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ABSTRACT 
Numerical modeling techniques have been applied in many mining and civil engineering projects. 
Traditionally, deterministic methods have been used frequently for the estimation of design or input 
parameters for numerical modeling. Whereas, it is known that the effect of variability and uncertainty 
sourced from the complex and variable nature of rock cannot be considered by deterministic 
approaches using single or mean value. In this paper, the authors tried to apply a probabilistic 
approach to consider the uncertainties and variability in rock properties. This is to make more a 
realistic assessment of design parameters of rock masses around an instrumented test drift in 
Malmberget Mine within the content of the “Rock mass - Rock support interaction project” conducted 
at the Division of Mining and Geotechnical Engineering, Lulea University of Technology. To 
calculate the design parameters GSI of rock mass, UCS and mi constant of the intact rock are 
considered as random variables. For each of these random variables ranges were specified depending 
on the laboratory and field information. Using Monte Carlo simulation method a possible range of 
each of necessary strength and deformability properties were obtained and presented. The assessed 
values can be used as preliminary input parameters and considered as basis for further numerical 
modeling calibration studies. 

KEYWORDS: Rock mass classification systems, GSI system, Intact rock strength, 
Numerical modeling, probabilistic approach, Monte Carlo simulation. 
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INTRODUCTION 
Increasing mining depth results in increasing stress magnitudes and an increased risk of 

instabilities in underground mines. To reduce the risk, understanding of the rock mass response, 
the support performance and the interaction between the rock mass and the rock support should 
be improved. For this purpose a project entitled "Rock Support System in Interaction with the 
Rock" was conducted by the Mining and Geotechnical Engineering Division at Lulea University 
of Technology. The project was supported by Vinnova (Swedish Governmental Agency for 
Innovation Systems), LKAB, Boliden AB, Hjalmar Lundbohm Research Centre (HLRC) and the 
Centre of Applied Mining and Metallurgy (CAMM) at LTU. Once this interaction is understood 
the expected benefits for the companies are reduction of production losses and improvement of 
mine safety.  

The most common stability problems in deep mines are mining-induced seismicity or large 
deformations. Therefore, the project was divided into the two sub-projects (i) mining-induced 
seismicity and (ii) large deformations and squeezing conditions. The main activities in the project 
have been field monitoring and numerical modeling [1]. Within the content of the project field 
monitoring has been conducted in a test drift located in Norra Alliansen orebody in the 
Malmberget mine. The purpose of the monitoring was to evaluate the performance of existing and 
possible future support elements and for calibration of further numerical analyses. In any case the 
preliminary estimation of the rock mass properties has crucial importance.  

To determine the rock mass properties such as the strength and deformability, normally 
empirical or experimental methods are utilized. Experimental methods such as in-situ tests are 
expensive and they require a test drift which may not be available at the preliminary design stage. 
Therefore rock mass classification and characterization systems are frequently used together with 
deterministic methods to determine these strength and deformability properties. RMR [2], Q [3] 
and GSI [4] are the most common systems 

In this paper, the GSI system developed by Hoek et al. [4] was used for determining the 
mechanical properties of the rock mass around the instrumented test drift. The GSI system is 
based on the description of rock structure and block surface conditions. The mechanical rock 
mass properties are deformation modulus (Em), Hoek-Brown strength parameters (mb, s and a) 
and the equivalent Mohr Coulomb parameters such as cohesion (c), internal friction angle ( ) 
and tensile strength (σt). By using the GSI system it is possible to obtain the complete set of 
parameters if UCS, GSI and the material constant, mi, are known.  

GSI values can be determined in the field based on the geological description of the rock 
mass at the face of a drift. Other parameters such as mi and UCS are determined by conducting 
laboratory tests on rock material collected from the field. 

