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Abstract—This paper presents a probabilistic approach for optimizing stope design methodology while 
taking into consideration the variability in the rock mass properties. For this study, a complex orebody in a 
Canadian mine was used. Because of the variability in the rock mass properties of the orebody, it was not 
possible to determine precisely, the values of geotechnical design input parameters and hence the need to 
utilize a probabilistic approach. Point Estimate Method (PEM), a probabilistic tool, was incorporated into 
numerical analysis using FLAC3D to study the deformation magnitudes of various stope geometries to 
determine the optimal stope geometry with a minimum ground control problem. Results obtained for the 
distribution of the wall deformations and the floor heaves for each option of the stope geometry were 
compared to select the best geometry to achieve the optimum stability condition. The methodology 
presented in this study can be helpful in the process of underground mine planning and optimization in 
complex orebody.  
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INTRODUCTION 

Safety and economics are two inseparable issues in the mining industry particularly in 
underground mines, which are characterized by heterogeneous complex orebody and high stress 
conditions. The primary objective of any underground mine design is to achieve the highest possible 
extraction of the mineral while assuring locally stable stopes and general control of the near-field 
rock. The highest possible extraction of the mineral depends mostly on the stope dimension and the 
mining methods. A trade-off is that the economic benefit gained in the increased stope dimension can 
be negated by the stope instability and possible ore dilution. Therefore, there is a need for an 
optimized stope design methodology that is economically viable and capable of mitigating risk 
relating to the stoping activities. 

The rock mass is intrinsically variable in its physical and mechanical properties, and this should be 
an essential consideration in the design methodology of any underground rock excavation. The 
variability stems from the various formation and transformation processes of rock masses. Due to this 
variability, failure processes are different within a rock mass, which can significantly affect the 
stability of an open excavation, such as observed in the case mine used in this paper. Studies such as  
[1–5] have demonstrated the significant effects of rock mass variability on the stabilityof underground 
excavations. Stope stability analysis using average values as input for the rock mass properties may 
not yield the real behavior of the rock mass. Therefore, the variability of the rock mass properties 
must be considered in the stability analysis of the open stopes by using random distributions for the 
rock mass properties. 
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Тable 1. Rock mass parameters for simulation 

Parameter Mean value Standard deviation 
Deformation modulus, GPа 19.18 6.73 
Friction angle, deg 50.00 1.81 
Tensile strength, МPа 3.65 1.22 
Cohesion, MPa 12.91 1.37 

 

 
Fig. 1. (a) Three-dimensional numerical model; (b) drift and stope geometry; (c) modeling sequence. 

In this study, the variability in rock mass properties was incorporated into the numerical models to 
study the stability of open stopes for the different stope geometries using FLAC3D. FLAC3D is geo-
mechanical software for simulating the stress-deformation behavior of three-dimensional domains built 
up of soil, rock and other materials. The explicit finite difference formulation is adopted in the software 
[6]. The Unconfined Compressive Strength (UCS) and the Geological Strength Index (GSI) of the rock 
mass were represented by a normal distribution. Their mean value and standard deviations were 
determined from the data generated during the site characterization of a new mine in Canada. For the 
rock mass, the mi value was taken from the table suggested by Marinos and Hoek [7]. The random 
properties of UCS, GSI and mi were used as input parameters in the generalized Hoek–Brown empirical 
equations [8] to determine the rock mass elasto-plastic parameters using the Monte Carlo simulation 
available in the Excel add-in program @ Risk [9]. The parameters summarized in Table 1 were used as 
input for the probabilistic model. The Point Estimate Method (PEM) [10] was used to implement the 
variability of the rock mass properties in the numerical model. The PEM has been used together with 
numerical methods for the analysis of underground excavation stability [1, 5, 11–16].The simulation 
results for different stope geometries were compared to determine the optimum stope geometry. 

1. NUMERICAL MODELING 

Model setup. A commercial code FLAC3D was used for the numerical analysis. The numerical 
model is symmetrical in a plane parallel to the stope and drift axes (Fig. 1a). The height and width of 
the drift are 5×5 m, respectively. Six different options for the stope geometry were considered to 
study the effect of the stope geometry and the variability of the rock mass properties on the stability 
of the open stope. Figure 1b shows the stope geometry for the option A. All the six options considered 
are shown in Table 2. 

