
CONSIDERATION OF THE ROCK MASS PROPERTY 
VARIABILITY IN NUMERICAL MODELLING OF OPEN 
STOPE STABILITY 
Musa Adebayo Idris1, David Saiang2 and Erling Nordlund1 

 
1Division of Mining and Geotechnical Engineering, Luleå University of Technology, SE-
971 87 Luleå, Sweden. 
2SRK Consulting (Sweden) AB, SE-931 31 Skellefteå, Sweden.  
 

Sammanfatnning 

Denna artikel presenterar en sannolikhetsbaserad ansats för analys av komplexa 
bergmassor med stor variation i mekaniska egenskaper, i detta fall bergmassan i en 
kanadensisk gruva. Det är också en stor skillnad mellan sidobergets och malmens 
mekaniska egenskaper. Det är uppenbart att traditionella deterministiska metoder inte är 
lämpliga för att studera brytningsrummens beteende i denna gruva. Därför har en 
sannolikhetsbaserad ansats använts vilken gör att man kan ta hänsyn till variationen i 
indata vid numerisk analys. Tre olika statistiska metoder användes vid 
stabilitetsanalysen av brytningsrummen. Resultaten jämfördes där fördelar och 
begränsningar diskuterades. Studien illustrerar vikten av att ta hänsyn till variationen i 
bergmassans egenskaper vid analysen av brytningsrummens stabilitet.       

Abstract 

This paper presents a probabilistic approach for modelling complex rock masses where 
the intrinsic properties are highly variable. For this study a complex orebody in a 
Canadian mine is used. The mechanical properties of the host rock and the ore in this 
mine are found to be intrinsically variable with high contrast between their mechanical 
properties. It is apparent that the use of traditional deterministic methods to study the 
behaviour of the open stopes is not appropriate for this mine. Hence, in this study a 
probabilistic approach is adopted which allows the propagation of the variability of the 
input parameters in the numerical modelling. Three different approaches were used to 
analyze the stability of the open stopes based on the distribution of the different material 
properties of the rock mass. The results of the analysis using the three methods were 
compared and the limitations and the potentials of each of the methods were discussed. 
The study provides insight into the significance of the rock mass property variability in 
the numerical modelling of open stope stability and different ways that it could be 
incorporated into the modelling.  
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1. Introduction 

Uncertainty and variability are peculiar to heterogeneous materials such as rock and 
soil. The uncertainty in a rock mass may stem from the difficulty in measuring the rock 
mass properties correctly or accurately. Variability on the other hand, arises from the 
various formation and transformation processes of rock masses resulting in the 
variability in the rock mass properties. 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. Recent studies such as 
Idris et al. (2011a), Idris et al. (2011b), Cai (2011) and Valley et al. (2010a) have clearly 
demonstrated the significant effects of rock mass variability on the stability of 
underground excavations. Stope stability analysis using average values as input for the 
rock mass properties may not represent the real behaviour 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 property. This 
probabilistic approach allows the determination of the probability of failure for the stope 
and also enables appropriate decisions for the support system. 

The intrinsic variability of rock mass properties was manifested during the site 
characterization of a new mine in Canada. The ore deposit at the mine was found to be 
highly heterogeneous with variability and uncertainty in the mechanical properties of 
both the host rock and the massive sulphide ore. Furthermore, there was a strong 
mechanical contrast between the high grade massive sulphide ore and the host rock 
which is predominantly felsic gneiss and breccia. The site investigation coupled with 
laboratory tests produced distributions of physical and mechanical properties for the 
host rock and the massive sulphide ore, which lead to a question of what particular 
values of the rock mass properties should be chosen for the stability analyses of the 
open stopes. A probabilistic approach which incorporates these distributions of the 
material properties into the stability analysis is therefore deemed appropriate. 

