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Abstract 

 

In room and pillar (R&P) mining, the procedures adopted to design mine panels are based on the safety factor 

(SF) of pillars. For this reason, is so important to study the geological and geomechanical behavior of the area to be 

mined. The use of a mathematical model allows identifying problematic areas and to test different configurations in a 

safe manner. This paper shows the development and application of a flexible and automatic routine to quantify the 

safety in R&P mining in terms of SF and room convergence (RC). The commercial software package FLAC3D was 

used to implement a computational routine in FISH language capable of representing in a fast and accurate way the 

main characteristics of the geomechanical conditions, lithology and geometrical features of a R&P mining project 
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automatically. In order to show the capabilities of the routine developed here, a case of study was performed in a 

manganese ore mine. 

Keywords: mining, room, pillar, numerical model, ore, recovery. 

 

En la minería de cámaras y pilares (R&P), los procedimientos adoptados para diseñar los paneles de la mina se basan 

en el factor de seguridad (SF) de los pilares. Por ello, es tan importante estudiar el comportamiento geológico y 

geomecánico de la zona que se va a minar. El uso de un modelo matemático permite identificar las zonas problemáticas 

y probar diferentes configuraciones de forma segura. Este trabajo muestra el desarrollo y la aplicación de una rutina 

flexible y automática para cuantificar la seguridad en la minería R&P en términos de SF y de convergencia de salas 

(RC). Se utilizó el paquete de software comercial FLAC3D para implementar una rutina computacional en lenguaje 

FISH capaz de representar de forma rápida y precisa las principales características de las condiciones geomecánicas, 

la litología y las características geométricas de un proyecto de minería R&P de forma automática. Para mostrar las 

capacidades de la rutina aquí desarrollada, se realizó un caso de estudio en una mina de mineral de manganeso. 

Palabras clave: minería, sala, pilar, modelo numérico, mineral, recuperación. 

 

1. Introduction 

Room-and-pillar (R&P) mining is a mining 

method whereby the material of a series of crossing 

rooms (horizontal linear openings) is extracted, leaving 

pillars of ore, rock, or coal in place between the rooms. 

In hard rock masses, pillars are usually much smaller 

horizontally than rooms. According to Idris et al. (2015) 

a pillar can be defined as the in-situ rock mass between 

two or more underground openings. Pillars can be 

composed only by ore, or by ore and waste when the ore 

body presents small thickness. In some cases, this type of 

mining may need the use of ground support systems such 

as cable bolting or any other. 

Because of underground openings are supported 

by pillars containing ore, it is very important to define a 

pillar with the smallest cross-sectional area possible and 

compatible with the room’s stability, considering the 

traffic of mining equipment. This optimum configuration 

allows increasing the ore recovery. However, the 

optimum size of pillars (which guarantee stable rooms) 

depends on the active load on the pillar and also on its 

strength. The evaluation procedure of the stability of the 

pillars and rooms should be carried out by the estimation 

of the SF. Traditional strength-based pillar design 

requires estimates of pillar stress and pillar strength. The 

safety factor for the pillar is then calculated dividing 

pillar strength by the acting pillar stress. The definition 

of what constitutes an acceptable SF depends on the 

tolerable risk against failure (Bullock, 2011). 

The method described above needs some 

simplifying assumptions such as stress averaging over 

the section of the pillar or arbitrary strain reductions 

(Idris et al. 2015). The use of numerical methods can 

helps us to avoid these simplifications in an efficient way 

using, for example, the strength reduction method SRM. 

The SRM uses a proportional reduction of the strength 

parameters up to reaching a limit equilibrium condition. 

This method is implemented in its three-dimensional 

version in commercial software packages such as 

FLAC3D (Itasca Consulting Group Inc., 2012), among 

others. 

On the other hand, the safety of rooms can be 

evaluated using a convergence limit approach given that 

a failure event is commonly characterized by a specific 

target limit value (absolute or relative) of the sum of the 

inwards displacements of the roof and the floor. The 

room convergence (roof-floor convergence) can be 

measured at its critical position, i.e. located in the 

intersection of the two orthogonal rooms for regular 

geometries.  

