive size and significant heterogeneity of tailings reservoirs, CPTu tests
are widely used for profiling and properties estimation by correlations. The chart shown
in Figure 3 is usually employed to estimate the grain size of the tailings. In this work,
materials with Ic < 2.6 of the types 5 and 6 (i.e., sand-mixtures, sand) were classified as
sand tailings [26], according to Equation (1):

Ic =

√
{3.47− log(Qt)}2 + {1.22 + log(Fr)}2 (1)

Qt is the normalized tip resistance, and Fr is the normalized friction ratio [26–28].

Figure 3. Soil classification chart [29,30].
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The relative density, Dr, is a common measure of the degree of packing of sands and is
loosely related to the peak friction angle. In young, uncemented, silica-based sands Dr may
be estimated from the normalized cone resistance (Qtn) by Equation (2) [31].

Dr =

√
Qtn
350

(2)

There are several correlations to estimate the effective friction angle. Two equations
were used in this research because they are well-known and widely accepted. Equation (3)
was developed by Kulhavy and Mayne for uncemented, clean, rounded sands [32] based
on the assessment of flexible walled CPT calibration chamber test data.

φ′ = 17.6 + 11log(Qtn) (3)

Previously, Equation (4) was developed by Robertson and Campanela [33] to es-
timate the peak friction angle based on spherical cavity expansion theory and a limit
plasticity formulation.

φ′ = arctan
[

0.1 + 0.38·log
(

qt
σ′vo

)]
(4)

The corrected cone resistance is represented by qt.

2.3. Effect of Layers of Plastic Tailings Amidst the Sand Tailings

Experimental studies [34,35] have shown that the cone tip resistance is influenced by the
material properties ahead and behind the penetrating cone. Therefore, CPTu measurements
in the sand tailings are affected as the cone approaches or exits a plastic, clay-like layer.

Experimental observations have shown that, in soft materials, the diameter of the zone
of influence can be as small as two or three cone diameters, while it can reach 10–20 cone
diameters in stiff materials [36].

Numerical analyses for two-layer soils composed of sand and clay have shown that
the interface influence distance varies, in sands, according to the relative densities and
horizontal stress state [37]. From that study, it was possible to infer the interface influence
distance as a function of the relative density of the sand, as depicted in Figure 4.
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The influence of a plastic layer below the sand layer is usually more significant than
that of a plastic layer above it. However, Figure 4 suggests that the presence of plastic
layers above or below shall not influence the cone resistance of the sand layer if the relative
density is equal to or less than 26%.

2.4. Data Treatment

The present work was developed with data from CPTu tests conducted in the main
reservoir of the Germano dam presented in Appendix C1 of the report on the immediate
causes of the Fundão dam failure [1]. Details pertaining to the CPTu equipment and test
location can be found in the original reference. Values of qt and fs were obtained from the
test bulletins at each centimeter with the aid of the WebPlotDigitizer v4.5 software.

The tailings disposal process and point of discharge frequently change over time,
resulting in layers of plastic, clay-like tailings irregularly distributed amidst the sand
tailings in the reservoir. The present work studies only the sand tailings of the Germano
reservoir. Therefore, excluding the CPTu data from the plastic layers was necessary by
discarding data with Ic ≥ 2.6 [15].

For each centimeter of data from the available CPTu tests that presented Ic < 2.6, the
peak effective friction angle was estimated using Equations (3) and (4).

Due to a disposal procedure used from 2003 to 2005, there is a continuous layer of
plastic tailings about El. 900 m with 3 m to 4 m of thickness. The upper and lower layers
consist primarily of sand tailings and were named Layers 1 and 2, respectively. Layer 2
presents many thin layers of plastic tailings, while Layer 1 does not show as many plastic
intercalations. In all tests, the estimated friction angle close to the surface was exaggeratedly
high, especially by Equation (4). The low effective stress probably causes this, and these
data were discarded. A typical CPTu friction effective angle profile of sand tailings is
shown in Figure 5, in which “n” indicates the number of measurements.
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3. Results

Four different scenarios of analysis were studied to assess which would better charac-
terize the coarse tailings of the Germano Dam:

• Scenario 0: analysis of all measurements of materials classified as sand tailings;
no exclusions.

• Scenario 1: discard outliers—values three standard deviations above or below the
mean i.e., µ ± 3σ, were removed (approximately 0.3% of the data were discarded).

