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Shear Resistance of Zinc Mine Tailings 
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Abstract. The mining industry consists one of the main sectors of Brazilian 
economy. Among the mineral resources explored in the country, stands the zinc ore. 
This activity, which involves the extraction and processing of the ore, results in the 
generation of high amounts of waste. Direct dumping of these materials into 
reservoirs contained by dikes is historically the most common form of disposal of 
mining waste. However, these dams consist of large earthworks with high impact 
and environmental risks. Recent examples of dam ruptures with major 
environmental damage and loss of life, such as in the city of Mariana (Minas Gerais, 
Brazil), in 2015, increased the concern of the technical environment. In this context, 
this research focuses on the study of the geomechanical behavior of zinc tailings 
through undrained triaxial tests. This type of test aims to simulate the actual field 
situation in the laboratory, with the saturated samples under different effective 
stresses. Then, these samples are sheared with controlled measurement of axial 
loading (σ1), confining tension (σ3), pore pressure (μ), axial deformation (εa) and 
volumetric deformation (εv) throughout the test. The material used in the current 
research comes from the zinc mining process, in which the waste is dumped in the 
mud dam. Thus, this work characterizes and evaluates the stress state of zinc mining 
tailings from non-drained triaxial tests submitted from low to high effective stresses 
(from 20 to 4000 kPa). The results reveal that the material has a granulometry 
distribution of sand with fines and noted that increasing the confining stress, the 
undrained resistance also increased. The shear strength parameter, effective soil 
friction angle (ϕ’), was equal to 36,9º, which was compatible with the references. 

Keywords. Zinc mining tailings, geomechanical behavior, undrained triaxial tests, 
high effective stresses, shear strength parameter. 

1. Introduction 

The mining industry consists of an important sector of the Brazilian’s economy. Among 

the explored mineral resources in the country, stands out the zinc mining, of which Brazil 

is the twelfth highest world producer. The mining, extraction and processing of raw 

materials generate high tailings volume, which are released by water in reservoirs 

contained by dikes. These mining tailings dams involve elevated environmental impact 

and risks due to their complexity of the construction and the great variability of the 

physical, chemical and mineralogical characteristics of the disposal tailings, which 

usually show distinct behavior comparing to geomaterials founded in natural deposits. 

In the study of tailings, the granulometry, the particle shape and grain weight are 

influenced by both the rock mineralogy, the type of mining front and the type of 

beneficiation of the ore. Unlike the natural soils, in tailings the granulometry can vary in 
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the disposition itself, near the dump site there are grains of different sizes and, in the 

deepest points there usually are higher concentration of clays due to a process of selection 

of the particles [1]. Additionally, tailings may show large variability of granulometry, 

ranging from granular to sludge. The granular portion consists in sand with high 

permeability and shear resistance and low compressibility. On the other hand, the sludge 

portion shows fine granulometry (silt and clay), high plasticity and compressibility, 

presenting greater of sedimentation and densification. 

Regarding to tailing’s mechanical behavior, is usual to analyze the shear resistance 

as function of the friction among the grains and the effective stresses, as the 

recommended standard for natural soil analyses. The effective friction angle (ϕ’) varies 

with the confining stress and it will be larger the better the fit between the particles, 

besides of it is also influenced by the shape and size of the grains, the granulometry and 

the void index [2]. Bedin [1], in its turn, by relating the results of resistance parameters 

obtained through laboratory tests for several types of mining tailings, points out that the 

values vary in the range of 30° to 41° for bauxite tailings; from 22° to 43° for gold 

tailings; from 34° to 48° for iron tailings.   

In the case of the zinc tailings, tests carried out by [3] presented granulometry 

varying from silt-clayey to sandy-silt, with medium plasticity and liquidity limit between 

44% and 46%. The shear resistance obtained by undrained triaxial tests showed, in terms 

of effective stresses, a friction angle varing from 33.7° to 38° [4]. However, there are 

few studies on its chemical, physical and mechanical characteristics, which makes it 

necessary to analyze and perform laboratory tests in order to better understand the 

geomechanical behavior of these materials. In this way, this research focuses on the study 

of zinc mining tailings through characterization tests and undrained triaxial tests. This 

type of test aims to simulate the real field situation in laboratory scale, with saturated 

samples exposed to effective stresses like in field and submitted to shear by axial loading. 

Throughout the test there are controlled measurement of axial loading (σ1), confining 

stress (σ3), backpressure (μ), axial deformation (εa) and volumetric deformation (εv). Due 

to the difficulty of obtaining undisturbed samples of mining tailings, the material used in 

the current research is deformed from zinc mining process which the waste was released 

in a wet mud dam. The method of zinc ore processing involves major stages of roasting, 

leaching, electrolysis and casting. In leaching, a part of the resulting pulp with low 

concentration of zinc (tailings) is pumped and dumped into dikes or containment. Thus, 

this work characterizes and evaluates the geomechanical behavior of zinc mining 

residues from undrained triaxial tests submitted to low and high effective stresses. 