In this study, the uncertainty and variability in rock mass properties were incorporated 
into the numerical models to study the stability of open stopes using FLAC software 
(Itasca Consulting Group Inc. Year). The Unconfined Compressive Strength (UCS) and 
the Geological Strength Index (GSI) of the host rock were represented by a normal 
distribution. Their mean value and standard deviations were determined from the data 
generated during the site characterization. For the host rock, the mi value was taken 
from the table suggested by Marinos and Hoek (2000). The random properties of UCS, 
GSI and mi were used to determine the rock mass elasto-plastic parameters using the 
Monte Carlo simulation method. The parameters were used as input for probabilistic 
models. Three different probabilistic methods were used separately to implement the 
uncertainty and the variability of the rock mass properties in the numerical modelling. 
The modelling results from the three methods were compared. It should be noted that 
constant material properties were assumed for the sulphide mineralization veins and 
possible variability in the material properties was neglected and only the variability in 
the material properties of the host rock is considered in this study. 
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2. Numerical models 

2.1. Model geometry and modelling sequence 

A 114 m wide by 756 m high FLAC model was setup with vertical and horizontal roller 
boundaries to perform the analyses. In the vicinity of the stopes, which are the areas of 
interest, finer grids were used to increase the accuracy. The model geometry and 
boundary conditions are shown in Figure 1(a). The stope studied in the analysis is 30 m 
high and the horizontal width of the orebody is 10 m while the orebody dips 75o . 

A longitudinal mining method was assumed for the stopes with three main levels. 
Sublevels are developed at 30 m intervals and the ore is removed between the sublevels 
through the use of longhole blasting. The first 2 main levels contain 2 sublevels each 
while the last main level has just 1 sublevel. Mining activities progress upward with 
delayed backfilling. Numerical modelling of all the five stopes with backfilling was 
carried out in 6 modelling stages of mining and backfilling.  Figure 1 (b) shows the 
modelling sequence for the numerical analysis.  

 

 

 

 

 

 

 

 

 

 

 

(a)                                                                                            (b) 

Figure 1 (a) Model geometry and boundary conditions (b) Modelling sequence  

 

2.2. Random rock mass properties and backfill materials properties 

Point load index of more than 1000 intact rock samples were determined for the 
complex orebody and the host rock during geotechnical investigations. The uniaxial 
compressive strength (UCS) of the samples was estimated from the point load index 
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using an index-to-strength conversion factor (Bieniawski, 1975). The GSI chart 
(Marinos and Hoek, 2000) was used to estimate about 1000 GSI values from the field 
observations (of blockiness and discontinuity surface conditions of the rock mass) at the 
same site. The UCS and GSI were represented by normal distributions and by their 
means and standard deviations. The normal distributions were truncated to prevent 
negative values or values above the realistic range. A normal distribution is assumed for 
the Hoek – Brown material constant mi with a mean value of 28 and standard deviation 
of 2 (Marinos and Hoek, 2000). The mean values and standard deviation of the random 
properties of UCS, GSI and mi were used as input parameters of the generalized Hoek-
Brown empirical equations (Hoek et al., 2002) to estimate the strength and 
deformability parameters for the rock mass using Monte Carlo (MC) simulation method. 
The random values of the strength and deformability parameters for the rock mass 
generated through the MC simulation are shown in Table 1. The variation in the density 
of the host rock is not significant hence an average value of 2968 kg/m3 was used for 
this study. The rock mass parameter for the massive sulphide ore used for this study is 
shown in Table 2.   

It is a common practice in Canadian underground metal mines that the primary stopes 
are backfilled using cemented backfill materials (consolidated backfill) such as tailings, 
sand and waste rock. The secondary stopes are usually backfilled without cement. The 
cemented backfill materials used for this study are presented in Table 3. 

Table 1. Summary of input and output values 

Parameter Minimum 
value* 

Mean 
value 

Maximum 
value* 

Standard 
deviation 

GSI 55 65.0 75 5.0 
UCS intact rock (MPa) 213.4 282 350.0 35.0 
Material constant, mi 24.1 28.0 32.0 2.0 
Deformation Modulus, Em  (GPa) 5.99 19.18 32.37 6.73 
Friction angle (°) 46.50 50.0 53.59 1.81 
Tensile strength, MPa 1.25 3.65 7.0 1.22 
Cohesive strength, MPa 10.24 12.91 15.59 1.37 
* The minimum and maximum value were taken at 95% confidence interval 

Table 2. Rock mass properties for the massive sulphide ore (Swan, 2010) 

Properties Material values 
Bulk modulus, (GPa) 7.68 
Shear modulus, (GPa) 6.50 
Cohesion, (MPa) 5.11 
Density, (kg/m3) 4030 
Tensile strength, (MPa) 1.86 
Friction angle, (°) 54 
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Table 3. Backfill material properties (Hassan and Archibald, 1998) 

