
1. INTRODUCTION 

The rock mass is intrinsically variable in its physical 
and mechanical properties by the virtue of its 
heterogeneous nature. This complexity is evident from 
the spatial random distribution of the properties from 
any site characterization program. The precise values 
for these properties are never known in most cases. 
Despite the recognition of this complexity most 
geotechnical mine design analyses are performed using 
fixed or discrete values of rock mass properties as input 
parameters. This approach is basically deterministic 
and does not consider the inherent variability in the 
rock mass properties. Depending on the distributive 
character of the rock property variation, this approach 
can lead to results which are not representative for the 
real behaviour. It has been observed that the inherent 
heterogeneity of the rock mass does significantly affect 
the pattern of failure since the internal deformation of a 
heterogeneous rock sample is governed by the local 
presence of the weak elements [1].Many papers have 
been published dealing with the variability of rock 
mass properties, e.g., [2-7]. 

When using a deterministic approach, ground-control 
engineers sometimes increase the factor of safety to 
account for the variability in the rock mass properties. 
Nonetheless, the increased safety factor has not always 
been effective [5]. In order to avoid this problem, there 
is a need for a probabilistic approach which 
incorporates the variability in the rock mass properties 
in the geotechnical mine design analyses. In the 
probabilistic approach, each rock mass parameter is 
treated as a probability distribution function. 

A feasibility study of a new mine in Canada was 
carried out. It was found that the ore deposit has a 
complex geometry with a strong mechanical contrast 
between high grade massive sulphide ore and waste 
rock which is predominantly felsic gneiss and breccia. 
The mechanical properties of the waste rock and the ore 
were found to be intrinsically variable. There exist 
within the rock mass “trunk” veins of massive sulphide 
ore which are generally steeply dipping and semi- 
continuous in dip and strike directions. Connected to 
these main veins are secondary veins or “stringers” 
whose locations and orientations are poorly defined and 
certainly highly variable. This variability and 
uncertainty in the rock types may affect the rock mass 
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material properties were also used for the FLAC model in another simulation. The results clearly indicate that rock mass property 
variability does affect the stope stability and that a deterministic approach to stope stability analysis could lead to conservative 
results.  
 

 



behaviour as mining activities progress.  Therefore, in 
order to develop a practical strategy for the engineering 
design of stopes within the rock mass, a probabilistic 
approach is adopted. 
 

This paper assesses the effect of the variability of the 
rock mass properties on the stope stability of the mine 
using a numerical method. The Unconfined 
Compressive Strength (UCS) and the Geological 
Strength Index (GSI) of the waste 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 
specified rock mass type for the waste rock, the mi 
value was taken from the table suggested by Marinos 
and Hoek [8] and used for this study. The random 
properties of UCS, GSI and mi were used to determine 
the rock mass elasto-plastic parameters using the Monte 
Carlo method. The parameters were incorporated into a 
FLAC model by randomly distributing material 
properties to the model zones. Constant material 
properties were assumed for the sulphide 
mineralization veins and possible variability in the 
material properties was neglected since this is a scoping 
study which only focuses on the material properties of 
the waste rock. 

2.  DETERMINATION OF ROCK MASS 
MATERIAL PROPERTIES 

2.1. In-situ Rock mass parameters 
The in-situ rock mass parameters were determined for 
the complex orebody. Point load index of more than 
1000 intact rock samples were determined using point 
load testing. The uniaxial compressive strength (UCS) 
of the samples was estimated from the point load index 
using index-to-strength conversion factor [9]. The GSI 
chart [8] 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 mine. 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. The lower limit at 95% confidence interval (CI) 
are 213.4 MPa and 55 for the UCS and GSI 
respectively and the upper limit at 95% CI are 350.6 
MPa and 75 for UCS and GSI respectively. Figure 1 
and 2 show the normal distributions for the UCS and 
GSI, respectively. The variation in the density of the 
waste rock is not significant hence an average value of 
2968 kg/m3 was used for this study. A normal 
distribution is assumed for the Hoek – Brown material 
constant mi with a mean value of 28 and standard 
deviation of 2 [8]. The maximum and the minimum 
values at 95% CI for the mi are approximately 32 and 

24 respectively. The normal distribution of mi is shown 
in Figure 3. 
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Fig. 1. The normal probability distribution for the UCS. 
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Fig. 2. The normal probability distribution for the GSI. 
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Fig. 3. The normal probability distribution for the material 
constant mi. 