Due to difficulties in handling the variations and uncertainties of rock properties, traditionally 
deterministic methods which result in single or mean values for the rock mass properties are often 
adopted. However, uncertainty and variability are prevalent in rock mass properties. Therefore to 
be able to make a more reliable approach the uncertainty and variability should be dealt with. As 
a result of this effort probabilistic approaches have been increasingly used by many researchers [5 
– 13].  

The purpose of this paper is to present the use of a probabilistic approach incorporating the 
uncertainties of intact rock and rock mass properties. By means of the approach it is possible to 
obtain not only the expected value but also the possible deviation, therefore a much more 
complete description of the rock mass behavior. 
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In this study GSI, UCS and mi have been considered as random variables instead of assigning 
a single value. To define the range of each variable, probability density functions (PDF) are used. 
By means of PDF it is possible to describe the relative likelihood that a random variable will 
assume a particular value. In PDF, the mean value (MV) represents the best estimate of the 
random variable and the uncertainty is assumed and described by the standard deviation (STDV) 
or coefficient of variation (COV). 

The mean and standard deviation values for the PDF are assigned based on the available data 
from field observations, literature and laboratory. Having specified PDF of GSI, UCS and mi, the 
Monte Carlo Simulation Technique was used to calculate the probability density distributions of 
the strength and deformability properties (Em mb, s and a) of the rock mass and equivalent Mohr 
Coulomb parameters. The flowchart showing the followed procedure is given in (Figure 1). 

 

         

 
 

Figure 1: The flowchart showing the followed procedure 

GEOLOGY OF MALMBERGET MINE 
The Malmberget mine is owned and operated by LKAB. It is located in the Gällivare 

municipality in northern Sweden. The Malmberget mine contains more than twenty orebodies 
which are distributed over an underground area of about 5 km by 2.5 km, of which 11 orebodies 
were in operation during 2012.  

The Malmberget mine is divided into a northern-western part and an eastern part (Figure 2). 
The northern-western part of the deposit is almost a continuous ore horizon. The orebodies 
contain magnetite and hematite with a high amount of apatite. In the eastern part, the individual 
orebodies consist of magnetite with low amount of apatite. The main gangue minerals are apatite, 
amphibole, pyroxene and biotite. The orebodies are strata bound and frequently surrounded by 
ore breccia types. These types are characterized by a vein system and impregnations with 
magnetite, apatite, biotite, and a number of minerals. The orebodies are strongly affected by 
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metamorphic recrystallization and ductile deformation. Large granite intrusions of the granite-
pegmatite association are situated near the deposit [14]. 

The average width of the orebodies ranges from 20 m to 100 m and 90% of the ore is 
magnetite while the rest is hematite. The host rocks at Malmberget consist of metamorphosed 
volcanic rock such as gneisses and fine-grained feldspar-quartz rock called leptites. Granite veins 
often intrude the ore [15]. 

 

Figure 2: Geological map of the Malmberget deposit showing the magnetite and 
hematite ore bodies (from [14]). 

THE GSI SYSTEM AND CALCULATION OF DESIGN 
PARAMETERS 

Initially, the GSI system was developed for estimating the reduction of the rock mass strength 
for different geological conditions as identified by field observations. The system is mainly based 
on visual description of the rock structure in terms of blockiness and the surface conditions [16]. 

The GSI system has been developed to consider highly heterogeneous rock masses which are 
composed of foliated or laminated weak rocks [17]. To reduce the subjectivity [16, 18] proposed 
quantitative charts for assessing GSI values considering the structure of rock mass. 

From the numerical modeling point of view it can be stated that compared to other rock mass 
classification/characterization systems, the GSI system seems to be the best choice as it can 
provide a complete set of input parameters for numerical analysis. Therefore, the quality of the 
rock masses is described in terms of the GSI system in this study.  