The FLAC3D model is 240 m high, 60 m wide, and 180 m long in the axis of the stope. The model 
size is large enough to eliminate any boundary effects. Finer grids were used near the stope and the 
drift boundaries and gradually increased outwards. Roller boundary conditions were used for all the 
six boundaries of the model. The modeling sequence used in this study consisted of three stages as 
shown in Fig. 1c. The lower drift 1 was excavated, and the model was brought to equilibrium then the 
upper drift 2 was excavated, and the model was brought to equilibrium before the stope was 
excavated. To minimize the effects of the sudden removal of rock when excavating the stope, a user-
defined FISH function ZONK3D.F3FIS was invoked to create a void within the excavated regions 
and slowly relax the forces around the void region [6]. 
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Table 2. Options for for the open stope geometry used in the models, m 

Option Height Width Length 
A 30 15 25 
B 30 12 25 
C 25 15 25 
D 25 12 25 
E 20 15 25 
F 20 12 25 

 

Rock mass property variability in numerical modeling.The Point Estimate Method (PEM) was 
implemented in the FLAC3D to deal with the random rock mass input values and consequently 
random output values. The PEM method is widely used in geotechnical practice for reliability 
calculations because it is a simple and robust method. It can be used to approximate the mean and 
standard deviation of design parameters, which are functions of several input parameters. In the two-
point estimate method, 2n solutions are needed when there are n variables. The two point estimates are 
made at one standard deviation on either side of the mean (µ±σ) from each distribution of the random 
variables. The material parameters used for this study are summarized in Table 3 whereby four 
parameters, cohesion, tension, modulus of deformability and friction angle are treated as stochastic 
variables. This leads to 16 simulations to be performed for each option of the stope geometry. 

Rock mass stress state in situ. In the Canadian Shield, the major principal stress 1σ  and the 

intermediate principal stress 2σ  tend to be nearhorizontal with plunges between 0–10°, and the minor 

principal stress 3σ  is nearly vertical [17]. Consequently, the maximum and minimum horizontal 

stresses, σH and σh and the vertical stress, σv are used interchangeably with 1σ , 2σ  and 3σ , 

respectively. The vertical in-situ stress component has a linear relationship with overburden depth 
[18], i.e. Hv γσ = , where γ  is the unit weight; H  is the depth of the overlying strata. The horizontal 

stresses acting on the rock mass at depth are more difficult to estimate than the vertical stresses; 
however, for this study, the maximum and minimum horizontal stresses were determined based on the 
relationship suggested by Diederichs [19]. Therefore, at the mining depth—1480 m and the rock mass 
unit weight—0.026 МN/m3, the in-situ stresses are: vσ = 38.5 МPа; Hσ = 57.8 МPа; 50hσ =  МPа. 

Table 3. Input material properties for numerical modeling 

Parameter set 
Cohesion, 
МPа 

Friction angle, deg 
Deformation 

modulus, GPа 
Tensile strength, МPа 

  1 11.54 48.20 12.45 2.43 
  2 14.28 48.20 12.45 2.43 
  3 11.54 51.80 12.45 2.43 
  4 14.28 51.80 12.45 2.43 
  5 11.54 48.20 25.90 2.43 
  6 14.28 48.20 25.90 2.43 
  7 11.54 51.80 25.90 2.43 
  8 14.28 51.80 25.90 2.43 
  9 11.54 48.20 12.45 4.87 
10 14.28 48.20 12.45 4.87 
11 11.54 51.80 12.45 4.87 
12 14.28 51.80 12.45 4.87 
13 11.54 48.20 25.90 4.87 
14 14.28 48.20 25.90 4.87 
15 11.54 51.80 25.90 4.87 
16 14.28 51.80 25.90 4.87 
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2. MODELING RESULTS 

The results of the numerical modelling performed, using the PEM probabilistic approach, are 
presented below. In line with the objective of this study, which is to optimize the stope design 
methodology, six options of different stope geometries were considered, and the effects of the 
different stope dimensions were investigated in terms of the variations in the magnitude of the 
displacement vectors. The horizontal displacements for the stope were tracked at the mid-height of the 
stope wall and the vertical displacement was also tracked at the middle of the stope floor. Symmetry 
in a plane parallel to the stope axis is assumed for the model hence the same horizontal displacement 
is expected in both walls of the stope. Wall convergence was determined from the horizontal 
displacements on the walls of the stope. The mean and standard deviation of the wall convergence and 
the vertical displacements were obtained from the 16 simulations for each option (see Table 2). 
Normal distribution was assumed for the displacements hence statistical analysis was performed using 
@RISK to reveal the probability distribution of the wall convergences and the floor heaves. 

 

Fig. 2. Probability density distributions of (a) stope wall convergence and (b) floor heave. 
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The probability density distributions of the wall convergences for the A-F options for the stope 
geometry are presented in Fig. 2a, while Fig.2b shows the probability density distributions of the floor 
heaves for the six options as well. The mean values and the standard deviations were indicated below 
each plot and the maximum and minimum possible values at 95% confidence interval are shown on 
each plot.Due to the variability in the rock mass properties, the possible wall convergence and the 
floor heaves can vary between the maximum and minimum values for all the six options. From Fig. 
2a it can be seen that distributions of the wall convergence for option A and option B are 
approximately the same. The wall convergence distributions are also roughly the same for option C 
and D, and the same trend is observed in the distributions of the wall convergences for option E and 
F. On the other hand, the distributions of the floor heaves of the stope with the same width such as 
option A, C and E are approximately the same (Fig. 2b). When comparing the wall convergences of 
the stope with the same height, e.g. option A and option B, the stope with lower height-to-width ratio 
has less wall convergence. The mean wall convergence of the stope in option B is about 1% greater 
than that of option A, though not very significant. However, the wider the stope, the higher the floor 
heaves. 