 
2.2 Strength and deformation rock mass 
parameters 
In order to use the Hoek-Brown criterion to estimate 
the strength and deformability of the rock mass, the 
UCS of the intact rock, the value of Hoek-Brown 
material constant mi for the intact rock and the value of 
the GSI for the rock mass have to be estimated. These 
are the three basic input parameters for the Hoek-
Brown criterion. Having obtained the probability 
distribution for these basic input parameters, Monte 
Carlo simulations were executed to determine the 
random values of Hoek-Brown parameters (mb, s and 
a), deformation modulus, Erm, uniaxial compressive 
strength σc, and the global strength of the rock mass σcm 
from the following equations [10,11] 
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where D is a factor related to blasting-induced damage 
that ranges from 0 for no damage to 1 for a highly 
damaged rock mass. For this study it is assumed that 
the rock mass is slightly damaged thus a value of 0.2 is 
chosen for D. Similarly, the Hoek-Brown rock mass 
parameters were converted into parameters of the 
Mohr-Coulomb failure criteria (friction angle  and 
cohesion c) using the following equations [10] 
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where σcm is the rock mass strength defined by equation 
(6), γ is the unit weight of the rock mass and H is the 
depth of the excavation below the surface. In cases 
where the horizontal stress is greater than the vertical 
stress, the horizontal stress value should be used in 
place of γH. In this study, the horizontal stress is 
greater than the vertical stress hence it is used instead 
of γH which gives 

94.0

max3 47.0












H

cm

cm 





                                     (11) 

The tensile strength is assumed to be 10% of the 
uniaxial compressive strength of the rock mass as 
suggested by Tesarik et al. [12]. It has been reported 
that the tensile strength can be underestimated by the 
Hoek-Brown-GSI empirical method for low strength 
rocks and high GSI rock masses [13, 14, 15]. Table 1 
shows the summary of both the input and output values 
of the Monte Carlo simulation using @ RISK [16]. In 
the Monte Carlo simulation, the discrete values of the 
random variables of UCS, GSI and mi generated in a 
fashion consistent with their normal distribution were 



used as input values in the above mentioned Equations 
to generate random values of the strength and 
deformability parameters for the rock mass as shown in 
Table 1. The rock mass parameter for the massive 
sulphide ore used for this study is shown in Table 2  

 

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 
[17] 

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 
 

3. MODEL SETUP 

3.1. Model Geometry 
A typical stope geometry in Canadian blasthole stoping 
operations is selected for the numerical model. The 
stope dimension is 30 m vertical height, the horizontal 
width of the ore body is 10 m. and the orebody dips 
75ο. This stope dimension is particularly applicable to 
steeply dipping, tabular orebodies with small to 
medium ore thickness [18]. 

The FLAC model used in the analyses was 114 m wide 
and 756 m high and is large enough to eliminate the 
boundary effects. The model size was determined 
through sensitivity analyses in which different model 
sizes were used. In the vicinity of the stopes, which is 
the area of interest, a fine grid was employed to 
increase the accuracy.  Roller boundary conditions 

were used on the vertical and horizontal boundaries of 
the model. The model geometry and boundary 
conditions are shown in Figure 4. 

