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Abstract 

Mining exploitation is an activity which entails risks and, for that reason, it is of the most importance to reduce 

such risks, as well as the factors which lead to them, specially in underground environment. Cavity stability 

analysis is one of the most important steps towards a safety environment in underground mining, mostly 

because an incorrect design may originate severe human, environmental and material dangers. Bearing that 

in mind, the objective of this thesis is to analyse the new bench geometry, which were proposed for the zinc 

deposit exploitation in Feitais (Aljustrel Mine). 

Such analysis was conducted taking in account two different scenarios, where the first consists in the 

previously used geometry (12x20m) and the second in a new cavity geometry proposed by the company 

(15x40m). The analysis is made using an empiric method (modified stability number) and a numeric method 

(RS2 software modelation). 

Conclusions taken from this study indicate that the scenario where the height of the bench is smaller leads 

to a more stable situation than the second cenario, with bigger dimensions. Regardless, the second cenario 

may constitute a valid option as well, if taken in account a correct dimensioning of the artificial support. 

Keywords: Underground mining, Feitais Mine, stability analysis, artificial support dimensioning. 

_______________________________________________________________

1. Introduction 

The extraction and transformation of raw 

materials is essential in the development of 

contemporary society (Rodrigues da Costa, 

1999). Portuguese Mining potential, allied to the 

world dependency of raw materials, is the perfect 

opportunity for the growth of this industry in 

Portugal. However, it should be noted that the 

extraction activities depend on the location and 

the geology of the materials and so, the main 

obstacle to the development of the exploitation is 

the assurance of the geotechnical stability of 

cavities (LNEG, 2000) which is the main focus of 

the present work. The purpose of this study is the 

stability analysis of zinc stopes in the Feitais 

orebody, in Aljustrel Mine, which is located in 

Aljustrel. 

 

2. Stability analysis in underground 

environment 

There are three types of methods to assess stope 

stability: empirical methods, statistical methods 

and observational methods. However, in this 

study, only the first two methods were employed. 

A sustainable mining exploitation implies the 

existence of a balance between recovery and 

dilution of the ore since an unexpected increase 

or decrease of one of these factors may lead to a 

negative economic impact throughout the 

process. 

As Berry and McCarthy (2006) state, errors 

inherent to the realization of the stability analysis 

(reconciliation errors) of the stopes and to the 
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incorrect design of the mining method make 

about 40% of the causes of injury associated to 

mining exploitation (Figure 1). 

In order to minimize reconciliation errors, it is 

necessary to take into consideration some 

features like geomechanical properties, the 

stress state and the shape, size and depth of the 

stope to predict the influence of ground conditions 

and mining practice on stope performance (Ureel 

& Momayez, 2014). 

2.1. Influence of the stress state 

With the excavation of the rock mass, it is 

inevitable to observe a suppression of its local 

continuity due to the redistribution of the original 

tensions (in situ stress state) around the 

excavation (influence zone) (Figure 2). 

This new stress state (induced) is determined 

based on the original stress state and comprises 

forces from tectonic origin and the weight of the 

overlying strata (Goodman, 1989). 

It is important, in stress analysis, to take 

compression and tension zones into 

consideration, being the tension zones the ones 

which must be subjected to more concern due to 

the relaxation of the rock mass which promotes 

block falling. 

2.2. Influence of the mining method  

The mining method must be selected by taking 

into consideration the direction of the major 

geological features in its surroundings and the 

geomechanical properties of the rock mass to 

choose the appropriate type of support. 

The proximity to the principal geological features 

(faults, joints) and zones of more weathered and 

fractured rock can compromise the stability of the 

excavation if the dip direction of the geological 

features hang to the opposite direction of the 

drive of the gallery or if the dip of the feature 

coincide with the drive of the gallery. 

The type of reinforcement used to support the 

excavations depends on the geomechanical 

properties of the rock mass and it can be 

distinguished in three different groups: methods 

with natural support, artificial support and without 

support. 

The use of Bench and Fill, which is the mining 

method of the case study, implies some specific 

properties from the rock mass, such as the ones 

stated by Stebbins (2011), Table 1. 

Table 1 - Geomechanical properties suitable for Bench and Fill 

(Stebbins, 2011). 

 RQD [%] RCS [MPa] 

Ore 50 69 

Hanging Wall 35 52 

2.3. Empirical Methods 

The main goals of empirical methods or 

geomechanical classification systems used to 

assess de stability of rock masses are the 

establishment of thumb rules to evaluate the 

quality of the rock and then proceed to the correct 

design of the support due to the features of the 

rock mass (Viana da Fonseca, 2005). 