If the GSI, UCS and mi values are known, the complete set of the necessary input parameters 
for numerical modeling such as mb, s, a, Em or equivalent Mohr Coulomb parameters can be 



Vol. 18 [2013], Bund. B 273 
 
calculated by using the Hoek et al. [19] failure criterion. The general form of Hoek - Brown 
criterion is given as 

 

a

ci
bci sm 
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31    (1) 

where σ1 and σ3 are the major and minor effective principal stresses at failure, respectively, mb is 
the value of the Hoek-Brown constant which depends on the characteristics of the rock mass, and 
σci is the uniaxial compressive strength (UCS) of the intact rock sample. To calculate the rock 
mass constants ( bm ,s and a), the following equations were suggested by (Hoek et al. [19])   
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where D is a factor which depends on the degree of disturbance the rock mass has been subjected 
to by blasting and stress relaxation. It varies from 0 for undisturbed in situ rock masses to 1 for 
very disturbed rock masses. The uniaxial compressive strength of the rock mass is obtained by 
setting σ3 = 0 in Equation (1) giving: 

 
a
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According to Hoek et al. [19] the tensile strength could be derived from Equation (1) when 
setting σ1 = σ3 = σt giving: 
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The UCS of the rock mass σcm is given by Equation (5). Hoek and Brown [20] also proposed a 
concept of a global rock mass strength which could be estimated from the Mohr-Coulomb 
relationship: 
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The deformation modulus of the rock mass Em can be calculated using equation (8) [19] or using 
more recently proposed equation (9) [21]: 
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The necessary parameters for the Mohr-Coulomb failure criterion can also be determined, 
such as friction angle, cohesion and tensile strength for each rock mass using the following 
relations 
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where    friction angle, c cohesive strength and  
ci

n 
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The determination of appropriate value of σ3max for use in Equations (10) and (11) depends upon 
the specific application. For all underground excavations which are surrounded by a zone of 
failed rock that does not extend to the ground surface σ3max can according to Hoek et al. [19] be 
determined by using the relation  
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where σcm is the rock mass strength defined by equation (7),  is the unit weight of the rock mass 
and H is the depth of the excavation below the ground surface. In cases where the horizontal 
stress is greater than the vertical stress, the horizontal stress value should be used in place of H . 

In this study, the horizontal stress is greater than the vertical stress hence it is used instead of H . 

ROCK MASS AND MATERIAL PROPERTIES 
To be able to calculate the strength and deformability properties of the rock mass, three 

groups of parameters are needed. The first group is related to the description of the rock structure 
and block surface condition which are considered in terms of GSI value. The remaining groups 
are intact rock parameters including UCS and mi.  

The main rock types around the test drift are determined as red leptite, grey leptite, red-grey 
leptite, biotite and magnetite [22]. Based on the field observations and simple tests conducted in 
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the field it was decided to specify and use two different types of biotite in the following parts 
namely biotite I and biotite II, where biotite II is stronger than biotite I. 

Based on field observations the GSI values and ranges are defined and given in (Table 1) 
[22]. It should be noted that the GSI values of rock masses are given in a range representing 90% 
confidence limit. 

Table 1: The assigned GSI values for the rock masses observed around the test drift 
Rock type GSI range 
Red leptite 65-75 
Grey leptite 60-70 
Red-grey leptite 65-75 

Biotite I 35-45 
Biotite II 45-55 
Magnetite 55-65 

The uniaxial compressive strength values of the intact rocks were determined from laboratory 
tests and also some simple index tests [22]. The determined uniaxial compressive strength (UCS) 
values and indirect tensile strength (UTS) values mainly obtained from Brazilian test are given in 
(Table 2). 

Table 2: Uniaxial compressive strength and tensile strength of intact rocks 
Rock type UCS, MPa UTS, MPa 
Red leptite 217±50 14.5±3.5 
Grey leptite 80±8 8.5±0.7 
Red-grey leptite 176±60 11±2.8 
Biotite  I 50±10 - 
Biotite II 100±10 - 
Magnetite 100±8 5 

One of the three basic input parameters required for the Hoek-Brown failure criterion is mi. 
Originally, it was recommended that this constant should be determined by statistical analysis of 
the results of a set of triaxial tests [22]. In the lack of triaxial test data the published guideline 
tables can be used to obtain estimates of mi.  