 
Fig. 4. The model geometry and boundary conditions 
 
3.2. Numerical modeling and representation of 

rock mass variability 
The numerical modeling was carried out with the finite 
difference code, FLAC [19]. FLAC uses an explicit 
finite difference scheme for the analysis of problems in 
engineering mechanics. It embodies a number of basic 
constitutive models that can be used in the analysis of 
the mechanical behaviour of geo-materials. Based on 
this, users can incorporate their own constitutive 
models or define new variables and functions by using 
the FLAC built-in programming language called FISH 
[19].  

Material properties can be specified to be variable and 
different material properties can be assigned to every 
zone in a FLAC model regardless of model size [19]. In 
order to account for the variability of the rock mass 
material properties FISH functions were written to 
implement the result of the Monte Carlo simulation into 
the FLAC model. This enables different material 
properties to be assigned to every individual zone in a 
completely random order except the sulphide vein 
which was appointed fixed material properties. This 
model is henceforth referred to as a probabilistic model 
for the open stope stability analysis. 

3.3. Modeling sequence 
A longitudinal mining method was used 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 modeling of all the 
five stopes with backfilling was carried out in 6 
modeling stages of mining and backfilling.  Cemented 
backfill material was employed for the purpose of this 
study. Table 3 shows the backfill material properties 
[20]. The description of the modeling stages of mining 
and backfilling is presented in Table 4. Figure 5 shows 
the model layout and mining sequence for the 
numerical modeling. 

Table 3. Backfill material properties [20] 

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 
 

Table 4. Description of the numerical modeling stages 

Modeling 
stage 

Description 

1 Stope # 1 was excavated and the model brought 
to equilibrium 

2 Stope # 1 was backfilled, stope # 2  was 
excavated and then the model brought to 
equilibrium 

3 Stope # 2 was backfilled, stope # 3 was 
excavated and then the model brought to 
equilibrium. 

4 Stope # 3 was backfilled, stope # 4 was 
excavated and then the model brought to 
equilibrium. 

5 Stope # 4 was backfilled, stope # 5 was 
excavated and then the model brought to 
equilibrium. 

6 Stope # 5 was backfilled and the model brought 
to equilibrium. 

 

Level

Level

Level

M
in

in
g 

se
qu

en
ce

Stope

1

2

3

4

5

Stope

Stope

Stope

Stope

 

Fig. 5. Model layout and mining sequence. 

 

3.4.  In-situ Stresses 
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 10ο and the minor principal stress σ3 is 
approximately vertical [21]. 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 [22], thus: 

Hv                                                        (12)                    

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 [23]. The pre-
mining or in situ stresses used for this study are shown 
in Table 5. 

 

 

 



Table 5. In situ stress component used for the model 

Mining depth (m) 1480 

Unit weight (MN/m3) 0.026 

v (MPa) 38.48 

H (MPa) 57.72 

h (MPa) 50.02 

4. RESULTS OF NUMERICAL MODELING 

The results of the numerical modeling performed to 
analyze the effect of the rock mass property variability 
on open stope stability are presented below. Because of 
the variability in rock mass properties as implemented 
in the probabilistic FLAC model, each zone in the 
model has different strength and stiffness hence 
different deformations. Based on this, cumulative 
horizontal displacement of each stope was determined 
and thereafter maximum horizontal displacement was 
determined for each stope. Twenty realizations were 
run for the probabilistic model and resulted in twenty 
continuous random values for the horizontal 
displacement for both the hangingwall and footwall for 
each stope. The continuous random values were 
assumed to be normally distributed and 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 [24]. For the purpose of 
comparison, a deterministic model was ran using the 
average GSI, UCS and mi for the waste rock while the 
other conditions remain the same as that of the 
probabilistic model.   

4.1. Maximum wall convergence 
Figure 6, 7, 8, 8 and 10 show the normal probability 
density function of the maximum wall convergence for 
stope 1, 2, 3, 4 and 5 at the modeling stage 5 for the 
probabilistic model. The mean value of the wall 
convergence and the corresponding standard deviation 
for each stope are indicated on the top of each plot. The 
cumulative wall convergences at the modeling stage 5 
at 95% confidence limits for all the stopes are as 
follow: 

 Stope # 1 cumulative wall convergence ranges 
from 0.59 m to 0.72 m,  

 Stope # 2 cumulative wall convergence  ranges 
from 1.1 m to 1.37 m  

 Stope # 3 cumulative wall convergence ranges 
from 1.24 m to 1.5 m.  