Properties Material values 
Bulk modulus, (GPa) 2.78 
Shear modulus, (GPa) 0.93 
Cohesion, (MPa) 0.1 
Density, (kg/m3) 2300 
Tensile strength, (MPa) 0.3 
Friction angle, (°) 35 
 

2.3. In-situ stress 

In-situ stresses, sometimes referred to as far field stresses, are stresses which exist in the 
rock mass as a result of the overlying strata weight and locked-in stresses of tectonic 
origin (prior to any excavation). In the Canadian Shield the major principal stress σ1 and 
the intermediate principal stress σ2 tend to be near horizontal with plunges between zero 
and approximately 10° and the minor principal stress σ3 is approximately vertical 
(Arjang and Herget, 1997). Consequently, the maximum and minimum horizontal 
stresses, σH and σh and the vertical stress, σv are used interchangeably with σ1, σ2 and σ3 
respectively. The vertical in-situ stress component in the Canadian Shield has a linear 
relationship with overburden depth (Herget, 1987), thus: 

Hv γσ =                                                       (1)                                                                                                                   

where σv is the vertical stress, γ is the unit weight and H  is the depth of the overlying 
strata. The horizontal stresses acting on the rock mass at a depth are more difficult to 
estimate than the vertical stresses. However, for the purpose of this study the maximum 
and minimum horizontal stresses were determined based on the relationship suggested 
by Diederichs (1999). The pre-mining or in situ stresses used for this study are shown in 
Table 4. 

Table 4. In-situ stress component used for the model. 

Mining depth (m) Unit weight 
(MN/m3) 

σv (MPa) σH (MPa) σh (MPa) 

1480 0.026 38.5 57.8 50.0 

 
 

3. Probabilistic numerical modelling 

The numerical modelling was carried out with the finite difference code, FLAC (Itasca, 
2006). Three probabilistic methods were used separately to implement the variability 
and the uncertainty of the rock mass properties in the FLAC model and the results 
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compared. The three probabilistic methods are briefly discussed in the following 
sections. 

3.1. Monte Carlo simulation method 
The Monte Carlo (MC) simulation method is based on randomized input to generate 
random variables as output. It is widely used in geomechanics, especially in the 
probabilistic analysis of slope stability. The MC method as described in section 2.2 was 
implemented in the numerical modelling to account for the uncertainty and variability of 
the rock mass material properties. The elasto-plastic parameters for the rock mass were 
randomly calculated for each zone of the model. These parameters were randomly 
varied between each realization of the numerical analysis according to their given 
probability distribution. Twenty simulations were run using the MC method which 
generated random distributions of the stope wall displacements as output variables. 
Table 1 shows the random input parameters used for the MC simulation. 

3.2. Strength Classification method 
In this Strength Classification Method (SCM), the rock mass modulus, cohesion, 
friction angle and tension are all treated as normally distributed as described in the 
section 2.2. The rock mass was divided into three strength classes: the high strength, 
medium strength and low strength. The medium strength is assumed to be 68% of the 
rock mass which is the mid-point between one standard deviation before the mean value 
and one standard deviation away from the mean value.  The low strength is the mid-
point value between two standard deviations before the mean value and one standard 
deviation before the mean value and it is assumed to be 14% of the entire rock mass. 
The high strength is assumed to be 14% each of the entire rock mass and it is the mid-
point value between two standard deviations away from the mean value and one 
standard deviation away from the mean value. To implement this in the FLAC model, 
the number of zones for each strength class in the entire model was calculated based on 
their specified percentages. These zones were randomly selected and the corresponding 
material properties assigned accordingly. The spatial location of each variable was 
randomly varied between each realization of the numerical simulation. Twenty 
simulations were run using this method and random distributions of the stope wall 
displacements were generated. Table 5 shows the random input parameters used for the 
strength classification method. 

 

Table 5. Random input parameters used for the Strength Classification Method 

Parameter Low strength 
(14%) 

High strength 
(14%) 

Medium strength 
(68%) 