Both features described above, i.e. safety factor 

and room convergence, can be obtained from a flexible 

numerical model automatically to serve as input 

parameter for further decision analyses. Thus, this paper 

describes the implementation of the flexible model built 

using the commercial software package FLAC3D (Itasca 

Consulting Group Inc., 2012) as well as its application to 

a real case study in a manganese ore mine.  

 

2. Numerical modelling 

According to Coulthard (1999), numerical 

modelling can assist the geotechnical engineer in 

designing underground excavations and support systems. 

If extensive geological and geotechnical data are 

available, then comprehensive predictions of 

deformations, stability and support loads can be made by 

numerical stress analyses. If not, the model can still be 

used to perform parametric studies, providing insight into 

the possible range of responses of a system, given the 

likely ranges for the various parameters 

Brandani (2011) cites the main objectives of 

numerical methods regarding to pillar’s design as: 

 Obtaining an estimate of load capacity or 

maximum permissible load; 

 Geometric configuration appropriate to the 

estimated stress field; 

 Determination of modes of rupture; 

 Retro-analysis of rock mass properties based on 

instrumentation data. 

2.1. Constitutive model description 

In computational modelling, two constitutive 

models are commonly used: Mohr-Coulomb (MC) and 

generalized Hoek-Brown (HB) with elasto-plastic 
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behavior (Navarro Torres, 2003). Relating the failure 

criteria, the Mohr-Coulomb criterion can be expressed as 

a function of the axial (major) principal stress ´1 for 

different values of confining (minor) stress ´3, 

according to Equation 1, which includes the rock mass 

strength and the k factor: 

 cmk   31 ´.´  (1) 

where k is the slope factor and cm the  uniaxial 

compressive strength UCS of the rock mass. The k factor 

is the slope of the line obtained when representing 1 as 

a function of 3 and it depends on the friction angle  of 

the rock mass: 

           

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The uniaxial compressive strength cm of the 

rock mass is calculated using Equation 3, as function of 

cohesion C and friction angle :  
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Hoek e Brown (1980) aimed to represent the 

failure of rock masses through an empirical criterion in 

terms of major and minor principal stresses. The original 

Hoek-Brown criterion was defined by the following 

equation: 
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where ’1 and ’3 are the major and minor effective 

principal stresses at failure; ci is the UCS of the intact 

rock; and, m and s are material constants which depend 

on rock properties. For intact rock, s = 1. When there is 

no lateral confinement (3 = 0) and s = 1 (laboratory), the 

uniaxial tensile strength of the rock or rock mass is 

determined considering 1 = 0, and 3 = t resulting the 

follow equation: 

           5.02
)4(5.0 smm iicit    (5) 

Later, Hoek et al. (2002) presented the 

Generalized Hoek-Brown criterion which includes not 

only results from laboratory but values observed from 

observed failures in fractured rock masses in a non-linear 

manner. This non-linear criterion can be described 

according to Eq.  
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The deformability of the rock mass was 

estimated using the Hoek and Diederichs (2006) 

formulation: 
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where Ei is the modulus of deformability of the intact 

rock estimated as: 

 cii MRE .  (11) 

where MR is the modulus reduction factor. 

2.2. Modeling routine 

The great amount of information necessary to 

build a robust numerical model along with the necessity 

of evaluating diverse mining situation made necessary 

the development of a flexible tool capable of represent 

this  generality. Therefore, a flexible and robust routine 

was written in FLAC3D, using FISH language, aiming to 

perform safety analyses of room and pillar mining 

automatically. FLAC3D was chosen because of its 

‘driven-command’ functionality, which turns it very 

flexible intrinsically. 

 The routine considers that all layers are 

horizontal of constant thickness and that pillars are 

regularly distributed in a horizontal section. Pillars were 

considered to be rectangular shaped and rooms of 

equidimensional and orthogonally positioned. 

The entire lithology and rock mass mechanical 

properties are read from a text file and the model is built 

above, below and at the mining level considering depth, 

thickness and material properties. Rock mass strength 

can be described using either MC or HB constitutive 

models. Some geometrical details of the model such as 

approximate zone target sizes can be specified. In 

addition, the excavation process can be considered by an 

instantaneous deletion process or by a progressive core 

softening process. 

The main output of the model is constituted by 

the safety factor SF and the room convergence RC. 