 Stope # 4 cumulative wall convergence ranges 
from 1.26 m to 1.62 m. 

  Stope # 5 wall convergence ranges from    
1.21 m to 1.41 m.  

It is evident from the Figures that as mining activities 
progresses upwardly the wall convergence of the stopes 
increases. When a stoping has taken place the 
subsequent stoping activity affects the deformation of 
the previous stope as a result of stress re-distribution. 
This is obvious when comparing stope # 1 mean wall 
convergence (0.6 m) with stope # 2 mean wall 
convergences (1.23 m) at modeling stage 5. However, 
the convergence of stope # 4 is greater than that of 
stope # 5. This is logical as there was no further stoping 
after stope # 5 had been mined out. Therefore, no 
further stress re-distribution that could influence stope 
# 5 occurred. 

 

Normal(0.657; 0.032)

 

P
ro

ba
bi

lit
y 

de
ns

ity

Wall convergence (m)

0

2

4

6

8

10

12

14

0.
56

0.
58

0.
60

0.
62

0.
64

0.
66

0.
68

0.
70

0.
72

0.
74

< >2.5% 95.0%
0.5943 0.7197  
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convergence for stope # 1 at modeling stage 5 (probabilistic 
model). 
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Fig. 7. Normal probability density function of wall 
convergence for stope # 2 at modeling stage 5 (probabilistic 
model). 
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convergence for stope # 3 at modeling stage 5 (probabilistic 
model). 
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4.2.  Effect of rock mass properties variability 
The effect of the variability in the rock mass properties 
can be assessed by comparing the behavior of the 
probabilistic model with the behavior of the 
deterministic model. Figure 11 shows the histogram for 
the comparison of the wall convergence for the 
probabilistic model with that of the deterministic 
model. 
The wall cumulative convergence is for the stopes at 
modeling stage 5. It is clearly shown that the rock mass 
stiffness is higher when the average values were 
considered for the rock mass properties (i.e waste 
rock). For stope # 1 there is about 20% reduction in the 
wall convergence and about 40% reduction in the wall 
convergence for the remaining stopes when the 
deformations assessed from the deterministic model 
were compared with the minimum possible 
deformations assessed from the probabilistic model.  
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Fig. 11. Comparison between the wall convergence from the 
probabilistic model and the deterministic model.  

 
4.3. Major principal stress distribution  
The magnitude of the major principal stresses at 
different distances from the hangingwall and footwall 
for stope # 5 at modeling stage 5 are shown in Fig. 12 
and 13 respectively. The magnitude of the major 
principal stress reduced to 0 MPa on the hangingwall 
and footwall for both probabilistic and deterministic 
models. The effect of the material property variability 
on the magnitude of the major principal stresses is 
obvious. With the probabilistic model the major 
principal stresses at 1 m and 2 m distance from the 
hangingwall are 0.04σH and 0.24σH, respectively. While 
for the deterministic model the major principal stresses 

at 1 m and 2 m distance from the hangingwall are 
0.003σH and 0.2σH respectively. Similarly, the major 
principal stresses at 1 m and 2 m distance from the 
footwall for the probabilistic model are 0.20σH and 
0.27σH, respectively, while for the deterministic model 
the major principal stresses at 1 m and 2 m distance 
from the footwall are 0.02σH and 0.08σH, respectively. 
Basically, with the deterministic model the magnitudes 
of the major principal stresses at a distance of 1 m from 
the hangingwall and footwall are reduced 
approximately by 7.5% and 10%, respectively 
compared to those from the probabilistic model. 
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Fig. 12. Major principal stress magnitude at different 
distances from the hangingwall for stope # 5. 
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Fig. 13. Major principal stress magnitude at different 
distances on the footwall for stope # 5.  