Metallurgical 
testwork 

sampling and 
scale-up 15%

Hidrogeology 
4%

Mining 
equipment 

selection 4%Seleção de 
equipamentos 

da lavaria; 
12%

Cost estimation 
7%

Geotchnical 
analysis 9%

Mine design 
and scheduling 

32%

Figure 1 - Sources of reconciliation errors in mining 
(Sainsbury et al., 2015). 

Figure 2 - Stream line analogy representing stress 
trajectories around underground openings (Potvin, et 

al., 1988). 
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Briefly, the properties used to assess its 

behaviour are the uniaxial compressive strength, 

the rock quality designation (RQD), the spacing, 

continuity, orientation and joint conditions, 

obtained through geotechnical cartography,  

Nowadays, the most used geomechanical 

classifications are the Rock Mass Rating 

(Bieniawski, 1973, 1989), the Q-System (Barton, 

1974, 1993, 2002) and the Modified Rock Mass 

Rating (Laubscher, 1977, 1984 and Laubsher & 

Jakubec, 2000) and the Stability Graph Method 

(Potvin et al., 1988). 

2.4. Statistical Methods 

Monitoring the ground performance is associated 

to a high degree of uncertainty and variability 

(Joughin, 2018). Therefore, to improve the 

methods to assess the geotechnical stability of an 

excavation, the numerical analysis methods were 

developed. 

These methods are available to assist the needs 

of geotechnical engineering such as the 

estimation of the safety factor, total 

displacements and the induced stress state to 

which the rock mass is subjected (Ureel & 

Momayez, 2014). 

There are two different main types of numerical 

methods: continuous methods and discrete 

methods (Figure 3). 

A continuous approach can be applied to rock 

masses with few or any fractures in which the 

aperture, and therefore the possibility of block 

falling, are not determined facts to this analysis 

(Ureel & Momayez, 2014). The continuous 

numerical methods include the Boundary 

Elements Method (BEM), Finite Elements Method 

(FEM) and the Finite Difference Method (FEM). 

On the other hand, a discrete approach allows the 

prediction of deformation and collapse of the rock 

mass assessing the effect of this events on the 

stability of the excavation. This approach suits 

better in competent rock masses moderately 

fractured in which is possible to observe great 

rock displacements and the presence of fractures 

and joints, whereas that analysis is impossible to 

make employing continuous methods (Ureel & 

Momayez, 2014). An example of a discrete 

method is the Distinct Elements Method (DEM). 

In the Rock Mechanics field, to solve problems 

arising from the assessment of stope stability, the 

most used numerical method is the Finite 

Elements Method (Figure 4) due to its capacity to 

simulate the behaviour of heterogeneous, 

deformable and non-linear materials (Jing & 

Hudson, 2002), just like rock masses.  

The RocScience RS2, initially proposed as 

Phases (1992) and then Phase2 (1999), is a 

numerical modelation software using the Finite 

Elements Method to model the behaviour of a 

rock mass in the surroundings of an excavation.  

The main functionality of this software is the 

simulation of induced stresses through the shear 

strength reduction method. This function is 

completely automated and has the capacity of 

Figure 3 - Numerical analysis methods. 

a) b) 

Figure 4 - Numerical model of induced stresses σ1 and σ3 
(Hutchinson & Diederichs, 1996). 
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using several different types of failure criterion, 

such as the Mohr-Coulomb failure criterion 

(https://www.rocscience.com/software/rs2,visited 

on 30/10/2018). This criterion only considers the 

influence of σ1 and σ3, while σ2 doesn’t have any 

influence on the rock strength. 

2.5. Data Mining 

With the increasing amount of information 

needing to be stored nowadays, the use of 

computational tools is of the utmost importance to 

explore data that often presents high complexity 

and can hold valuable information such as trends 

and patterns (Miranda, et al., 2015). 

Data Mining is a relatively new area of computer 

science that includes a set of analytical 

techniques that go beyond statistics and concern 

about automatically find, simplify and summarize 

patterns and relationships with large data sets 

(Miranda, et al., 2015). 

The mechanical behaviour of rock masses 

resulting from their formation processes and 

geological and engineering environments can be 

difficult to simulate through traditional 

mathematical models, considering only some 

factors instead of the whole set of variables 

(Zhang, Jiarong, & Nie, 1991). 