• Scenario 2: discard measurements possibly influenced by the layers of plastic, clay-like
tailings above and below the sand—readings within the first 0.2 m and the last 0.35 m
of any sand tailings layer were discarded, according to the criteria proposed by [37]. A
relative density of 50% was adopted conservatively.

• Scenario 3: combined analysis of scenarios 1 and 2, i.e., values three standard devia-
tions above or below the mean were removed after discarding measurements possibly
influenced by the layers of plastic tailings.

3.1. Scenario 0

The relative density of the sand tailings based on Equation (2) for young uncemented
sands is presented in Figure 6. A log-normal distribution can be seen despite some disper-
sion. The relative density ranges from very loose to medium. Dense sand tailings were
very rare. The total number of data points is n = 24,825.
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Figure 6. Histogram of the relative density of the sand tailings data.

The adjusted normal frequency distributions for the effective friction angle esti-
mated by correlations [32,33] are presented in Figure 7 (cold and hot colors, respec-
tively), combined for both layers and individually. The dashed lines represent the data
frequency distribution.
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Figure 7. Scenario 0–Frequency distribution of the peak friction angle of the sand tailings [32,33].

3.2. Scenario 1

In this scenario, the outliers (φ′ > µ + 3σ and φ′ < µ − 3σ) were not considered. A
total of 24,681 data points remained in the sample (98.9% of the total).

The normal frequency distribution for the effective friction angle estimated by correla-
tions proposed by correlations [32,33] in hot colors are presented in Figure 8, combined and
individually for each layer, along with the data frequency distribution depicted in the dashed
lines. The discard of the outliers resulted in less variability in the frequency distribution curves.
Nevertheless, the differences between the adopted correlations remain. It should be noted
that the inferior layer (2) had a greater number of outliers, confirming its heterogeneity.
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3.3. Scenario 2

In this scenario, the first 0.2 m of sand tailings data after a plastic layer were eliminated,
as well as the last 0.35 m before the next plastic tailings layer. This was done to eliminate
the effects of the plastic tailings on the CPTu readings in the sand tailings that are close to
the boundaries of their sand layer. Sand tailings layers with less than 0.55 m of thickness
were disregarded entirely. A relative density of 50% was adopted to define the discard
distance [37]. This resulted in the exclusion of 47.5% of the data in the sand layers above
elevation 900 m and 67.5% in the layers below. A total of 10,052 data points remained in
the sample.

The normal frequency distribution for the effective friction angle estimated by cor-
relations proposed by [32] in cold colors and [33] in hot colors are presented in Figure 9,
combined and individually for each layer, along with the data frequency distribution
depicted in the dashed lines.
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3.4. Scenario 3

This scenario is a combination of scenarios 1 and 2, using the same criteria. First, the
boundary values were excluded, and then the outliers were discarded.

This scenario excluded a quantity of data slightly larger than the previous one (47.7%
of the data in the sand layers above elevation 900 m and 68.0% in the layers below it). A
total of 9946 data points remained in the sample.

The normal frequency distribution for the effective friction angle estimated by corre-
lations proposed by [32] in cold colors and [33] in hot colors are presented in Figure 10,
combined and individually for each layer, along with the data frequency distribution
depicted in the dashed lines.

The discard of more than 50% of the data resulted in the irregular distribution of
the data frequency but reduced the discrepancy between the mean values and standard
deviations when comparing the different correlations as well as among the individual and
combined approach for the layers.
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Figure 10. Scenario 3–Normal frequency distribution of the peak friction angle for the sand tailings [32,33].

4. Discussion

Despite the low Dr, relatively high values of φ′ were obtained in all evaluated scenarios.
The angularity of the particles may explain this. Sharp particles of quartz and iron oxide can
be seen in the sand tailings from the Fundão dam (Mariana, Brazil) in images obtained by
electronic microscope (Figure 2) [20]. The optical microscope [19] revealed a similar pattern
of particles of high angularity (Figure 1). X-ray diffraction indicated that the sand tailings
of the Germano dam are composed almost entirely of hematite and quartz [38]. This result
is in good agreement with X-ray fluorescence performed on the sand tailings from Fundão
dam [20]. It should be noted that both dams received tailings from the same mine.