5. DISCUSSIONS  

The effect of the rock mass variability on the stability 
of open stopes has been studied by comparing the 
deformation behavior of the probabilistic model with 
the deterministic model. One observation is that the 
stope walls deformed more in the probabilistic models 
than in the deterministic model (with mean material 
properties). This is because the probabilistic model 
allows the failure mechanism to “search” the region 
with less stiffness and strength. It could also be 
observed (see Table 5) that:  
 on average greater deformations occur in the 

footwall than in the hangingwall, though there are 
some instances during the twenty realizations when 
the opposite occur.  

 the deformation in the hangingwall for the 
deterministic model is consistently greater than the 
deformation in the footwall (see Table 6). 

The fact that the larger deformation occurs only in the 
hangingwall for the deterministic model could be 
misleading especially for the design of the support 
systems. 
When a stope is excavated, the surface of the hanging 
wall and footwall will be de-stressed (relaxed) due to 
stress redistribution [25].The reduction in the stress 
parallel to the excavation wall is mostly referred to as 
rock mass relaxation [26]. The absence of the clamping 
stresses within the relaxation zone is often cited as one 
of the main reasons for the hangingwall instability [27]. 
Within the relaxed zone individual blocks have 

freedom to move freely and becoming dislodged under 
the influence of gravitational forces. However this 
failure may not occur if the rockmass has some self 
supporting capacity which depends on the strength and 
stiffness of the rockmass. The relaxed zone is larger in 
the deterministic model than in the probabilistic models 
as a result of the reduction in the major principal stress. 
However the high strength and stiffness material 
properties (i.e. average material properties) used for the 
deterministic analysis prevent free movement of blocks 
under the influence of gravitational force. Hence the 
small deformations when compared with the 
deformations assessed from the probabilistic model.  
 
Table 5. Hangingwall, footwall deformations and 
convergence for all the stopes at modeling stage 5 for 
probabilistic model 

 
Stope 
number 

Mean horizontal 
displacement (m) 

Mean 
convergence 
(m) Hanging-

wall 
Foot-wall 

1 0.3 0.36 0.66 
2 0.55 0.68 1.23 
3 0.62 0.76 1.38 
4 0.68 0.76 1.44 
5 0.63 0.68 1.31 
 
Table 6. Hangingwall, footwall deformations and 
convergence for all the stopes at mining stage 5 for the 
deterministic model.  

Stope 
number 

 Horizontal displacement 
(m) 

Convergence 
(m) 

Hanging-
wall 

Foot-wall 

1 0.25 0.22 0.47 
2 0.36 0.35 0.71 
3 0.38 0.37 0.75 
4 0.39 0.38 0.77 
5 0.35 0.33 0.68 
 

6. CONCLUSION    

The following conclusions can be made from this 
study: 
 The deformation is about 40% higher in the 

deterministic model than in the probabilitic 
models. 

 With the deterministic model the de-stressed 
zone in the stope walls is greater than in the 
probabilistic model. However the self –
supporting capacity (high strength and stiffness) 
of the rock mass used in the deterministic model 
prevent large deformation. 

 The greater deformation in the footwall and 
sometimes in the hangingwall when a 



probabilistic approach is used shows that spatial 
variability in the material properties allow the 
deformation to occur within the weaker region. 

 The stope stability depends on the spatial 
distribution and variability of the rock mass not 
simply on fixed averages of rock strength and 
stiffness. Therefore, a deterministic approach 
which does not consider the rock mass variability 
is not a good indicator of the overall behaviour of 
the rock mass.  

Although this study is limited to the variability in the 
material properties of the waste rock and ignored the 
variability in the structural features and also the spatial 
correlations of the material properties, the study 
provides useful information on the effect of the rock 
mass variability on the stope stability and the need to 
incorporate this into the design of any rock excavations. 
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