Neural networks has the potential to handle this 

problem and therefore is the most attractive 

branch in artificial intelligence due to its capacity 

to consider those factors as a whole without 

limiting their quantity (Zhang, Jiarong, & Nie, 

1991). Unlike the traditional methods, the artificial 

neural networks (ANN) learns the solution from a 

set of training data as an alternative calculation 

method (Mert et al., 2011). These models can 

provide accurate solutions for precisely and 

imprecisely formulated problems and phenomena 

that can only be understood through experience 

data and field observation (Sonmez et al., 2006). 

The ANN are systems that simulate a digital 

mathematical model of the human brain and 

include an interconnected wide neuron network 

(Hussain et al., 2016). This system comprehends 

a set of input neurons, one or more layers of 

neurons in the hidden layers and a set of output 

values (Figure 5). 

The weights assigned to the connecting elements 

and its arrangement are adjusted by model 

calibration, through a process of “training”, being 

its weights as great as more influence they 

practice throughout the process (Hussain et al., 

2016). 

To evaluate the performance of the ANN models, 

statistical measures such as Root Mean Square 

Error (RMSE), Average Absolute Error (AAE) and 

the coefficient of determination (R2) are used. 

In Mining Engineering, most common ANN model 

is the Back Propagation Model (Zhang, et al., 

1991; Huang & Wanstedt, 1998; Wang, et al., 

2005; Ferid, 2018, Sonmez, et al., 2006), which is 

used as a prediction tool in the geotechnical 

engineering field. With this model it is possible to 

develop an automatic learning algorithm that 

allows the user to generate a set of non-linear 

relations between the inputs and outputs, which 

enables this model to create a great value of set 

patterns (Chen & Zhou, 2000). 

3. Case Study 

This study focuses on the geotechnical stability 

analysis of the Feitais orebody which is exploited 

by the Portuguese company ALMINA – Minas do 

Alentejo S.A. since 2009. Zinc is exploited as a 

principal product and lead as a secondary 

product. Currently, these materials are only being 

extracted from the Feitais orebody. 

3.1. Geology 

Figure 5– Multi-layer back Propagation model (adaptado de 

Wang, et al., 2005). 
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The Feitais orebody is one of the six (the biggest) 

orebodies that compose the Aljustrel mine, along 

with S. João, Moinho, Algares and Estação. This 

Mining area is in the Western zone of the Iberian 

Pyrite Belt with a total of 5.2 km2 and comprises 

about 300 Mt of massive sulphides and stockwork 

(Oliveira, et al., 2014). 

The Feitais orebody is under exploitation since 

2001 and is already 600 m depth (Figure 6). It 

consists of massive sulphides and stockwork and 

volcanic and sedimentary rocks (hanging wall) 

with about 1000m length, 800m width and 150m 

thick. 

The massive sulphide comprehends zinc, pyrite 

and copper facies being the exploitation zone, 

currently, the zinc zone of the massive sulphides. 

3.2. Mining method 

The mining method chosen for the exploitation of 

the Feitais orebody is the Bench and Fill method, 

which mixes properties from the Cut and Fill and 

the Sub-level Open Stope methods. The Mining 

method follows a certain sequence starting with 

the opening of the stope (Table 2). 

The stopes (benches) can be placed longitudinal 

or transversally towards the orebody and 

normally have a slope of 75º. Therefore, the real 

height of the stope is 41.41m (Figure 7) and the 

slope of the floor is -1º to assure the drainage of 

the muds. 

The sequence of blasting starts with the primary 

stopes (red) and then the secondary ones (white). 

After the blasting of the primary stopes it is 

necessary to carry out the operation of backfill, 

just like the sequence present on Figure 8. 

The type of backfill used to fill the primary stopes 

is pastefill (tailings + 6% cement) and for the 

secondary stopes are only used waste to fill them. 

If the waste is not sufficient to fill the secondary 

stopes, these will also be filled with pastefill 

containing less percentage of cement (about 1 or 

2%), just to assure the lubrification of the 

transportation pipeline. 

4. Procedure 

 
 

Figure 6 – Location and geological framework of the Feitais 
orebody (source: ALMINA - Minas do Alentejo S.A.). 

Figure 8 – Mining method sequence of the Feitais mine 
(Almeida, 2019). 

75º 

41,41m 1º 

Figure 7 – Layout of transversal and longitudinal stopes in the 
Feitais mine. 