According to Hoek and Brown [20] the meaning of mi can be roughly explained as the ratio 
between compressive and tensile strengths. In the last few years, researchers have mostly focused 
on the determination of the mi value without conducting triaxial compressive strength test. It is 
concluded that mi is independent of rock type and related to the strength ratio [11, 24].  

Therefore it was decided to assign mi values not only using the table [23] but also considering 
the ratio between the compressive and the tensile strength of the intact rocks. To assign the 
standard deviations for mi, Coefficient of Variation (COV) values of 10 % were used as the 
uncertainty for mi is usually small for most rock types [13]. The assigned mi values are presented 
in (Table 3). 
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Table 3: mi values of intact rocks  
Rock type mi 
Red leptite 15±2 
Grey leptite 10±1 
Red-grey leptite 15±2 
Biotite 11±1 
Biotite II 13±1 
Magnetite 20±2 

PROBABILISTIC MODELING OF ROCK MASS 
PROPERTIES   

In rock mechanics design, one of the most challenging issues is the difficulty of handling the 
rock mass and intact rock properties containing many uncertainties. These uncertainties are 
sourced from insufficient information and inadequate knowledge about the properties of the rock 
mass and the intact rock, limited data collection and insufficient laboratory tests. The 
uncertainties can mainly be divided into three main groups as inherent variability, statistical and 
systematic uncertainties. 

Such uncertainties cannot be handled using characteristic and/or single values as in traditional 
deterministic methods. By using a probabilistic approach the full range of data regarding random 
characteristics can be considered.  

Due to the above mentioned reasons probabilistic analysis for assessing the properties of 
intact rock and rock masses have been increasingly used, e.g., [6, 25 – 27] evaluated statistically 
the distribution of joints in the rock mass , [8, 9] analyzed the distributions of mechanical 
properties of intact rock, Hoek [28] used a probabilistic approach to estimate the variation in the 
Hoek- Brown properties of a hypothetical rock mass considering the three variables, uniaxial 
compressive strength, mi and GSI and Sari [11] assigned appropriate distribution functions for the 
data necessary for the estimation of rock mass strength and deformability properties.  

In this study, a probabilistic approach to obtain rock mass strength, deformability properties 
and input parameters for numerical analysis was used. With this approach the variation in rock 
mass properties can be quantified by considering input variables as statistical distributions rather 
than single mean values and generating a statistical representation of rock mass properties after 
thousands of iterations. The approach includes the following steps: 

(1) Collection of information on random variables 

(2) Assessment of PDF for each variable. 

(3) Probabilistic assessment of rock mass properties by using Monte Carlo Simulation. 
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Collections of information on variables and assessment of 
PDF for each variable 

As mentioned in previous sections the GSI, UCS and mi values of the rocks observed around 
the test drift are considered as random variables and their mean and standard deviations are 
presented in Tables 1 – 3. 

In a probabilistic approach the input parameters can be deterministic and probabilistic. 
Deterministic parameters are considered as fixed parameters with single values. For example the 
depth of 900 m for the level in which the test drift is excavated can be considered as a 
deterministic parameter. The disturbance factor (D) can also be considered as a deterministic 
parameter and assumed to be zero for all rock types.  

Unlike depth and disturbance factor uniaxial compressive strength (UCS), mi and GSI were 
considered as probabilistic parameters. For each probabilistic parameter a probability density 
function (PDF) characterized by two statistical parameters namely mean and coefficient of 
variation (COV) has to be assigned. Normally PDF and its statistical parameters should be 
assigned by analyzing the laboratory or field test results and/or measured data. Nevertheless, for 
the parameters whose data are insufficient to fit a PDF known distributions for such parameters 
may be assumed. Moreover for the ease of computation the normal distribution is suggested [11, 
13, 28].  