Although Equation (3) was proposed for sands with round grains [32], the results
obtained herein are compatible with triaxial and direct shear tests [19–22]. Four different
analysis scenarios were evaluated to assess the influence of the plastic tailings layers
interspersed between the sand tailings, and the outliers. The friction angle distributions of
all tests were similar to the normal distribution, with mild to moderate asymmetries. When
all data was considered (scenario 0), the mean effective friction angle was 33.5◦ [33] and
34.0◦ [32]. It is worth mentioning that, in this scenario, there was a significant presence of
high values. Samples retrieved from SPT tests revealed some pebbles and rock fragments
in the sand tailings [1] that might explain the high friction angles.

To eliminate the outliers, values above or below three standard deviations from the
mean were discarded in scenario 1, resulting in a reduction in the mean of less than 0.1◦. It
is noteworthy that the asymmetry in this scenario remained slightly positive, showing a
slight decrease in relation to the previous scenario.

For scenario 2, the measurements closer to the boundaries of the sand layers were
excluded to eliminate the influence of the neighboring plastic tailings layers. In this scenario,
a significant increase in the mean of approximately 1.0◦ [33], and 0.8◦ [32], indicating that
the presence of plastic layers really influenced the tip resistance in neighboring sand tailings.
Again, mild to moderate positive asymmetries were observed. It is also worth noting that
the discard carried out in this scenario was possibly conservative since the average relative
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compactness recorded in all scenarios was around 30%, but the adopted zones of influence
corresponded to Dr = 50%.

Scenario 3 combined scenarios 1 and 2, resulting in a slight reduction of the mean.
Scenarios 2 and 3 showed more significant asymmetries for the sand tailings above

an elevation of 900 m compared to scenarios 0 and 1. In comparison, for the sand tailings
below elevation 900 m, there was a reduction in asymmetry in scenarios 2 and 3. This
resulted in similarly combined asymmetries in the four scenarios.

In general, it was not possible to define patterns regarding the spatial distribution of
the tailings that were likely caused by operational issues of tailings releases with consider-
able variation in discharge points and procedures to which this reservoir was subjected
throughout its lifespan. Nevertheless, when all tests were analyzed together, the effective
friction angle distribution fitted very well with a normal distribution. The distribution of
the effective friction angle of the sand tailings of the Germano dam may be considered
normal for the purposes of probabilistic analysis of slope stability since the asymmetry was
always mild or moderate.

Furthermore, the distribution of the relative density of these tailings closely resembled a
log normal. Since Dr is directly proportional to the square root of Qtn (Equations (2) and (3)),
the logarithm of the normalized tip resistance will have a normal distribution. Therefore,
the friction angle, which is proportional to the logarithm of Qtn, must present a normal
distribution (multiplied by a constant), which was confirmed in this work.

The mean values for the effective friction angle obtained in this research varied be-
tween 33◦ and 35◦ in different analysis scenarios. These values were consistent and within
the range of effective friction angles obtained in other iron ore tailings dams in the Brazilian
Iron Quadrangle [1,18–25]. The discard of boundary measurements seems to be necessary
since it increased the mean by approximately 1◦. On the other hand, discarding outliers
had little to no effect.

It is worth mentioning that, as observed in this work, most of the tailings have
relative density below 40%, indicating that the calculated effective friction angle possibly
corresponds to the critical state. Furthermore, the occurrence of relatively high values
of friction angles, even in a loose state, agrees with the fact that these tailings have very
angular grains, as indicated by the optical and electron microscope photographs [19,20].

5. Conclusions and Recommendations

The probability density functions of the effective friction angle and the relative density
of sand tailings from the Germano dam main reservoir were estimated by correlations with
the results of piezocone tests. Only CPTu data with Ic < 2.6 were considered. Outliers and
readings close to the plastic clay-like layers were disregarded. The peak effective friction
angle was estimated using Equations (3) and (4). The effective friction angle distribution
fitted well with a normal distribution, and the distribution of the relative density closely
resembled a log-normal.

The mean values for the effective friction angle obtained in this research varied be-
tween 33◦ and 35◦, in good agreement with the range of effective friction angles of iron
ore tailings dams in the same region of Brazil [1,18–25]. The standard deviation ranged
between 1.9–2.5◦.

The influence of the plastic tailings layers interspersed between the sand tailings was
minimized by discarding the readings close to the boundaries of the sand layers, resulting
in an increase of approximately 1◦ in the mean, without alteration to the standard deviation,
thus indicating that this is a necessary step in the assessment of friction angle by CPTu.

When using CPTu correlations to evaluate φ′ of sand tailings intermixed with clay-like
layers, it is advisable to account for the influence of the clay-like layers.
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