3. RESULTS AND DISCUSSION 

The effect of different stope geometry on the stope stability while considering the variability of the 
rock mass property has been studied using the probabilistic-based approach with the aim to determine 
the optimal stope geometry with less stability problem. It is observed that for the different options 
studied the width of the stope has more effect on the stope stability than the height of the stope. For 
instance, when the width of the stope was reduced from 15 m to 12 m with the same height of 30 m (i.e. 
from option A to option B), there was about 24% reduction in the floor heave mean value. The relative 
reduction is similar in other pairs of the options. The possible explanation to this observation, according 
to Milne [20] is that as the distressed zone develops in the back and the floor of a stope, there will be a 
drop in the vertical stress in the de-stressed zone which causes a vertical expansion of the rock mass and 
consequently leads to roof sag and floor heave. As the stope width increases, the height of the de-
stressed zone increases and the magnitude of both the roof sag and floor heave increase. Contrarily, 
when the stope height was kept constant, and the width of the stope was reduced from 15 m to 12 m 
(from option A to option B) there was an increase of about 1% in the wall convergence mean value. It 
shows that as height-to-width ratio increases, when the major principal stress is horizontal (i.e. 
perpendicular to the stope wall), the magnitude of the wall deformation increases and also as the ratio 
tends towards unit (i.e. the stope geometry becoming square) the stope becomes more compact and 
shows less wall deformation. Furthermore, the stope with the high height-to-width ratio shows more 
yielding in tension, as it is evident when comparing options A and B in Fig. 3. 

 
Fig. 3. Deformation zones around the stope for options А and B. 



748 IDRIS, NORDLUND 

JOURNAL OF MINING SCIENCE   Vol. 55   No. 5   2019 

Table 4. Estimated probability of each option exceeding the allowable  

wall convergence 

Option ER,m WCa, cm P (X > WCa), % 

A 11.43 28.2 5.8 

B 10.11 24.9 15.4 

C 10.50 25.9   4.8 

D   9.31 23.0 13.1 

E   9.44 23.3 2.5 

F   8.40 20.7   7.8 

 
In order to determine the optimal stope geometry, the failure strain is determined for each option 

and the strain was converted into allowable wall convergence. The average critical strain was 
calculated from the equation /c cm mEε σ= , derived by Sakurai [21], where cε  is the critical strain; 

cmσ  is the uniaxial compressive strength; mE is the Young’s modilus.  

Based on the parameters used in this study as listed in Table 1, the average critical strain for the 
rock mass is 0.37%. The allowable strain aε  is calculated using the equation / (1 )a c aRε ε= − [1], aR  

is the parameter representing residual strength ( 0.7aR = is assumed). The allowable wall convergence 

aWC  is determined using the equation 2a R aWC E ε= , where RE  is the equivalent radius calculated 

according to Huebscher [22]: 0.625 0.250.65[( ) / ( ) ].RE H W H W= × +  

Probabilities that each option can exceed the maximum allowable wall convergence were 
determined using the cumulative density functione quation [23]. The results for the allowable wall 
convergence for each stope and the corresponding probability of exceeding the aWC  are summarized 

in Table 4. It is evident that option E has the least probability that the wall convergence will exceed 
the allowable wall convergence but it has the highest floor heave magnitude. Option C has higher 
floor heave magnitude than option A although it has lowerp robability of failure. Therefore, by 
considering the highest stope size which can result in high production rate and lower operating cost as 
well as the probability of failure, option A(30×15×25 m) gives the optimum geometry. 

CONCLUSIONS 

In this paper, an attempt has been made to utilize the probabilistic-based method to optimize open 
stope design methodology for heterogeneous complex orebody. Six different stope geometries were 
used to determine the optimum dimension. The variability of the rock mass property because of the 
heterogeneous nature of the orebody was incorporated into FLAC3D models using the point estimate 
method. 

As the height-to-width ratio increases, consequently the wall displacements increase. Therefore, 
the ratio has a very significant effect on the stope wall deformation especially when the major 
principal stress is horizontal. This has to be taken into consideration during the design of the stope 
layout. On the other hand, the magnitude of the floor heaves depends largely on the stope width and 
the principal stresses.The variability of the rock mass properties has a significant effect on the 
stability of the stope. Due to the variability, the possible wall convergences and the floor heaves can 
vary between the maximum and minimum values, which is not possible if fixed and average values 
are assumed for the rock mass properties 
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