Having assigned the mean and standard deviations for UCS the normal distribution is 
assigned for all the rock types as suggested by [13, 29 -32]. The assigned PDF for UCS, mi, and 
GSI of the rock types observed around test drift are given in Figures 3-5. Note that for red-grey 
leptite PDF for UCS was truncated considering the minimum and maximum UCS test results 
obtained from laboratory tests as the deviation is too high leading to wide scatter in the output. 

  
Figure 3: The assigned PDF of uniaxial compressive strength for the intact rock. 
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Figure 4: The assigned PDF of mi parameter for the intact rock. 

 

 
Figure 5: The assigned PDF of GSI for the rock mass. 

 

Probabilistic assessment of rock mass properties by Monte 
Carlo Simulation 

Having assigned PDF of UCS, GSI and mi considered as random variables the probabilistic 
assessment of the rock mass properties is accomplished. The Monte Carlo simulation is applied to 
obtain rock mass strength and deformability parameters using the Excel add-in program @Risk 
[33]. In the Monte Carlo simulation the values of each input parameter is generated randomly 



Vol. 18 [2013], Bund. B 279 
 
considering previously produced PDF and used to calculate rock mass properties. By means of 
the technique it is possible to consider the variability in the rock mass properties.  

The advantage of the Monte Carlo technique compared to other probabilistic methods is the 
possibility of getting complete PDF of rock mass strength and deformability properties. The main 
disadvantage of the method is the large number of simulations to be executed. Such as if the 
technique is associated with numerical modeling then it becomes time consuming and less 
appealing. For such applications utilization of other techniques such as strength classification 
method and two point estimate method [34] can be considered [35, 36]. More comprehensive 
explanations of the Monte Carlo simulation technique and its working principle can be found in 
for example [33, 37, 38].  

The Monte Carlo technique was used to obtain both Hoek-Brown parameters and equivalent 
Mohr-Coulomb parameters as described in the following sections. For each calculation 5000 
@Risk simulations are performed with Latin Hypercube that uses stratified sampling to better 
resemble the resulting probability distribution with fewer iterations [33]. In other words each run 
results in 5000 different results considering different possible combinations of input parameters 
sampled randomly from the predefined distributions.  

It should be noted that all of the random parameters were assumed to be independent for 
simplicity. Though, Cai [13] and Hoek [28] suggested that Hoek-Brown parameters could be 
dependent, they considered parameters as independent due to lack of research results on the issue. 
Recently, Sari [39] concluded that correlation or dependence between the Hoek-Brown 
parameters would not considerably affect the deformation modulus and Mohr coulomb 
parameters generated using probabilistic simulation. 

Hoek - Brown parameters 
In the first stage Monte Carlo simulations are used to calculate Hoek - Brown parameters as 

well as the deformation modulus using Equations (2, 3, 4 and 8). In other words mb, s, a, Em and 
σcm are explicitly related to the input parameters UCS, mi and GSI.  

The best fitted probability density functions as well as fitted normal probability density 
functions for the Hoek - Brown parameters and deformation modulus of different rock types are 
given in (Figures 6-11).  

Figures 6-11 show that for most of the variables although a normal distribution is not the best 
fit it may be used approximately to describe the data set. The statistical parameters for normal 
PDF of the calculated parameters for different rock types are supplied in (Table 4). 

Table 4: The statistical parameters for the normal PDF for Hoek - Brown Parameters 
 

Parameters 
 

Biotite 
I 

Red 
leptite 

Grey 
leptite 

Red-grey 
leptite 

Magnetite 
Biotite 

II 
mb Mean 1.2927 5.1567 2.8758 5.1596 4.8111 2.1885 
 STDV 0.1650 0.8211 0.3817 0.8406 0.6391 0.2590 
s Mean 0.013 0.0371 0.0213 0.0371 0.0122 0.0402 
 STDV 0.0004 0.0105 0.0060 0.0105 0.0035 0.0114 
a Mean 0.5115 0.5014 0.5020 0.5014 0.5029 0.5060 
 STDV 0.0020 0.0003 0.0004 0.0003 0.0005 0.0010 
Em, GPa Mean 3.9954 46.7199 21.4043 42.7412 17.9544 10.0914 
 STDV 0.7138 8.7211 3.2870 7.4231 2.6940 1.5466 
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Figure 6: Assessed PDF of Hoek - Brown parameters and Em for biotite I. 
 