Naturally, all the mechanical state variables can also be 

explored and analyzed using the FLAC3D 

graphical/command capabilities. The safety factor 

reported correspond to that obtained by the use of the 

Strength Reduction Method (Dawson et al. 1999) in 

FLAC3D. On the other hand, room convergence is 

measured at the intersection of two perpendicular rooms. 

Despite the routine is capable of modeling any 

rectangular number of pillars (number of pillars along x-

axis time the number of pillars long y-axis), the 

symmetry of the conceptual model enable the use of only 

one pillar to represent an entire mining complex of 

similar characteristics. Non-symmetric conditions were 

not contemplated in this routine and they need to be 

studied in detail in a particular numerical model.  

 

3. Case study 

The case study presented here exhibits part of the 

mining plan of a pilot area of a manganese ore mine 
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located at Brazil. The pilot area, objective of this study, 

is composed of nine pillars. Linear rooms of 5 m width 

were excavated perpendicularly, conditioning the 

formation of approximately 15m x 15m pillars. These 

dimensions represent an ore recovery of 44%, leaving a 

remaining ore amount of 56% of the available quantity, 

thus, generating an interest in increasing the recovered 

amount in a safe way. Therefore, the main objective of 

this study is to evaluate the safety of the R&P mining at 

the current configuration in order to judge if further 

exploration is feasible.  

The capabilities of the flexible routine presented 

here were explored through the evaluations of the 

stability conditions of the current configuration of the 

mine as a function of the rock mass strength. 

In order to consider the geomechanical quality of 

the several layers in the numerical model it was necessary 

to elaborate a significant classification. These data are 

based on the lithologic sequence of the adjacent rocks 

(hanging wall and footwall) of the manganese ore layer. 

3.1. Numerical modelling and simulation 

The numerical model of the case study mine was 

built in FLAC3D considering 44 lithologies, alternating 

4 rock types above the mining level (approx. 150 m 

cover) and a homogeneous rock with 50 m thick below 

the mining level (Figure 1). The constitutive model used 

was the Mohr-Coulomb and the mining process was 

considered instantaneous. 

 
Figure 1. Lithology of the numerical model of 9 pillars 

with detail in the manganese layer. 

4. Results and discussion 

4.1. Model calibration 

By knowing the conditions of the depth of the 

current mining panel of the manganese layer, the 

lithology above the target level, quality of blasting with 

explosives (D = 0.8) and intact rock strength; the 

resistance parameters to be used in the numerical model 

may be estimated based on the formulation shown by 

Hoek et al. (2002). 

The parameters of the layer obtained through the 

above formulation are presented in Table 1. The 

variability present in the input data conditions an 

uncertainty propagation in the geomechanical parameters 

of the numerical model. Given that UCS of the intact rock 

presented the main variability, a sensitivity analysis of 

this parameter is necessary. Therefore, the response 

variation was studied as a function of the UCS of the 

intact rock. 
Table 1. Geomechanical parameters of the manganese 

mineral rock mass 

Parameter Value 

a 0,5 

mb 1,07 

s 0,02 

σci [MPa]* 30 - 115 

E 12,99 

GSI** 95 

D** 0,8 

*Disperse laboratory results ranging from 30 to 115 MPa 

** Judgement of specialist – Navarro-Torres V.F. 

The variability of UCS of intact rock impose a 

dispersion in the Mohr-Coulomb parameters. In fact, 

there exist a co-dependency as shown in Figure 2. It can 

be observed that the rock mass cohesion varies between 

5 and 21 MPa in an approximately linear fashion and that 

the friction angle varies non-linearly from 34.5 degrees 

to 36.3 degrees approximately. 

 
Figure 2. Mohr-Coulomb parameters dependency with 

UCS of the intact rock 

In addition, the variability in the UCS of the 

intact rock imposes a dispersion on the modulus of 

deformability Erm. The dependency relation between 

UCS and Erm is shown in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Dependency of UCS and Erm for the studied 

manganese rock mass. 
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A discrete variation of the parameters described above 

is presented in Table 2. 
Table 2. Dependency of the friction angle, cohesion and 

modulus of deformability with respect to UCS of the 

intact rock 

UCS σci 
friction 

angle, ϕ 
cohesion, c modulus Erm 

MPa degrees MPa GPa 

30 34.2 5.37 7.06 

45 35.1 8.06 10.60 

60 35.5 10.76 14.13 

80 35.9 14.37 18.83 

100 36.2 17.98 23.55 

115 36.3 20.69 27.08 

 

4.2. Safety evaluation of the current condition of the 

mine 

The representations the rock mass state are 

discretized in three strength resistance levels: minimum 

– 30 MPa, medium – 60 MPa and maximum – 115 MPa. 