Table 2 - Sequence of open stope in the Bench and Fill 
method. 
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This study comprehends three main stages with 

the aim to assess the stability of open stopes: 

classification of  rock mass: numerical (statistical) 

analysis and empirical analysis Lastly it is 

analysed and compared the stability of stopes 

with 12 m width and 20 m height (scenario 1) and 

stopes with 15 m width and 40 m height (scenario 

2). 

4.1. Classification of the rock mass 

To evaluate the quality of both ore (massive 

sulphide) and hanging wall (rhyolite), it was made 

34 geotechnical ground analysis distributed by 8 

different depths (230, 270, 310, 350, 370, 410, 

430 and 450 m). 

To recognize the sets of joints present in each 

case, it was used the software DIPS 7.0 by 

RocScience (Figure 9). With this software, it was 

possible to group the different sets and then 

recognize which is the most unfavourable 

regarding the slope of the stope. 

To the data collected in the field, namely the 

RQD, spacing, continuity, aperture, roughness, 

filling, weathering, presence of water and 

hardness, are applied four different 

geomechanical classification systems: Q-system, 

RMR, MRMR (1990) and MRMR (2000). 

4.2. Statistical analysis 

The statistical or numerical analysis were made 

using the software RS2 by RocScience in which 

the analysis is performed by the finite elements 

method, in order to model the factor of safety, 

total displacements and the induced stresses σ1 

and σ3. 

The in-situ stresses acting in the Feitais orebody 

are presented in Table 3 and have to be inserted 

in the RS2 to proceed the modeling. 

Table 3 - In situ stresses in the Feitais mine (Ferreira, 2015). 

 

 

 

 

 

 

 

The geomechanical properties of the rock mass 

such as the friction angle, cohesion, Poisson ratio 

and the Young modulus have also to integrate the 

process (Table 4). 

Table 4 - Geomechnical properties of the rock mass (source: 

ALMINA - Minas do Alentejo S.A.). 

Friccion angle 37.0º 

Coesion 0.30 MPa 

Poisson ratio 0.27 

Young modulus 21.0 GPa 

4.3. Empirical analysis 

The empirical analysis was made through the 

Modified Stability Graph proposed by Potvin et al. 

(1988) using the modified stability number N’, for 

both the crown and the walls. 

With the use of this method it is possible to 

quantify the stability condition of the stope (stable, 

caved or inserted in the transition zone) (Figure 

Nível 𝝈𝒗 [MPa] 𝝈𝒉 [MPa] 

230 5.72 3.20 

270 6.37 2.95 

310 7.30 3.94 

330 8.44 4.66 

350 8.55 4.48 

370 9.04 4.74 

390 9.53 4.99 

410 10.02 5.25 

430 10.51 5.51 

450 11.00 5.77 

470 11.49 6.03 

Figure 9 – Data visualization on a stereographic 
projection (DIPS 7.0). 

Figure 10 – Modified stability graph (Potvin et al., 1988) 
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10). If the stope stands in the transition zone it is 

necessary to proceed to its reinforcement, being 

cable bolting the only supporting method that 

assures the stability of blocks formed in 

excavations of great dimension, such as open 

stopes. 

The modified stability number N’ considers the Q´ 

(modified Q-system) and three other factors that 

translate the effect of the induced stresses (A), 

the orientation of the stope (B) and gravitational 

effect in the crown and sliding effect in the walls 

(C) (Figure 11). 

5. Results and discussion 

5.1. Classification of the rock mass 

Throughout the classification carried out for both 

the massive sulphide (Table 5) and for the 

hanging wall (Table 6) using the geomechanical 

classification systems, it can be observed that Q-

system and RMR provide a higher quality of the 

rock comparing to the remainder. 

The degree of correlation (coefficient of 

determination) among these four classification 

systems allows to perceive that the higher 

correlations are between Q and RMR (Table 7), 

being this relationship an object of study 

throughout the years by several authors. 

 

 

Table 5 – Coefficient of determination of the clssification 
systems. 

 Q RMR 
MRMR 
1990 

MRMR 
2000 

Q 1.0000 0,6632 0,3647 0,5551 

RMR  1.0000 0,5548 0,5158 

MRMR 
1990 

  1.0000 0,5293 

MRMR 
2000 

   1.0000 

Comparing the previous equations with the one 

determined (Figure 12) for the case study, the 

results from the equations are almost coincident 

for higher values of Q (Q>25) and RMR and, on 

the contrary, some variability for the remaining 

values is verified, validating what was stated by 

Choi & Park (2002) and Barton (1995), who 

concluded these classification systems provide 

better results for high quality rocks. 