Cohesion (MPa) 11.54 14.28 12.91 

Friction (°) 48.20 51.80 50.00 

Tensile strength (MPa) 2.43 4.87 3.65 

Deformation modulus (MPa) 9.10 29.27 19.18 
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3.3. The Point Estimate Method 
The point estimate method (PEM) was proposed by Rosenblueth (1981). The method is 
widely used in geotechnical practice for reliability calculations because it is a very 
simple and powerful method for approximating the mean and standard deviation of a 
design parameter depending on several other input parameters. In the two point estimate 
method, 2n  solutions are needed when there are n variables. The two point estimate 
method is used in this study whereby four random variables, cohesion, tensile strength, 
modulus of deformability and friction angle are used. Thus, sixteen solutions (i.e 24 
=16) were used to find the mean and standard deviation of the results of the numerical 
simulations. The variables were assumed to be normally distributed as described in 
section 2.2. The skewness was assumed to be negligible hence the value of each 
variable is one standard deviation above or below their mean values. PEM was 
implemented in the numerical modelling using all the possible combinations of the 
sixteen variables. The input parameters for the sixteen simulation cases are listed in 
Table 6. 

 

Table 6.  Input parameters for the simulation cases 

Case 
No 

Cohesion (MPa) Friction angle (°) Deformation  
modulus (MPa) 

Tensile strength 

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 

 

4. Results  
The results of the numerical modelling performed using the three probabilistic 
approaches are presented below. The maximum horizontal displacements were 
determined from the cumulative horizontal displacements of each stope for the models 
using MC and SCM methods because each zone in the models is likely to have different 
displacements values due to the variability in the stiffness and strength of the material 
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properties. However for the model using the PEM method the horizontal displacement 
for each stope was tracked at the mid-height of the walls. Twenty realizations were run 
for the models using MC and SCM methods while sixteen simulations were run with the 
PEM model (based on 16 possible combinations of the material properties). The 
simulation resulted in twenty continuous random values for the horizontal displacement 
for both the hangingwall and footwall for each stope for both MC and SCM models and 
sixteen continuous random values for PEM model. The continuous random values were 
assumed to be normally distributed and therefore normal probability density functions 
were used for the presentation of the displacements in terms of convergence. 
Convergence is the displacement of hangingwall relative to the footwall measured 
normal to the plane of the stope. 

 
4.1. Maximum wall convergence 
The probability density distribution of the wall convergence for stope 5 at the modelling 
stage 5 when stope 5 was excavated after stope 4 has been backfilled for the three 
probabilistic approaches are presented in Figure 2. The cumulative wall convergences at 
the modelling stage 5 were taken at 95% confidence limits for all the stopes. The 
cumulative wall convergence for stope 5 at modelling stage 5 for the MC simulation 
model ranges from 1.21 m to 1.41 m. For the Strength classification method (SCM) the 
wall convergence varies between 0.63m and 1.06m while for the PEM model it ranges 
between 0.27m and 1.24 m. Also the Coefficient of Variation (COV) of the wall 
convergence is 4% for the MC model, 13% for the SCM model and 32% for the PEM 
model. The MC approach has the highest minimum values while PEM has lowest 
minimum and highest maximum values for the wall convergence for the stope. The 
trend is the same for the remaining stopes at the modelling stage 5 as shown in Table 7.   
 

 
Figure 2. Normal probability density function of wall convergence for stope # 5 at 
modelling stage 5 for the three probabilistic methods 
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Table 7.  Cumulative wall convergence for the remaining stopes at modelling stage 5  

 

Stope 

 

Method 

Cumulative wall convergence (m) 

Min. value Max. value Mean value Standard 

deviation 

COV (%) 

1 MC 0.60 0.72 0.66 0.032 4.8 

SCM 0.38 0.46 0.42 0.02 4.7 

PEM 0.18 0.78 0.48 0.152 32 

2 MC 1.10 1.38 1.23 0.070 5.7 

SCM 0.68 0.84 0.76 0.042 5.5 
PEM 0.28 1.19 0.73 0.234 32.2 

3 MC 1.24 1.50 1.37 0.066 4.8 

SCM 0.78 0.94 0.86 0.039 4.5 

PEM 0.29 1.30 0.80 0.257 32.1 

4 MC 1.26 1.62 1.44 0.094 6.5 

SCM 0.81 0.99 0.90 0.045 5.0 

PEM 0.27 1.38 0.82 0.282 34 
 

4.2.Distribution of induced tangential stresses 
The distribution of the mean values of the tangential stresses at different distances from 
the hanging wall for stope 5 at modelling stage 5 is shown in Figure 3. The magnitude 
of the tangential stresses at 0.5 m from the hanging wall for the MC model is about 2.1 
MPa, for SCM model approximately 0.5 MPa while that of the PEM model is about 
0.45 MPa. The observation corresponds to the deformation observed from the three 
methods as shown in Figure 2 whereby MC model has the highest mean wall 
convergence compared to that of the other two methods.  
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Figure 3. Tangential stresses magnitude at different distances from the hanging wall for 
stope 5 at modelling stage 5. 