2. Materials and Test Proceedings 

2.1. Characterization of Zinc Mining Tailing 

The material used in the actual research comes from a zinc mining tailing’s dam, in which 

the tailings are released by wet, mud-shaped. In laboratory, were separated 10 kg of the 

material, dried in an oven at 100 °C for a minimum of 24 hours and dismantled by 

standard procedure.  
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������ Granulometric Distribution 

The granulometric curve of zinc tailing was plotted following the proceedings by 

NBR 7181 [5].  Once all the sample material was passed through the 2 mm sieve 10, the 

grain size was defined by the sedimentation test [5], obtaining the curve of Figure 1. 

 

Figure 1. Granulometric curve of studied zinc mining tailing. 

 

From the granulometric distribution is possible to observe that the sample analyzed 

is predominantly sandy, with 88% passing through the sieve 16 of #1.2 mm. 

������ Plasticity Limit (PL), Liquid Limit (LL) and Plasticity Index (PI) 

The tests of plasticity and liquid limits followed the procedures laid down in the 

standards NBR 7180 [6] and NBR 6459 [7], respectively.  

During the tests, when added water in the sample, occurred an exothermic reaction, 

increasing the temperature of the waste / water mixture which, over time, was less plastic 

despite the high moisture content. This behavior This behavior made it difficult to carry 

out the consistency tests, which were carefully done with greater agility so as not to suffer 

great interference of the reactions over time. In this context, in the third attempt, 

satisfactory values were found with little dispersion, achieving plasticity limit equal to 

59.53% and the liquidity limit equal to 62.9%. Therefore, the plasticity index found for 

the material was only 3.37%, which means that when the material is in plastic state it 

liquefies easily. 

Thus, from the determination of the granulometry and the limits of consistency, the 

sampled material is classified by the Unified Soil Classification System (USCS), 

reported by [8], as SP Group – poorly graded sand with few fines. 

������  Specific Gravity of the Solids (Gs) 

To determine the specific gravity of the grains of zinc tailings was followed the standard 

procedures described in NBR 6508 [9]. The vacuum agitation time was 30 min per stage, 

twice the minimum recommended by the standard, to obtain the total removal of the air 

adhering to the particles. At the end of the test, a specific gravity of 3.27g/cm³ was 

obtained. This high value is expected for tailings, since they usually present high content 

of metals. 
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2.2. CU Triaxial Tests 

Since the zinc mining tailings are disposed in an aqueous dam under a saturated condition 

forming subsequent layers of material, observed that a dam is composed of tailings 

consolidated at different containment stresses varying with the depth of deposit. 

Consequently, the laboratory test chosen to best represent the field conditions was the 

undrained consolidated triaxial compression test. In this way, this study evaluated the 

CU triaxial tests with 3 low effective stresses (20, 75, 275 kPa) and with 3 high effective 

stresses (1.000, 2.500 and 4.000 kPa). The tests at low stresses were conducted in the 

Triaxial Geonor, while for the tests at high stresses was used the High Stress Triaxial 

(TriAP), both equipment present in the LEGG-UFRGS (Laboratory of Geotechnical and 

Geoenvironmental Engineering of Federal University of Rio Grande do Sul). 

������ Molding the Specimens 

The specimens for triaxial testing were molded with a bipartite mold with 5 cm in 

diameter and 10 cm high, following the method of static compaction devised by [10]. In 

this way, the specimens were cast into 5 layers and vacuum was applied between the 

membrane and the mold during compaction. (Figure 2). Initial specific dry density (ρi) 

of 0.8 g/cm³ was adopted, based on the results of the compaction test performed by [11] 

on zinc mining tailings where ρ was found ranging from 0.88 g/cm³ and 1.10 g/cm³. As 

proposed by undercompaction method, 20% moisture was added to aid the molding. Due 

to the low density of the specimen, the mold was only removed after insertion of the 

specimen next to the triaxial press and suction application (~10kPa). 

������ Performance of CU Triaxial Tests 

The triaxial tests were performed at LEGG-UFRGS. The Geonor equipment was used 

for tests with effective stress of up to 275 kPa and the High Stress equipment (TriAP) 

for tests under stresses equal and higher than 1000 kPa. 

 

Figure 2. Stages of molding the specimen. 

 

The Geonor equipment works with a water/oil interface hydraulic system 

responsible to applicate the backpressure and the confining stress acting on the specimen, 

both are monitored by a pressure transducers. On the other hand, the High Stress 

equipment operates by two system of servo-motors and GDSs, one responsible to control 

the backpressure and, the other controlling the confining stress. This apparatus has 
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3 pressure transducers, two monitoring the backpressure (base and top) other monitoring 

the confining pressure. The control and all measurement are made by a system 

programmed in the LabView software.  