5.2. Numerical Analysis 

The numerical analysis of the σ1 distribution 

(Figure 13) shows that the crown of the stopes 

are affected by high tension stresses while the 

pillars between them are subjected to 

compression stresses, especially on the corners. 

Comparing both cases, the magnitude of stresses 

felt on the scenario 2 is not very different from the 

scenario 1. 
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Figure 12– Equations of correlation of Q and RMR. 
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Figure 11 - Factors of adjustment of the Modified Stability 
Graph method (Potvin et al., 1988). 

Figure 13 – Numerical modelation of σ1 distribution. (410m). 
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On the other hand, the redistribution of σ3 (Figure 

14) promotes the decompression of the pillars 

and the incidence of high compression stresses 

on the crown of the stopes. It is noted that the 

trajectory of σ3 suffers a deviation in both central 

pillars which leads to a higher decompression of 

the material and an increase of the zone affected 

by tension stresses. 

Because of the distribution of stresses, the 

maximum displacements are felt on the crown of 

the stopes, especially on the central area. This is 

provoked by the relief of stresses observed on 

Figures 13 and 14. The pillars are subjected to 

low displacements as observed on Figure 15. 

The safety factor observed on the crown of the 

excavations is null (Figure 16), justified by the 

high compressive stresses and the great 

displacements. The pillars are also subjected to a 

null factor of safety due to the decompression 

caused by the distribution of σ3, (coinciding with 

tension zones). 

 

The empirical analysis of the study cases shows 

a general increase of the number of stability N’ 

with depth, except for the values located under 

400m depth (Figure 17) which is related to the 

lower production rate in these depths. A higher 

production rate (lower depths) is associated to a 

large number of open stopes that, according to 

the results obtained by the numerical analysis, 

provide a higher decompression of the rock mass, 

which leads to a lower value of RQD due to the 

induced fracturing observed.  

However, a certain degree of variability is verified. 

Towards this, it was also done an analysis of N’ 

varying its location (Figure 18). This analysis 

shows that the cases studied in the south panel 

have a high degree of dispersion. This is due to 

the presence of the Feitais fault that provides an 

increase of the degree of fracturing and a 

decrease of RQD. 
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Figure 17 – N’ analysis with depth. 

Figure 15 – Numerical modelation of total displacements (410m). 
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Figure 14 - Numerical modelation of σ3 distribution. (410m). 
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Figure 16 – Numerical modelation of the safety factor (410m). 
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A detailed analysis of the cases studied 

simulating the geometry of the scenario 2 was 

also done and it was possible to conclude, 

throughout this analysis, that there aren’t many 

stability problems caused by the width of the 

crown, with massive sulphide. However, the width 

of the crown was not validated by the results of 

the analysis, due to the geological and 

geotechnical properties of the rhyolite. In none of 

the cases this lithology had the capacity to 

support the open span.  

Comparing the maximum length allowed by the 

Stability Graph and the length designed by the 

Mine Planning department, the results showed 

that, in several cases, the maximum length was 

exceeded.  

6. Conclusions 

Considering the quality of the rock mass, it is 

possible to conclude that the massive sulphide 

has better quality than the rhyolite. Analyzing the 

use of the four geomechanical classification it is 

possible to conclude that RMR and Q promote a 

better quality of the rock mass than the MRMR 

(1990) and the MRMR (2000). Hereupon, in terms 

of safety, it is preferable to classify the rock mass 

using the last two systems. 

The stability analysis showed that a change from 

the first scenario to the second has some inherent 

problems, especially on the walls of the stope. 

The major problems are: 

• Appearance of a tension zone on the 

walls (σ1); 

• Incidence of compression stresses on 

the crown of the stope which leads to the 

generation of a wedge that can be at risk 

of rupture and it only can be observed 

on the scenario 2 (σ3). The magnitude of 

these stresses increases with depth. 

• Increase of the total displacements in 

the stope, especially on the walls; 

• Decrease of the safety factor on the 

crown and walls; 

• The lithology of the hanging wall 

(rhyolite) can’t support an open span of 

15m; 

However, this change can be implemented if 

some measures are taken: 

• It is always required a stability analysis 

to design stopes, taking into account the 

maximum dimension that it can take and 

change its geometry, if necessary; 

• Correct design of support – cables. This 

is a mandatory practice to be done on 

the top of the stope (hanging wall). On 

the walls and the crown it is only placed 

if necessary. 

• Monitoring of the ground performance to 

anticipate any substantial variation.  
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