 

 
 

Figure 7: Assessed PDF of Hoek - Brown parameters and Em for red leptite. 
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Figure 8: Assessed PDF of Hoek - Brown parameters and Em for grey leptite. 
 
 
 

 
 

Figure 9: Assessed PDF of Hoek - Brown parameters and Em for red-grey leptite. 
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Figure 10: Assessed PDF of Hoek - Brown parameters and Em for magnetite. 
 
 

 
 

Figure 11: Assessed PDF of Hoek - Brown parameters and Em for biotite II. 
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Mohr-Coulomb parameters  

In the second stage, having assigned the PDF of mb, sb, a, Em the equivalent Mohr-Coulomb 
strength parameters such as cohesion (c), frictional angle () and tensile strength ( t ) of rock 

mass are calculated.  

The best fitted probability density functions as well as fitted normal distribution functions for 
Mohr-Coulomb parameters of the aforementioned rock types are given in Figures 12-17. The 
statistical parameters for normal PDF of Mohr coulomb parameters of the rock masses observed 
around the test drift are given in Table 5. 

 
 

Figure 12: Assessed PDF of Mohr Coulomb parameters for biotite I. 
 

 

 
Figure 13: Assessed PDF of Mohr Coulomb parameters for red leptite.  

 

 

 
Figure 14: Assessed PDF of Mohr Coulomb parameters for grey leptite.  
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Red-grey leptite. 

 

 

 
Figure 16: Assessed PDF of Mohr Coulomb parameters for magnetite.  

 

 

 
Figure 17: Assessed PDF of Mohr Coulomb parameters for biotite II. 

Table 5: The statistical parameters for the normal PDF for Mohr-Coulomb Parameters 
Parameter 
 

Type 
Biotite 

I 
Red 

leptite 
Grey 

leptite 
Red-grey 

leptite 
Magnetite 

Biotite 
II 

 (ₒ) Mean 29.47 51.17 39.30 50.00 45.84 39.35 
 STDV 1.98 2.27 1.53 1.97 1.33 1.35 
c, MPa Mean 2.00 7.89 3.81 7.02 4.30 3.24 
 STDV 0.50 2.13 0.48 1.53 0.44 0.41 

t , Mpa Mean 0.05 1.60 0.06 1.33 0.26 0.19 

 STDV 0.02 0.66 0.20 0.52 0.08 0.06 



Vol. 18 [2013], Bund. B 285 
 

CONCLUSIONS AND RECOMMENDATIONS 
In this article a probabilistic technique is used to determine the properties of rock masses 

around an instrumented test drift in the Malmberget mine by considering the variability and 
uncertainties. Variations of the rock mass properties are statistically determined considering the 
assigned PDF of the input parameters.  

Each of the input parameters necessary for obtaining the set of Hoek - Brown parameters is 
considered as a random variable instead of a single/mean value as in traditional/deterministic 
design approaches. The PDF of input variables were assessed by considering field observations 
and laboratory tests. 

Using the probabilistic technique, the range of each of the Hoek - Brown as well as 
equivalent the Mohr-Coulomb parameters is obtained. By means of such kind of design 
parameters the design engineers can have a possibility of making more rational design decisions.  

The result of the presented approach can be used as preliminary design parameters or can be 
considered as preliminary input parameters for further numerical modeling calibration studies. 
Moreover using the presented approach it is possible to increase the accuracy and decrease the 
variability as more information is obtained from the instrumented test drift or field observations. 
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