In both equipment the axial load applied to the sample is measure by an external 

load cell, whose capacity is 10 kN, for Geonor, and 50 kN, for TriAP. The specimen’s 

axial deformations during the test were determined by two independent systems. The 

first one, to measure the initial deformations, consists of an internal system, consisting 

of three hall effect sensors, two for vertical deformation control and one for radial 

deformation. The second, it is a deformation control system external to the chamber, 

composed of a linear displacement transducer (LVDT), and its measurements are 

considered from the moment the deformations of the test piece excee the course of the 

sensors of hall effect. 

The test procedure followed the steps described in BS 1377 [12]. Initially, 

percolation saturation was carried out under effective stresses of 15 kPa, until a volume 

of water of more than 2 times the void volume of the sample was percolated, which was 

completed after 12 h of percolation. Then, the backpressure saturation process was 

performed. In this step, considering the Geonor Triaxial, the increase of confining stress 

and backpressure were made on the same time by increments of 50 kPa, until the highest 

possible parameter B values were reached. The maximum back pressure applied was 400 

kPa and the confining tension was 415 kPa, obtaining parameter B around 1.0.  In the 

case of TriAP tests, in saturation stage, the increase of backpressure and confining 

pressure are made by the GDSs on constant rate, it chosen in the controlling system, until 

reaching back pressure equal to 400 kPa and confining stress around 430 kPa. At the end 

of the saturation step, the specimen was consolidated increasing the value of confining 

stress and keeping the value of backpressure, until to reach the defined effective stress 

level (σ’).  Next, the undrained shear of the specimen was performed. The shearing of 

the specimens was performed at a speed of 2 mm/h until got up to minimum 20 mm of 

external axial displacement.   

The experimental program of the tests performed is outlined in Table 1. 

 

Table 1. Experimental Program – Triaxial Tests. 

Sample Equipment ρi (g/cm³) σ' (kPa) qmax (kPa) εsmax (%) 

CP 1 Geonor 0,8 20 102,4 19,7 
CP 2 Geonor 0,8 60 133,2 17,7 
CP 3 Geonor 0,8 275 448,3 20,3 
CP 4 TriAP 0,8 1000 1023,6 35,5 
CP 5 TriAP 0,8 2500 3708,8 35,0 
CP 6 TriAP 0,8 4000 6311,6 35,0 

3. Geomechanical Behavior of Zinc Mining Tailings 

3.1. Stress-Strain curves 

From triaxial tests performed with low effective stresses (σ’<1000 kPa) and high 

effective stresses (σ’>1000 kPa), the stress deviation (q) versus axial strain (εa) curves 

were plotted as shown in Figure 3 and 4, respectively. As illustrated, the larger the 

confining stress, greater the stress deviation reached, and the backpressure generated. 

Additionally, is important to point out that since the initial density of the samples (ρi) is 
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low (0,8 g/cm³), the loose specimens had the tendency to compress when sheared, and, 

once the tests were undrained, it is responsible for the positive backpressure.  

 

Figure 3. Stress-strain curves for σ’<1000kPa. 

 

Figure 4. Stress-strain curves for σ’>1000kPa. 

3.2. Effective Stress Path 

The stress path is used to represent the successive states of stress in a test specimen of 

soil during loading. In this way, from the results obtained by the triaxial tests was plotted 

the stress path (p’- q curves) for each test (Figure 5).  

Where: 

� � ���
� � 	��

�� (1) 

�� � 	
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���

� � ���
��  (2) 

On p’–q plane, the stress ratios are representing straight lines and, in the case of 

triaxial test with axial compression, the Kf-compression line was drawn in Figure 6. 

Thus, from the state of stress is possible to obtain the shear resistance parameter (�’) 

drawing the line and by the mathematical relations: 

� � ��� (3) 
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Figure 5. Effective stress path for σ’<1000kPa (a) and for σ’>1000kPa (b). 

 

Figure 6. Kf-compression line. 

 

Since M = 1,501, ϕ’ = 36,9°. 

The value of the effective friction angle (ϕ') found for the zinc mining tailings falls 

within the range of values obtained by [4] - ϕ' between 33.7° and 38°, besides being 

compatible with the friction angle of natural sands. 

4. Conclusion 

In the end of this work, it is possible to conclude that the zinc mining tailing studied had 

a granulometry like sandy material with presence of fines, which guarantees high 

plasticity and liquidity limits found in the samples tested. As it is a predominantly sandy 

material, the friction between particles is expected to be the dominant factor in shear 

strength. Consequently, the friction angle (ϕ') has a greater influence on the 

geomechanical behavior of the material. In this context, a value of ϕ'= 36.9o was found, 

falling within the expected range for rejects and sandy materials with presence of fines. 

Additionally, the reject showed no tendency to liquefy within the conditions tested. 
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Finally, it is concluded that the zinc mining tailing is a material with a great variation 

of granulometry, consistency and resistance, depending on the rock mineralogy, the type 

of mining front, the type of beneficiation of the ore and the methods of disposal and 

maintenance of dams. Thus, it is fundamental to intensify the studies with zinc mining 

tailings from different points and depths of the dams in diverse boundary conditions in 

order to reach a better understanding of their physical, chemical and geomechanical 

behavior. 
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