Stress-strain runs of the current geometrical 

configuration studied here presented vertical stresses at 

the section of the pillar varying from 8 to 15 MPa and 

maximum vertical downwards displacement of the roof 

ranging from 5 to 10 mm, as show in Figure 4. 

Additionally, the floor exhibited small maximum 

vertical upwards displacement of the order of 5 mm. In 

all cases, it was observed that stress distributions were 

similar as well as the displacements for the three studied 

scenarios. This behavior suggests that the material of the 

pillars is working mostly elastically and far from a 

generalized plastification in all analyzed resistance 

states, i.e., the integrity of the pillars presents a 

considerable safety margin.  
 

 

 

 

 

 

 

 

 
Figure 4. Vertical stress and vertical displacement. 

15x15m pillar, minimum resistance. 

 

Complete safety analyses (stress-strain plus 

SRM calculation) yielded results relative to the safety 

factor and the room convergence of the current state of 

the mine. Table 3 presents the safety factor and the room 

convergence according to the UCS of the intact rock. In 

addition, Figure 5 shows the same information in a 

graphical manner. It can be seen that FS rises from 3.7 to 

9.3 following a linear tendency. On the other hand, room 

convergence decreases non-linearly from 18 mm to 14 

mm. 

 

Table 3. Discrete dependency of friction angle and 

cohesion respect to UCS of intact rock. 

UCS σci FS FLAC3D RC FLAC3D 

30 3.71 18.1 

45 4.77 16.5 

60 5.77 15.6 

80 7.08 14.8 

100 8.41 14.2 

115 9.34 13.9 

 

 
Figure 5. Variation of FS and RC according to the 

strength of the intact rock. 

The method used for assessing the safety factor 

was the strength reduction method (automatic), where the 

values obtained for SF can be considered compatible with 

empirical formulations (Navarro Torres et al., 2011). The 

variability of the safety factors obtained from the 

simulations of this case study for a material strength UCS 

σci which varies between 30 to 115 MPa, with a slimness 

ratio of 0.23, resulted in a safety factor varying from 3.71 

to 9.34 which can be considered as highly safe given that 

the minimum required is 1.5.  

Room convergence presented values ranging 

from 18 to 14 mm representing non-dimensional 

convergence of 0.5% to 0.4%. These values can be 

considered inside a satisfactory roof behavior owing that 

some minor problems might begin to appear from 1% 

ahead according to practice standards (Solak, 2009; Hoek 

and Marinos, 2000; Singh and Goel, 1999; Tonon, 2012; 

Österreichische Gesellschaft für Geomechanik, 2001; 

Schubert; Goricki and Riedmuller, 2003). 

The model developed showed satisfactory and 

promising results but still needs to be 

improved/calibrated with data to be obtained from the 

analysis of rock samples and instrumentation that are in 

progress to better understand the current property values 

of the material involved in the model. After a more 

refined knowledge of the model material parameters, this 

new model might be used for an optimization process of 

the ore recovery. 
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5. Conclusions 

A three dimensional numerical model was 

developed and presented in this paper with innovative 

characteristics, which includes an excellent flexibility 

and geomechanical and geometrical adaptability to 

different scenarios, according to the variability of 

operational and geomechanical conditions of the 

manganese ore mine. The methodology shown along this 

paper can incorporate important features of the rock mass 

as lithology and behavior of rocks. It can be applied to a 

single pillar as well as to an unlimited number of pillars 

allowing the simulation of large areas of mining panels 

and application to various scenarios. The current 

available data leads to judge the mining pilot area as 

highly safe given that the factor of safety was found to lie 

between 3.7 and 9.3 being that the minimum required is 

usually higher than 1.5. In addition, the room 

convergence presented values smaller than 18 mm 

representing a stable behavior according to literature. 

Finally, the use of new information coming from 

laboratory and in situ instrumentation will allow us to 

calibrate the model and hence to reduce the variability in 

the response evaluated generating a higher reliability 

upon the results and future applications. 
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