 

5. Discussion  

Figure 1 and Table 7 shows that the SC and PEM approaches have similar mean values 
for the wall convergence for all the stopes while the MC approach produced higher 
mean value for the wall convergence for all the stopes. The PEM method shows higher 
dispersion (i.e. high COV) than the other two methods despite the fact that it fails to 
capture the full range of the possible distribution of the convergence since the point 
estimate locations are relatively close to the mean value (i.e. ±σ) and does not consider 
the values at other extreme points. The lower dispersion (i.e. low COV) observed in 
both the MC and SCM models perhaps may be due to small number of runs as more 
than 100 realizations sometimes may be needed for propagating uncertainty in any MC 
simulation and also with the SCM method. Therefore, the comparison of their COV 
with that of PEM model results may not be conclusive. Nevertheless, it is seen that due 
to the variability in the rock mass properties, the possible wall convergence can vary 
between the maximum and minimum values as shown by each of the three methods. 
This shows that the three approaches were able to capture, to some extent, the 
variability in the rock mass properties which is not possible when deterministic 
approach is adopted. 

Irregular pattern of the tangential stress distribution around the stope has been observed 
in the MC and SCM models while the stress distribution for the PEM model appears 
regular. Figure 4(a) and Figure 4(b) shows the tangential stresses distribution for the 
MC model. The irregular pattern of the stresses in the MC model is attributed to the 
variability in the deformation modulus and the strength parameters of the rock mass as 
each run has randomly distributed material properties. The variability in the deformation 
modulus in MC and SCM models is responsible for the induced tensile stress conditions 
which make the models to show more tensile failure as shown in Figure 5. Figure 5 is 
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one of the examples taken from the results of MC model runs. Similar observation was 
made by Valley et al. (2010b) whereby they found out that limited modulus variability 
could generate rock behaviour that is highly affected by induced tensile stress condition.  

The material property in the PEM model is homogeneous in each run and thus the 
regular pattern of the stress distribution around the stope. The induced tensile stress 
condition observed in the MC and SCM models is not observed in the PEM model even  
for the simulation case number 1 (see Table 6) when the combination of the low rock 
mass properties were used as input in the PEM model. Hence the PEM method is not 
suitable to deal with the effect of heterogeneities in the rock mass property.  

 

  
a b 

 

Figure 4 (a) Tangential stresses for MC model   (b) Tangential stresses for PEM model       

 

Figure 5 Failure pattern for stope 5 at modelling stage 5 for MC model (o Tensile failure 
indicators * Shear failure indicators) 
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6. Conclusion 

In this paper, uncertainty and variability in rock mass properties were incorporated into 
the numerical analysis of open stope stability using three probabilistic approaches. The 
potentials and the limitations of each of the methods were discussed. The outcome of 
this study is summarized as follows: 

(1) The three methods presented in this study have the potential to propagate 
uncertainty and variability of rock mass property in the numerical modelling 
within their limitations. It should be noted that for all the methods normal 
distributions are assumed for the variables and when it differs from the 
distribution some inaccuracy of the results should be expected. Different 
distribution can be modeled with both the MC and SCM methods but PEM 
method is fundamentally based on the normal distribution assumption. 

(2) The PEM method can be used to capture the possible results from the variability 
around the mean value for the material properties since the two point estimates 
are at one standard deviation on either side of the mean value. It may be 
necessary to include points further away from the mean values as this will allow 
the possible results at the tails to be captured. 

(3) MC and SCM method should be used when the failure mechanism is paramount 
to the numerical analysis. However, the methods require many runs to propagate 
the variability and uncertainty in the rock mass properties. This maybe time 
consuming especially when the model size is large. Therefore alternative 
approaches for random generating technique such as Latin Hypercube random 
number generator can be used to reduce the number of runs. Latin Hypercube 
sampling technique (Imam et al, 1980) is based upon stratified sampling with 
random selection within each stratified stratum. It gives comparable results to 
MC technique but with fewer samples. 

While further work is needed to improve the methods, it has been shown through these 
methods how the variability of the input parameters affects the output of numerical 
analysis of open stope stability which consequently affects the decision on the design of 
support system.  
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